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Abstract

Sensitivity analysis is a strong tool to solve engineering and science
problems systematically, This paper describes the general theory of
sensitivity analysis and its application to hydrocarbon chemistry.

The Green function method is extensively studied and used to
develop a sensitivity analysis program. In particular, the pyrolysis and
oxidation of acetaldehyde as well as the oxidation of n-butane are
studied in detail and the usefulness of sensitivity analysis is shown in
comparison with a simplified mechanism and a full mechanism of
acetaldehyde combustion. Some of elementary sensitivity coefficients
and Green function coefficients are shown in conjunction with an
analysis of hydrocarbon mechanism.
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1. Introduction

Many engineering and science problems are described by a set of differential
equations of complexity. Such a complicated model can be evaluated by systematic
methods; for example, sensitivity analysis, which is an effective and efficient
approach to the evaluation of models. Sensitivity analysis is basically an analysis
to investigate the relationship between the output and input of a model through
perturbation in parameters.

Sensitivity analysis was originally applied to the control theory by Tomovic
and Vukobratovicl) and to the chemical kinetics system by Cukier et al.?) (Fourier
method). Later Dickinson and Gelinas®) established the sensitivity analysis using a
direct method. Extensive work using the Green function method has been done
recently by Hwang et al.#? and Yetter et al.5 who gave detailed interpretations of
sensitivity analysis. Besides chemistry application, sensitivity analysis has been
applied to economics, population dynamics, weather forecasting, system analysis,
operation research, atmospheric science, combustion physics and engineering, chemical
laser studies, biological systems, energy distribution etc.

Recent progress on the development of large scale chemical kinetic mechanisms
and the modeling of chemical systems using developed mechanisms is remarkable®~7).
However, there have not been any methods to evaluate such mechanisms quantitatively
until sensitivity analysis appears, so that the mechanism may not be useful. As
Yetter et al.5) quoted, the model prediction becomes valid when a quantitative
measurement of sensitivity analysis to the variation of an input parameter is done;
for example, adding or subtracting reactions and changing rate constants are
performed for the developed mechanism. When a chemical reaction modeling is
performed with a large number of reactions, the computational cost becomes con-
siderable. Sensitivity analysis may eliminate unnecessary reactions so that the
reduction of the size of mechanism provides an economical computation.

This paper summarizes a general scope of sensitivity analysis and presents the
sensitivity analysis of the Green function method in an attempt to apply to the
hydrocarbon chemistry with a large reaction mechanism. Chap. 2 deals with a general
theory of sensitivity analysis, especially concentrating into the Green function
method, which is applied presently. Chap. 3 explains a sensitivity analysis program,
which is originally developed for general purposes. Pyrolysis and oxidation
mechanisms of hydrocarbon are investigated using the developed sensitivity program
and their results are discussed in Chap. 4.
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2. Sensitivity Analysis

Sensitivity analysis is developed by Tomovic? for the stability control in the
field of automatic control in the 1960’s. This method is recently used extensively
for the stability control of large scale structures and the analysis of their structural
dynamic modes in space. The mathematical treatment of sensitivity analysis is
classified into the following three: (1) Fourier Amplitude Sensitivity Test (FAST),
(2) Direct Method (DM) and (3) Green Function Method (GFM), which are
explained below in detail.

2. 1. Fourier Amplitude Sensitivity Test (FAST)

This method is developed and extensively applied to actual chemistry problems
by Cukier et al.22, Although the FAST method is applied to the same type of
problems as the other methods, it handles a nonlinear coupled differential equation
system using Fourier transformations and is considered more economical in
calculation than the Direct Method as the number of chemical reactions increases.

Consider a general reacting system consisting of # species and # reactions;

d . " i ’ 7 " .

- =§1vni[krllglyz””‘wk_rll]lyz” “‘}; i=1, -n @D
where the concentrations y; are bounded, non-negative and continuous functions of
time and rate constants. In order to formulate the relation between the concen-
trations and rate constants, the following functions are introduced :

k,=k, Ve 2.2)
and
a,=f,(sinw,s) ; r=1, -m 2.3)

where £ are the known values of rate constants, o, the positive integer, s the
parameter, and f, the unknown function. The %, depends upon the value of o,.
Hence, when the concentrations y; are the periodic function of s with the period of
2n at time ¢,

Y:i(8; D) =y:(s+27; 1) (2.4)
then
A® = o )
y:(8) = 5 +>7 (4,9 sinrs+B,® cosrs) (2.95)
r=1

If we are interested only in the sine series of period 2z in the present situation, then

Ai‘;):_}?gi”%@) sinw,sds ; I=1, 2, «-n (2.6)

The Af} is the first order derivative, the elementary sensitivity?2’:

(H_ 2 /0y,
425 e
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where

Sw r; ﬁﬁ(“i? a;) y(aty, -an)da;
(3 (@, )= et 2.8)

gl"'r ﬁﬁ(di; a)da;

—oo {=1

and the probability function is defined as

a.
o ;) =——at— 2.9
a( ) cosh a;o; 2.9)
The paper by Cukier et al. (1973) treats only the first order derivatives, but
higher order derivatives can be explained by a more complicated way using the
FAST method. On this account the advantage of the Green Function Method is
described and its economical computation is compared with the others.

2. 2. Divect Method (DM)

The direct method (DM) is much simpler (in its structure) than the FAST
method, and is applied to chemical kinetic problems by Atherton et al.l® and
Dickinson and Gelinas, following the FAST method. Atherton uses the statistical
averaging to sensitivity variables to solve the kinetic equations. As far as Dickinson
and Gelinas are concerned, the statistical averaging produces some errors. Dickinson
and Gelinas applied literally the direct method using a large computer to calculate
not only the first order sensitivity coefficients but also the higher-order ones to
explain their importance. The computational time of DM is, however, longer than
the others since the method calculates Jacobian implicitly. The primary purpose of
their paper is to show the usefulness of linear sensitivities to other users.

The basic theory of DM which Dickinson and Gelinas have developed is to give
the general time-dependent nonlinear ordinary differential equations;

yi:fi<yéy a;, t); i: k’:l, 1, j:l, ey, M (2. 10)

and to compute the following linear sensitivity function using the solution y; of
Eq. (2.10) according to the definition of first-order sensitivity Zirs

__ 0y,
Z,. = 5 (2.11)

The differential equation system of Z; is solved at the same time as the above system
of Eq. (2.10); that is,

‘_'”‘a" 0y,\__0 ; . fafi_w_”afiayk
Zir"— at <aar>“‘ adr (fi(.y(an t)r t, a’J))"‘ aaT 1;3;1 ayk aar (2. 12)

i
0y
ential equations.

where is the Jacobian in Eq. (2. 12) as well as of the original ordinary differ-

2. 3. Green Function Method (GFM)

The previous two methods, FAST and DM, have their limits of applicability and
are expensive in computation for a large number of system parameters. The present
report is based on a modified version of the direct method, the Green function
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method (GFM)*4%, where a system is assumed to consist of a large set of first-
order ordinary differential equations with a large number of parameters. The GFM/
approach is applied to the same differential equations under consideration and
replaces them by a set of integrals as shown later. These integrals are expected
to be smooth for a well-defined system, providing a considerable amount of
computational savings. Furthermore all the higher order sensitivity coefficients
can be expressed in terms of certain integrals. This indicates that no additional
differential equations need to be solved and the integrals are obtained from previous
lower order sensitivity coefficient calculations.
We consider a general first-order differential equation

Vi=f (Ve a5, 1) i, k=1, 2, =, n (2.13)
with the initial condition
Y,(0)=Y7 (2.14)

where the dot indicates differentiation with respect to #, ¥; a species concentra-
tion and the m-vector «; denotes a set of m parameters (say, the rate coefficients).

Assuming the partial derivatives of ¥, with respect to «; (j=1, 2 ,---, m) are con-
tinuous up to the pth order, ¥, can be expressed by a Taylor series as
Yi(a;+da;, t) =Y (a;, £) +dY (1) (2.15)
p—1
=Y e, 1) 430V ey dap) +— Y @k daty)
k=1 . 1
where
" i i ale ) (a, )
avy,(a;; da;) = et a;da;,-da; .
ass da) =33 3} 31 R Ol da doy - dey, (2.16)
and

a¥=a;+ (1—=5)da;; 0<<1 (2.17)

The analysis of first-order sensitivity coefficients, 9Y,;(a;)/8a; shows the
important reactions and species in the observed mechanism. Second order sensitivity
coefficients give the degree of non-linearity of variations in concentrations Y, with
respect to two rate constants k; and %;,. In addition, it shows the first derivatives
of the linear coefficient 97,/9k; with respect to k,; a good tool for probing the
mechanistic structure.

The vector function f in Eq. (2.13) is usually nonlinear but is a linear combi-
nation of reaction rates;

we=k; 11y v, =0 and S1v,<3 (2.18)
i=1 i=1

where w; is the rate of production of species ¢ by chemical reactions, k; the rate
constant of chemical reaction j and v;; the stoichiometric coefficient of reaction
7 for species ¢. This condition means that the collision higher than trimolecular
collision is neglected. The first-order sensitivity coefficient is related, among
others, with the concentration sensitivity.

The system equation (2.13) is rewritten as:
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Zo® =2 Tu®)Zu@® +Fu @) ; Vi ©) =Y}, (2.19)
where

Zy=0Y,/0c;, Ju=0f,/0Y,, Fi;=0f:/00;; i, k=1, 2, ~-n and j=1, 2, ---m,

Egs. (2.19) are “stiff” in chemical systems. Stiffness occurs when the system has
both slow and fast variables. Step size is controlled by the fast ones, while the
truncation errors are controlled by the slow variables.

Several methods have been developed to solve these stiff equations (Hindmarsh
and Gear!l) etc.). Such solvers invert a matrix related to the Jacobian matrix of
ond dimensions, spending a long time in the case of many species and parameters.
The GFM reduces the number of differential equations using a Green function
matrix K;;(f,r), which is defined by replacing F;;(f) in Eq. (2.19) with 6({—7); in
other words,

Wi S Tu @K, 9 =00—) (2. 20)
whence
K, G, ©)=1
and
K, o) =0 1<x. @.21)
The integral expression of Eq. (2.19) then becomes
Zy@)— HKu, 020 =3[ Kult, 9Py @2)

The sensitivity coefficients obtained by this expression should be identical to that
by the DM. The difference between the two approaches is the numerical methods
to obtain Z;;.

In order to evaluate Z;; K,;(f, r) has to be calculated from f=r7, to 7u
However it is very slow to get XK;;(¢, v) using Eq. (2.20). There is another way
to obtain K;;(f, ), which is to solve it by splitting the interval [ry, 0] into N
parts. The integration is performed within each subinterval [rs.1, 74, yielding the
following initial-value equations;

LKy, 7D —Tu(®) Kot 7)=0 (2.23)
and
K;i(ty, to)=1; =0, 1, «over N—1, (2.24)

K,;i(ty, t4) is calculated from K;;(rs.1, 7,) using the following relation;
Kij (TN’ 7&) :Kif (Tm TN—'L) 'Kif (f;\‘—ly 7‘\&2) """ K;; (7,&4.-1, 7k> (2 25)

The dots in Fig. 1 are the points calculated by this method.
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% Another method to evaluate K;;(zy, t4)
XeY is to solve the differential equation for
the adjoint Green function

d

—CZ’T—K+<T’ il) "iAK%(Ty tl>.]<t>

—5(c—1,) (2. 26)

and

K (4, t)=1  (2.27)

Y where time is proceeded backwards from
-5-0 T' T2T3. o -iTN any f, to zero. Using the relation

Fig. 1. The x- and y- axis represent the Kz, ) =K, v) (2.28)
two independent variables of the )
Green function K(x, ). K(x, y) the general equation (2.22) can be solved

=1 along the diagonal line x=y, Dby integrating the adjoint Green function
and K(x,y)=0 for x<y. Thesingle K* row by row as a function at a fixed
arrow indicates the first method - value of ¢ (the integration is performed
of integration and the doubles are  in the direction of the double arrow in
for the second way of integration.  pio 1y rather than by evaluating the usual
Green function K through the multiplica-
tion relation (2.25) (in the direction of single arrow in Fig. 1). Because Eq. (2.22)
necessitates K (f, ) to be evaluated as a continuous function of ¢, the adjoint
Green function method is better in computational time and accuracy than the usual
Green function method. Once K+ or K is obtained, then the first-order sensitivity
coefficients are computed.

The higher order sensitivity coefficients can be evaluated from the information

of one order lower values. A detailed discussion is presented elsewhere?).

2. 3. 1. First Order Sensitivity Coefficients

The so-called elementary sensitivity in a chemical reaction system means the
first order derivative when a species concentration and a system parameter relate
each other as dependent and independent variables respectively. In an actual opera-
tion, a subset of concentrations is measured in experiments to determine the same
number of rate constants, and then these concentrations are considered known and
are treated as independent variables. Thus the same number of rate constants can
be converted to dependent variables from independent variables. Hence the most
appropriate rate constants to be determined are the ones showing the highest
sensitivity 9y/0a. The change of variables in system parameters such as a, to T,
ap to aj, a, to p, etc.,, provides the information on the parameter interdependence,
parameter-observation interdependence, correlation between different observations,
etc., according to Yetter et al.®.

Precautions have to be paid when a mechanism is developed by interchanging
dependent variables with the equal number of independent variables. The concentra-
tions are linearly dependent from atom conservation. For example, CO and CO,
concentrations can be obtained by two independent measurements, but these two
measurements are not independent in the considered model.
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Relation between Two Rate Constants

The parameter dlnk;/0lnk; gives an information to the correlation among system
parameters. For example, when 2 rate canstant 2, has a large uncertainty and is
measured experimentally, another k; has to be known if there is a high correlation
between k; and k;, since dlnk;/dink; is the sensitivity of %; with respect to another
parameter of the system £k;.

Another example explains that the obtained rate constants have to be updated
everytime, and then the concentration profiles of chemical species obtained by many
experiments are supposed to be modeled using a mechanism containing the rate
constants k;. If the values of %k; are updated and yet the modeling does not agree
with the experiment, the coefficient dlnk,/dlnk; provides the magnitude and direction
of updated change in a rate constant k; to reproduce the species concentration
profiles obtained experimantally. This type of analysis suggests whether the reac-
tion rate constants have to be investigated further.

Relation between Rates and Concentrations

The parameter-observation sensitivity dlnk;/dlny; is not the reciprocal of an
elementary coefficient 9lny;/dInk;, since the other concentrations are fixed when
the quantity olnk;/dlny; is calculated. dlnk;/dlny; indicates the dependency of a
rate constant on the measured concentration. This type of coefficient as well as
the coefficient 9lnk;/dlnk; is important in performing a statistical error analysis
regarding a particular parameter %;.

As an example, 0k;/0y; must be minimized when a species concentration is
measured to obtain the data related to a rate constant k,, since the uncertainties
of the measured species concentration should not be transferred to the obtained
rate constant k; or magnified. Furthermore the choice of a concentration profile
as rate data is made by comparing the derived coefficients 9%;/0k; and 9k;/0y;.

Relation between Two Concentrations

The parameter-parameter coefficient shows the parameter interdependence,
whereas the observation-observation sensitivities 0y;/2y; do the observation in-
terdependence.

For instance, consider an already measured set of species concentrations. Which
concentration has to be investigated to maximize the effect of rate constants
acting as independent variables? As an example of 9y,;/dy; the independence of y;
is an important information when y; is known and y; is being measured.

2. 3. 2. Higher Order Sensitivity Coefficients

Second order sensitivities have the same relationship to the first order sen-
sitivities as first order sensitivities. In other words, second order sensitivities show
the extent of linearity between independent and dependent variables.

9 (0a;/0a;)/0as expresses how the uncertainty of a rate constant %, influences
the correlation between k; and k; If this sensitivity has a large value, the
sensitivity of k; to k; is dependent upon the value of k. 02y;/0a?% gives the extent
of non-linearity for the change of species concentration y; with respect to the
change of an input parameter a;. This coefficient is useful to determine the range
of accuracy in predicting from first order elementary sensitivity coefficients.
Another understanding is that a second order sensitivity coefficient is the sensitivity
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of the first order sensitivity coefficient.

2. 3. 3. Green Function Coefficients

The physical interpretation of Green function matrix K;;(#, ), which is calculated
for the case of acetaldehyde oxidation, may be recognized as a memory function
of the sensitivity of species 1 at time { with respect to species j at prior time
t. The calculated Green function coefficients show the reaction path of a complex
chemical system during the entire reaction time. Yetter et al. explain that per-
turbations of the chemical species can be introduced at varying times and the
response at later times can be studied to deduce mechanistic informations.

An example calculation is successfully performed to explain CO oxidation exactly
as Yetter did.

The Green function coefficient gives a relation between two observable para-
meters, and hence this sensitivity can be measured in laboratory. Fig. 2 shows the
perturbation of [H,07] on [CO] concentration in carbon monoxide oxidation. The
perturbation in [H,O7] occurs along log r=log ¢ and its sensitivity shows zero at log
t<logr. In laboratory [H,07] can be added at 7=0, and then [CO] concentration
shows the response until time becomes 10 msec as shown in Fig. 2.

The sensitivity of [OH] by perturbing [H;] in CO oxidation is shown in Fig.
3. The response of [OHT to [H,] concentration is different from that of [CO] to
[H,O7] concentration shown in Fig. 2. The Green function sensitivity of [OH]
shows a late response to [H,] perturbation until #=10 msec, and then [OH]
corresponds to [H,] variation without delay. The maximum sensitivity occurs
near 10 msec.

The Green function coefficient calculation performed by our sensitivity analysis
program shows the same results as Yetter et al.5). Thus, except for some details,
our program written for a general chemical reaction mechanism shown in appendix
can calculate the sensitivity and Green function coefficients properly.

. 2c0]
3[H20]

-5

Fig. 2. Green function coefficient, 9 [COJ/ Fig. 3. Green function coefficient, g [OH]/
0 [H207 versus log (7) and log (#) in 0 [Hz] versus log () and log (¢) in
CO oxidation. CO oxidation.
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2. 4. The Comparison of Sensitivity Analyses among Three Methods ;
FAST, DM and GFM.

An example of the mechanism of methane oxidation (Table 1) was treated by
GFM. This system has been studied by Boni and Penner 12, using FAST method,
whereas Dougherty et al.14 compared the results obtained by GFM with that by
FAST at 2.3x1075 sec. Dougherty et al. confirmed that their kinetics matched
with that by Boni and Penner under the same initial condition, and then recognized
that their GFM results were almost identical with their DM results, as expected,
and were different from FAST results. They concluded that Reactions 1, 6, 10 and
18 in Table 1 were the four most dominant ones affecting all the species concent-
rations. Reaction 13 was important for only CO, while Reactions 8, 11, 16, 17, 18,
20, 21, 22 and 23 were insensitive. GFM calculations showed the improvement from
DM : no overflows were detected in GFM calculations while DM showed the
overflows related to Reaction 6. Dougherty et al. compared the computing time
among the three methods; GFM took 24 sec for one case, DM 2.8 min and FAST
1 hour, indicating that GFM was the best to compute sensitivity coefficients.

Table 1. Methane oxidation mechanism (units in cc-mole-cal-K-sec).

No. Reaction A n Ea
14D CH4+M=CH3+H+M 2.0E17 0. 88400.
2(44) CH4+OH=CH3+H20 6.0E14 0. 12500.
3(43) CH4+H=CH3-+H2 2.2E4 3. 8740.
4(45) CH4+0=CH30H 2.1E13 0. 3060.
5(51) CH3+0=CH20+H LOE14 0. 0.
6(—) CH3+02=CH20+0H 2.0E10 0. 0.
7(33) CH20+0=HCO+H20 5.0E13 0. 4570.
8(31) CH20+0OH=HCO+H20 5.4E14 0. 6300.
9(32) CH20+H=HCO+H2 1.4813 0. 3750.

10¢30) CH20 +M=HCO+H+M 4. 0E12 0. 36700.
11(39) HCO+0=CO+0H 1.OE14 0. 0.
12(37) HCO+4+0H=CO+H20 1.OE14 0. 0.
13(38) HCO+H=CO+H2 2.0E14 0. 0.
14(35) HCO+M=CO+H+M 5.0E12 0. 19000.
15(28) CO+0H=CO2+H 4.0E12 0. 8000.
16(3) H2-+-0H=H4+H20 2.9E14 0. 11000.
17(2) H24+0=H+O0H 3.2E14 0. 15000.
18 H+02=H+0H 2.2E14 0. 16800.
19(8) H+OH+AR=HZ0+AR 8.4E21 —2. 0
20(8") H+O0OH+H20=H20+H20 1.4E23 -2. 0.
21(11) H+HO2=0H+0H 2.5E14 0. 1890.
22(9) H+02+M=HO2+M 1.5E15 0. 990.
23(—4) OH+OH=0+H20 5.5E13 0. 7000.




96

A. K. Hayashi and T. Fujiwara

3. Sensitivity Analysis Program

The computational method used in this
study is the Green Function Method, which
is the most effective way to obtain
sensitivity coefficients described in the
previous chapter. The computational
scheme for the present sensitivity analysis
is the one developed by Kramer et al.l®.

The sensitivity program consists of
four major parts (Fig. 4); (i) the initial
value input which is executed by a general
purpose program, CHEMKIN, developed
by Kee et al. 15, This code, among others,
calculates sensitivity parameters; (ii) ODE-
solver, originally developed by Gearl®), to
calculate concentrations, (iii) the calcula-
tion of Green function and (iv) the in-
tegration of Green function.

As shown later, the shock tube data
are analyzed by Shock Tube Program.
The importance of this comprehensive
program is that the sensitivity coefficients
of a general chemical kinetics mechanism
can be calculated automatically.

(1) Initiat
fvalue Input

f(ii1) calculation
{of Green's Functiion

o v}
ODE-solver]

tiv) Inlegration of
Green's Function

Yoltrat
Bq.(3.15)

Fig. 4. Algorithm of sensitivity analysis
program.

3. 1. Calculation of Green Function K.
The Green function K is evaluated by the following Magnus solution to Eq.

(2.20) ;

K, ©)=e?" 7K (r, ©) =",

where £ is a matrix,

L+4t, H)y=XD4)X*

and

e

Ddt=
0

Using these matrices, K can be calculated as follows:

K(@+4dt, 1) =e2=X-

the procedure of which is shown in Fig. 4.

@D
(3.2)
0
. (3.3)
X11
e, 0
_ L X1 (3.4)
0 ePadt
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3. 2. Error Estimation
When 4t is small enough, £ is obtained from the first approximation

OZS, J(t)dt, (3.5)

In view of accuracy the developed program calculates the error in K (¢+4¢, £) and
judges whether the estimated error is larger than a certain level. If the error is
large, the time step is reduced to give better accuracy in K.

The crude Green function approximately satisfying Eq. (2. 23) can give the error
matrix £ through the following equation:

B, =0 K@, 9—TOKG, 0. 3.6)

Hence the relative error is of the order of

|E(, 9]

“ETTORGE, O G-D
where
|Al=max (3] Ayl; =1, -, m), (3.8)

The maximum error occurs at the end of integration in Eq, (2.23), and then the
error should be estimated at (£+44¢, ¢£). It is more convenient to rewrite Eq. (3.6)
into the following form;

E(t+4t, 1) :E%K(HA;, D —JE+ADK @+ 4z, 1), 3.9

Since K is given by Eq.(3.4),

B+ dt, 1) =X(her ) X7 — (¢ dr) Xersex
=(2@+4) /4t~ @+ A))K @G+ 4t, 1), (3.10)

Hence ¢, is rewritten as

(Q(t+48) /4t — ] (4 4D) K (14 41, 1) 3.11)
|/ @+ K (e+4t, 1) ’

e, =

It depends on the relative magnitude of ¢, comparing with the error allowance
epmm Whether the time step 4f should be reduced or increased;

(48) yow=min[ 4 (epmm /1), 34£7, (3.12)

3. 3. Integration of Green Function

The integration of Green function is approximated by the linear interpolation
of Eq. (2.22) in the interval between ¢ and {--4¢;
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Z(z‘+At):Stf“F(r)K(zf—{—Az', Ddi+ K446, HZ @), (3.13)

Using the transformation =71,

F(t)=A;+Bji=F(0)+ F<AZ>A‘;F(O> 3 (3.14)

Substituting Eq. (3.14) into Eq. (3.13)
Z(t+41) = S (A, 4B Xer X1 de+ XeP X1 Z (1), (3.15)
Q

Letting the first term of Eq. (3.15) be I,; and integrating it analytically,
L= 3 {2 ZuZuCol (3.16)

=1

where

Cm:KAu-— g‘: +de‘>exp(DkAt)—<A,,-— %Z )]/Dk (3.17)

for D,;*0, and

ConmAudt-+o By Ar? (3.18)

for D,=0. Eq.(3.16) is the result of integrating the Green function.

3. 4. Preliminary Calculation Using a Developed Program

The accuracy of calculation using the newly developed sensitivity program is
studied in view of the results of methane oxidation (Dougherty et al.1%) and carbon
monoxide oxidation (Yetter et al.5?). The same results are expected when compared
with that by Yetter et al., since the computing technique is identical. The present
method calculates the Green function by integrating Eq. (2.23), whereas the method
of Dougherty et al. treats it differently.

3. 4. 1. Methane Oxidation

In order to examine a new sensitivity analysis program, a methane oxidation
mechanism in Table 1, which is the same as that used by Dougherty et al., is
explored to perform a sensitivity analysis and to compare with their results. The

Table 2. Initial conditions of methane oxidation.

This study Dougherty et al.
Temperature (K) 2001 2000
Pressure (atm) 4.75 1.00
Mole fraction CH, 0.01 0.092
O 0.02 0.183
Ar 0.97 - 0.725
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initial conditions of the present study and of Dougherty et al. are listed in Table 2,
where their initial pressure and concentrations are somewhat different from ours.
The non-dimensional sensitivity coefficients in both cases, defined by

ki 0y;\_ ol.y; 1
o) = (3.19)

are compared in Table 3. The number of each species in Table 3 is Reaction Number
and is listed in the order of sensitiveness. The upper and lower lines are the results
of the present study and Dougherty et al., respectively.

The results show that Reaction 14 (or Reaction 33 in Appendix) using our model
is the most sensitive unlike in the model of Dougherty et al..

Table 3. Sensitivity analysis of methane oxidation.

5 . Most sensitive rate constants
pecies
1 2 3 4 5 6 7 8 9 10
18 14 3 2 1 8 13 5 6 10
1 CH, 1 6 18 14 10 3 13 4 8 2
4 18 3 1 2 8 5 6 13 10
2 CHs 1 6 14 5 8 2 13 4 18 10
s g 1 18 3 14 2 13 10 6 § 17
1 6 14 10 18 13 3 12 8 4
8 1 2 8 3 13 6 5 16 17
4 OH 1 18 6 14 2 8§ 10 13 5 7
4 18 1 2 8 10 3 6 13 16
5 H0 1 6 18 3 10 14 4 5 13 7
6 H 4 1 3 10 13 8§ 18 2 16 11
2 1 6 14 10 8 18 5 13 12
1 14 18 10 3 2 13 8 6 5
7 Cco 1 6 18 8 10 14 3 2 5 13
s o 8 1 5 3 2 13 6 10 14
8 1 6 5 14 10 8 3 4 2
5 O 14 1 10 18 2 5 13 6 22 16
2 1 6 18 15 2 10 14 3 8 5
0 0 1 38 2 5 13 8 18 10 17 14
2 1 6 18 10 3 14 13 4 5 12
4 18 2 8 3 17 5 6 16 10
11 CH:0 6 8 1 2 5 18 7 14 10 13
8§ 18 13 5 14 1 10 17 2 12
1z CHO 6 1 18 14 13 8 10 12 3 4
14 10 1 18 3 21 5 13 22 2
13 HO, 1 6 14 22 10 21 13 3 18 8

For each species, the upper and the lower lines give the ten
most sensitive reactions according to this study and Dougherty,
respectively.
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3. 4. 2. Carbon Monoxide Oxidation

The sensitivity analysis is performed for carbon monoxide oxidation under the
same initial conditions as that of Yetter et al.5’ for the purpose of comparison.
In spite of the same initial conditions, both results show that the qualitative
behaviors of normal sensitivity coefficients are alike each other, while their
quantitative value 9lny,/0lnks of Yetter et al. is three times as large as ours.
This difference comes not only from the difference in the Green function integra-
tion but also from the concentration calculation, since our backward rates are
obtained from equilibrium constants whereas Yetter et al. use independent backward

rates.

4. Detailed Hydrocarbon Combustion Mechanism (up to C4)

This chapter deals with the application of sensitivity analysis to the hydrocar-
bon combustion and the discussion on the hydrocarbon combustion mechanism.
The pyrolysis and/or oxidation of normal butane, acetaldehyde and methane are
studied.

4. 1. Normal Butane Oxidation Mechanism

Normal butane has been studied by Pitz et al.l?™, discussing its reaction
mechanism in detail without any sensitivity analysis. Although it was mentioned in
their paper that the initiation reactions

nC4H10=C2H5+C2H5 (216)
and
nC4H10=nC3H7 +CH3, 217

were sensitive, a quantitative description was not given; their rates might be
studied further.

Hence it is important to provide a sensitivity analysis in butane mechanism.
The normal butane mechanism pursued in the present study is based on a mechanism
developed by Pitz et al.17), A developed sensitivity program is used for the present
analysis.

Oxidation of stoichiometric 2 % n-butane diluted with Ar was studied by the
sensitivity analysis program. The initial conditions of temperature and pressure
were 1468 K and 3.48 atm respectively. The sensitivity calculation for n-butane
oxidation was performed until 3.5x107% sec when 50 % of n-butane was decomposed.
Since temperature did not rise until 3.5x1075 sec, this reaction was rather of
pyrolysis type.

Reactions (216) and (217) are the two possible paths of initiation. In order to
examine which path is more sensitive to n-butane decomposition, the elementary
sensitivity coefficients of n-butane to Reactions (216) and (217) are plotted in Fig.
5. It is apparent that Reaction (217) is more sensitive than Reaction (216).

Hydrogen abstraction reactions are dominant in the propagating reaction
mechanism. For a given mechanism the normalized sensitivity coefficients of
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0.4k To=1468 K NCAH10/02/Ar=0.02/0.13/0.85
Pp=5.49 atm : : .
4.5 - nC4H10/02/Ar=0.02/0.13/0.85 0,06 1 2 3 4 5
0.6 TIHE (x107%sec)
Fig. 5. Elementary sensitivity coefficients; Fig. 6. Eementary sensitivity coefficients;
[CsH10l/9k216 and gLCHiol/0k217 Q[ C4H107/9kz220, 0[C4HL0)/ 0k 221,
in normal butane oxidation. SLC4H107/9k222, 0LC4H10}/0k223,

o[CAH10]/9k 224, 0LC4AH10]/0k 225,
o[ C4H10/9k22s, o[ C4HL0]/0k 229,
in normal butane oxidation.

n-butane by perturbing hydrogen abstraction reactions are investigated to know
how these reactions affect the n-butane concentration. Fig. 6 shows the sensitivity
coefficients of n-butane to the following eight reactions;

nC4H10-+H=C2H5C2H4 +H2 (220)
nC4H10+H=C3H6CH3 +H2 (221)
nC4H10+0=C2H5C2H4+OH (222)
nC4H104+-0=C3H6CH3+O0OH (223)
nC4H10+O0H=C2H5C2H4 +H20 (224)
nC4H104+-0OH=C3H6CH3-+H2 (225)
nC4H10+CH3=C2H5C2H4 +CH4 (228)
nC4H10+CH3=C3H6CH3+CH4 (229)

Reactions (221) and (225) provide the high sensitivity of n-butane. Hence the
importance of these reactions in the stoichiometric n-butane oxidation can be
pinpointed from this analysis.

4. 2. Acetaldehyde Pyrolysis and Oxidation Mechanism

The comprehensive study on the sensitivity analysis of acetaldehyde pyrolysis
and oxidation is performed to see the mechanism and behavior of acetaldehyde
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combustion. Several applications of sensitivity analysis are conducted; (i) the
elementary sensitivity coefficients for the pyrolysis mechanism, (ii) the experime-
ntal determination of unknown rate constants using sensitivity analysis, and (iii)
the Green function coefficients calculation. The mechanism used in this section is
simplified from the one in Appendix.

4. 2. 1. Elementary Sensitivity Coefficients for a Pyrolysis Mechanism

An acetaldehyde high temperature pyrolysis mechanism is proposed by Rice and
Herzfeld'®) in 1934, consisting of the following six elementary reactions ;

CH3CHO (M) =CH3+HCO(+M) (169)
HCO+M=H+CO+M (35)
CH3CHO+H=CH3CO+H2 (172)
CH3CHO+CH3=CH3CO+CH4 (175)
CH3CO(+M)=CH3+CO(+M) (178)
CH3+CH3(+M) =C2H6(+M) (48)

In this mechanism acetaldehyde pyrolysis is initiated by Reaction (169), propagated
by the chain reactions (35), (172), (175), (178), and terminated by Reaction (48).

A mechanism extended from the Rice-Herzfeld one is considered by adding the
following three elementary reactions (ERH mechanism);

C2H6+H=C2H5+H2 (68)
C2H6+ CH3=C2H5 - CH4 (67)
C2H5+M=C2H4+H M (72)

The ERH mechanism is investigated numerically for the pyrolysis of 1 %
acataldehyde diluted with 999 argon by comparing with the acetaldehyde mechanism
of 87 reactions (Table 4). Both results are shown in Figs. 7-(a) and (b), where
the solid lines are the results using the 87 reactions whereas the broken ones
using 9 reactions. Figs. 7-(2) and (b) clearly explain the difference between the
full and simple mechanisms. The full mechanism verifies that the acetaldehyde
pyrolysis and oxidation agree with the experimental datal?). The yields of methane
- and ethylene are well simulated by the simple mechanism, where methane yields
mainly from Reactions (175) and (67) and ethylene from Reaction (72).

Then a sensitivity analysis of acetaldehyde pyrolysis is performed for the full
acetaldehyde mechanism under the condition listed in Table 5. The results of
sensitivity analysis show that the following three plus the nine reactions in the
ERH mechanism have large sensitivity coefficients;

CH3CHO+CH3=CH2CHO + CH4 a77)
CH4+M=CH3+H+M 41D
CH4+H=CH3+H2 43)
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Table 4. Acetaldehyde oxidation mechanism (units in cc-mole-cal-K-sec).
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No. Reaction A n E Reference.

1 CH,CHO =CH, + HCO a.0 85800. This studay

2 O, + CH,CHO = HO, -+ CI{,CO 4.5 42200. Colket (1977)

3 O + CH,CHO = OH + CH,CO Q. 2360. Schofield (1967}

4 HO. + CH,CHO = H.0; + CH,CO a. 10700. Colket (1975}

5 OH + CH,;CHO = H.0 + CH,CO Q. 4240. Schofield (1967)

6 H + CH,CHO == H, + CH,CO 5.6 ~1360. Colket (1975)

7 CH; + CH;CHO == CH, + CH.CO 6.1 1720. Colket (1875)

8 CH, + CH.CHO = CH, + CH.CHO 4.0 8280. Colket (1975)

9 CH,CO = CHs + CO 0.0 17240. Watkins and Word (1974)
CH.CHO 1+ CH.CO 0.0 35000. Colket (1977)
CH;0+M=CH,O+H+M 0. 21000. Brabbs and Brokaw (1975)
CH,0+ 0, = CH.0 + HO, 0. 6000. Engleman (1976)
CH,0=H+ CH:O 0. 30000. Gray et al. (1967)

CE +M=HCO+H-+M 0. 81000. Dean et al. (1980)
CH.O + CH,; = HCO + CH, 05 19000. Colket (1977)
CH.O + H = HCO + H, 0. 10500. Dean et al. (1980}
CH.O + OH = HCO + H.O Q. 170. Atkinson and Pitts (1978)
CoHe+ O = 0. 6360. Herron and Huie (1973)
C,Hg + OH 0. 2450. Greiner (1873)
CoHe+H=H,+C:Hs 3.5 5200. Clark and Dove (1973)
CaHg + CH, =CH, + C.H, 4.0 8280. Clark and Dove (1973)
CoHy + O: = C;H, + HO, 0. 5000. ‘Westbrook (1979)
C.Hs=H +C.H, 0.0 30000. Olson et al. (1979).
CoHy+M=CH: +H.+ M 0. 79280. Hartig et al. (1971)
CoHy +M=CHs+H+M 0. 98160. . Baldwin et al. (1970)
C:Hy +M=CH.+H+M 0. 31500. Herron (1969)
CH,+M=CH,+H+M 0. 88400. Zellner et al. (1976)
CH, +H H + He 1.3E14 0. 11800. Skinner et al. (1872)
> H, +OH 2.0E13 a. 9200, Brabbs and Brakaw (1975}
CH + H.O 3.5E3 3.1 2000. Shepp (1856}
=CHj; + H,O, 2.0E13 a. 18000. Peeters and Mahnen (1873)
CH,O+ 0O 2.4E13 0. 29000. Fenimore (1969}
= C,H, 2.2E13 0.0 0. Tunder et al. (1967)
H.O+ I 1.3E14 0. 2000. Hayashi (1983)
CH; + OH = CH.0 + . 4.0E12 0. 0. Just et al. (1977}
CH, + HCO=CH,+CO 3.0E11 0.5 [0 Benson and Haugen (1976)
2Hs -+ Ha 1.5E7 2.0 6000. Westbrook et al. (1967)
1, 4+ O = CH, + HCO 3.3E12 0. 1130. Davis et al. (1972)
CH,O + CH. 2.5E13 0. 5000. Westbrook et al. (1982)
CH,; +CH.O 0. 960. Westbrook et al. (1982)
CoHy -+ HLO 0. 1230, Westbrook et al. (1982)
Cally+ CoH = CyHy + Co s 0. 64700, Benson and Hougen (1967)
HCO + HCO 0. 38000, Gardiner and Walker (1968)
CoH 4 H, 0. 19000. Browne et al. (1869)
CoH + O -0.6 17000. Browne et al. (1869)
C:H, +0=CH. +CO 0. 4000, Vandooren and Von Tiggelen (1977)
CH, +OH =CH + H.O Q. 7600, Vandooren and Von Tiggelen (1977)
=C.H+H+M 0. 114000. Jachmowski (1977}
CH, +CO 0. 500. Smith and Zellner (1973)
0. 7000. Browne et al. (1969)
0. Browne et al. (1969)
o Benson and Haugen (1967)
0.7 Mayer et al. (1967)
0.7 Mayer et al. (1967)
0.7 Peeters and Vicker (1975)
Q. Engleman (1976)
0.0 Jachimoski (1877)
9.7 Peeters and Vicker (1875)
: 1.3 Baulch and Drysdale (1974)
CO+ HO, =CO, +0H 0. Baldwin et al. (1970}
CO+0+M=CO.+M 0. Simonaitis and Heicklen (1974}
CO, +O=CO+ 0O, 0. Gardiner et al.
HCO+M=H+CO+M 1.4E14 0.5 Westbrook et al. (1877)
HCO + O, = HO: +CO 3.3E12 0.0 Westbrook et al. (1977)
HCO + H = CO + Ha. 2.0E14 Q. Niki et al. (1969)
HCO + 0= CO+OH 1.0E14 0. Westenberg and de Haas (1972)
HCO + OH = CH, 0+ 0O 1.0E14 Baldwin and Walker (1973)
HCO + OH = CO + 11,0 1.0E14 Bowman (1970)
69 He+O0=H+0I 1.8E10 Baulch et al. (1973)
70 O+ M=0+0-+M Jenkins et al. (1967)
= O -+ M Moretti (1865)
H+H+M Baulch et al. (1973)
=0+ O Baulch et al. (1973)

H.O, -+ M
H.0: + H = H. + HO:
H:0; + OH = H.O + HO.
HO; + 1 =0l + OH

HO, + H = H, + O,
HO, + Ol = H,0 + 0.
HO, + HO; = 11,0, + 0.

HO: Hy=CH,0+ OH

HO:+ CH, =CH, + 0. I8
HLO + M= H 4+ O + M 0.
HO+F H, + OF1 0.
HO0+0=0H+0H 0.

45500.
3750,
1800.
1900.
1000.

700.
1000,
1000.

a.
0.

105000.
20300.
18350.

Baulch et al. (1973)
Baulch et al. (1973)
Bauich et al. (1973)
Baulch et al. (1873)
Baulch et al. (1973)
Lloyd (1974)

Baulch et al. (1973)
Lloyd (1974)

Lloyd (1974)

Colket (1975)

Skinner et al. (1972)
Baulch et al. (1973)
Baulch et al. (1873}
Baulch et al. {1973)
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Fig. 7. Comparison of computational results for acetaldehyde pyrolysis between
two mechanisms; the mechanism of 87 reactions (solid lines) and that
of 9 reactions (broken lines), at CH3CHO/Ar=0.01/0.99, T=1385K and

P=7.12 atm.

Table 5. Conditions and some results of sensitivity analysis for
acetaldehyde pyrolysis and oxidation.

Case Shock 1 Shock 2 Shock 3 Shock 4
Mechanism Simple Full Full Full
Ty (K) 1450 1432 1450 1667
Py (atm) 6.277 6.324 6.277 6.558
Mole fraction CH3;CHO 0.010 0.010 0.010 0.010
(OF} — 0.030 — 0.015
Ar 0.990 0. 960 0.990 0.975
epmm Eq. (3.12) 0.02 — — —
er(max)Eq. (3.11) 0.02 1.00 0. 966 1.16
tena (s€C) 3.0x10-6 1.0x10-6 1.0x10-86 1.0x10-6

The final simplified mechanism of acetaldehyde pyrolysis (12 reactions) is
used to calculate acetaldehyde thermal decomposition to be compared with the full
mechanism simulation. Figs. 8-(a) and (b) show the comparison between the two
mechanisms, and reveal a good agreement. The following two facts are found from
the sensitivity analysis of acetaldehyde pyrolysis:

(1) the Rice-Herzfeld mechanism is not adequate for acetaldehyde pyrolysis,
(2) the sensitivity analysis of elementary coefficients gives a simple way of
finding important reactions.

When the same procedure is applied to acetaldehyde oxidation, additional reac-
tions are added to the simplified pyrolysis mechanism, showing an agreement between
the simplified oxidation and full mechanisms (Figs. 9-(a) and (b)).
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Fig. 8. Comparison of computational results for acetaldehyde pyrolysis between
the two mechanisms; 87 reactions (thick lines) and 12 reactions (thin lines),
at CH;CHO/Ar=0.01/0.99, T=1450K and P=6.28 atm.
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Fig. 9. Comparison of computational results for acetaldehyde oxidation between two
mechanisms; the mechanism of 87 reactions (solid lines) and that of 19 reactions
(broken lines), T=1700K and P=5.00 atm.

4. 2. 2. Experimental Determination of Unknown Rate Constants

Using Sensitivity Analysis

The sensitivity analysis can be used to experimentally determine the rates of
unknown reactions in an acetaldehyde oxidation system. The concentrations of
O-atom and CO-and OH-molecules in the reaction system are measured behind a
reflected shock wave using ultraviolet and infrared emission spectroscopies. Two
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types of CH;CHO/O,/Ar mixtures, the equivalence ratios 0.94 and 2.5, are used
to study the concentrations of O, CO and OH species at the temperature 1470-1960K
and the pressure 0.46-0.67 MPa, A H,/O, mixture was used to calibrate OH
concentrations and a CO/0O, mixture for O and CO concentrations. ’

Experiment

The experiment is conducted using a single-pulse shock tube of 50.8mm i. d.
and 5.86m length. In order to produce a single-pulse shock wave, a 0.1m? dump
tank is installed 10 cm downstream of a plastic diaphragm, which separates the
stainless steel driver section from the pyrex glass test one. The shock tube shows
a leak rate of less than 1.0Pa/min and is evacuated down to less than 0.1Pa.

A ball valve is used to open the dump tank, pressurized up to the driven
section pressure, just before rupturing the diaphragm by a needle. Acetaldehyde
is Merck Grade 99.5% pure with water as the most probable impurity. Argon,
hydrogen, carbon monoxide and oxygen are Nihon Oxygen Grade 99.99¢ pure.
Prepared are the stoichiometric hydrogen/oxygen mixture diluted with argon, stoi-
chiometric carbon monoxide/oxygen mixture diluted with argon and acetaldehyde/
oxygen mixtures at the equivalence ratios 0.94 and 2.5 diluted with argon. The
shock speed is measured by a multichannel time counter signaled from a piezoele-
ctric pressure transducer (Kistler 601 ). The initial temperature and pressure
immediately behind a reflected shock wave are calculated from shock relations
taking account of the temperature dependency of enthalpies. A schematic diagram
of the experimental setup is shown in Fig. 10.

The OH concentration was measured using the emission of the R? branches of
2271 (0,0) band system at 3064 A. The OH ultraviolet emission was focused on
the entrance slit of a 10cm monochromator (JASCO C7-10). Entrance and exit
slits were set to 200 pgm width to supply enough emission into a photomultiplier
(Hamamatsu Photonics R106). A stoichiometric hydrogen/oxygen mixture was used
to obtain a calibration curve for OH emission comparing experimental data with
the computational results. A least square fit of the calibration results is shown in

2070 3790 ]
© k2
g b _ ! 0SCILLOSCOPE
o - b
w ® < le—984
2 : =
g i IR-MONOCHROMATOR -
oyt o

- T
PIEZO

9 TEST SECTION
- GAUGE

/[\ DRIVER SECTION

UV-MONOCHROMATOR

DIAPHRAGM

TIME COUNTER

Fig. 10. Schematic diagram of experimental setup.
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Fig. 11, confirming that the observed
. emission intensity is proportional to the
10 . - .

computed OH concentrations using nine
well-known elementary reactions listed on
Table 6.

The measurement of O-atom concen-
tration was conducted using the same
methodology as Bowman?2) in 1975. The
chemiluminescent emission of O+CO—
CO, at 3660 A passed through a quartz
window and was focused on the entrance
& ) ) . slit of a 10cm monochromator. A photo-
o4 o3 o6 o7 %8  multiplier (Hamamatsu Photonics R106)

1000/ detected the ultraviolet light from the

Fig. 11. A least square fit of the calibra- exit of the monochromator. In order to

tim? curve for the OH ultraviolet determine the O-atom concentration, the
emission at 3064 A and concentra- .

tion by a stoichiometric Ha/Op infrared emission from the fundamental

mixture diluted with argon. band of CO molecules at 4.8 um was

measured simultaneously with the above

ultraviolet emission. The infrared light

passed through a CaF, window and focused on the entrance slit of a 25 cm infrared

monochromator (JASCO CT-25). A cryogenically cooled infrared detector (Santa

Barbara Research Center PbSe LTO Detector 4311) sensed the infrared emission

from the exit slit. All the slit widths used in this experiment were 200 #pm. The

following relation between the intensity of chemiluminescent emission and the

O-atom and CG-molecule concentrations was used;

1=k [OJLCOJ,

where % is a temperature and total pressure-dependent constant20,21),

The emission from this O+C0O—CQ,+hy reaction was measured in a stoichio-
metric CO/O, mixture diluted with argon and compared with the computational
results using three elementary reactions listed on Table 7. The least-square fits
of the data on the intensity of the chemiluminescent emission from O+CO reaction
and on the intensity of the CO infrared emission are shown in Figs. 12 and 13,

ToHmax, Coulcal. my- et /moles

Table 6. H2/02 reaction mechanism (units in cc-mole-cal-K-sec).

Reaction A n E
H+03=0+0H 2.2x1014 0.0 16790.
H;+0=H+0H 3.2x1014 1.0 104800.
O+H,0=0H+0H 5.4x 1014 0.0 24239.
H+H;0=0H-+H, 1.26x 1015 0.0 31932.
02=0+0 7.9%1013 0.0 1048300.
Hy=H+H 2.2x1014 0.0 96000.
H,O0=H+OH 6.86x 1026 —3.0 122590.
HO3=H+0, 2.3x1015 0.0 45900.
H+HO;=0H+0H 2.5x1014 0.0 1900.
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When an Arrhenius-type rate constant was assumed, the activation energy of
O+CO reaction was 4570 cal/mole, which agreed with the result obtained by

Bowman22). Thus the curves in Figs. 12 and 13 can be used for calibration.
Table 7. CO/02 reaction mechanism (units in cc-mole-cal-K-sec)
Reaction A n E
CO+4+02=C02+0 3.1x1011 0.0 37600.
02+M=0+0-+M 1.7x1015 0.0 115000.
CO+0+M=CO;+M 5.9x1015 0.0 4100.
~§ 10°
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Fig. 12. A least square fit of the calibra-
tion curve for the O+CO reaction
using 3660 A emission from a

stoichiometric CO/O;
diluted with argon.

Experimental Results

mixture

Fig. 13. A least square fit of the calibra-

tion curve for the CO infrared
emission at 4.8 um emission from
a stoichiometric CO/0O; mixture
diluted with argon.

The concentrations of O-atom and CO- and OH-molecules were obtained behind
a reflected shock wave using near-stoichiometric and rich acetaldehyde/oxygen/argon

mixtures.

The ranges of temperature, pressure and total species concentrations

were 1470—1960K, 0.46—0.67MPa and (2.89—6.19) x 1075 mole/cc.

A typical experimental output of radiation intensities on an oscilloscope is
shown in Fig. 14, indicating OH ultraviolet emission at 3064 A for the acetaldehyde/
oxygen/argon mixture at the equivalence ratio 2.5, temperature 1760 K and pressure
0.503 MPa. Fig. 14-(b) is an example of the chemiluminescent emission from O+ CO
reaction at 3660 A and the infrared radiation of CO-molecule at 4.8 ygm for the
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[OH]y—> ,<=[OH] 3064 A EMISSION

L—» k\50()}.1 SEC TIME

(a)¢ =2.5, CH3CHO/O,/Ar=1/1/98, T'=1760K, P=4.97 atm.

«—(CO] 4.8 4 M EMISSION

T

<—[CO] [0] 3660 A
[coyl0;> :

EMISSION
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(b)¢ =0.94, CH3CHO/O3/Ar=2/4.9/93.1, T=1830K, P=4.66 atm.
Fig. 14. A typical experimental output of radiation intensities on an oscilloscope.

acetaldehyde/oxygen/argon mixture at the equivalence ratio 0.94, temperature 1830
K and pressure 0.472 MPa. The transient spikes in O+CO and OH emissions are
observed in the experiments on near-stoichiometric and rich mixtures. This
transient spike in O+CO chemiluminescence contains unknown hydrocarbon emissions
as Jachimowski pointed out in the study of a methane oxidation system. Hence the
maximum intensity of O-+CQO emission is extrapolated from its equilibrium value.
The concentration of CO is obtained from the extrapolated maximum O-CO
emission.

The extrapolated maximum O-atom and OH-molecule and the simultaneous
CO-molecule concentrations as well as the temperature, pressure and spike-time
are tabulated for the near-stoichiometric and rich CH;CHO/O,/Ar mixtures in
Table 8. The uncertainties in the measurement of concentration are at most 20 %
considering the optical systems, pressure and temperature calculations and the data
calibration.
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Table 8. Experimental results.

Equivalence Ts Ps t, spike Total LOJuax) [COT | [OHTwax
. (K) | (atm) Concentration (10-8) | (10-6) | (10-%)

Ratio +30K | +3% | P59 | (105, molejcc) | 4207 | £20% | +15%
0.94 1275 5.88 2.21 5. 625 0.097
0.94 1376 6.65 1.06 5. 891 1.20
0.94 1470 5.60 0.49 4,647 9.19
0.94 1680 5.84 0.20 4. 241 20.2
0.94 1683 4.73 0.14 3. 428 23.2
0.94 1924 4.58 0.02 2. 900 38.1
0.94 1385 7.03 1.14 6.186 0.261 ] 3.93

0.94 1523 6.29 0.41 5. 031 0.785 | 1.12

0.94 1566 5.46 0.29 4, 249 1.15 0.67

0.94 1595 5.69 0.23 4. 346 0.88 0.35

0.94 1709 5.40 0.13 3.852 4.16 0.22

0.94 1727 5.54 0.14 3.911 1.76 0. 60

0.94 1833 4.66 0.04 3.100 3.81 0.22

2.50 1334 6.28 1.43 5.739 0. 265
2.50 1400 5.95 0.76 5.183 0.766
2.50 1569 6.11 0.29 4.747 7.01
2.50 1684 5.76 0.15 4.167 12.1
2.50 1762 4.97 0.09 3.441 15.1
2.50 1830 4.27 0.03 2.770 24.3
2.50 1962 4.65 0.03 2. 888 30.3
2.50 1390 5. 86 0.86 5.133 0.015| 0.34

2.50 1564 6.08 0.36 4.733 0.037 | 0.20

2.50 1594 5.21 0.16 3.986 0.053 | 0.16

2.50 1677 5.76 0.14 4.188 0.089 | 0.15

2.50 1774 5.08 0.08 3.489 0.240 | 0.07

Sensitivity Analysis

A sensitivity analysis (Green Function Method) for acetaldehyde oxidation was
performed to study the previously developed mechanism?®). The purpose of using
the sensitivity analysis was to systematize the analysis of the present experimental
results; in other words, to pinpoint the important reactions related to O-atom
and CO- and OH- molecules and to obtain the proper rate constants for such
reactions. Table 9 lists several reactions having sufficiently large sensitivity
coefficients for the near-stoichiometric and rich CH;CHO/O,/Ar mixtures. The
hydrocarbon-related reactions such as

C2H5=H+C2H4 (72)
CH4+M=CH3+H+M 41)

were seen to be more important for the reaction of rich mixtures than near-



Sensitivity Analysis in Chemical Kinetics Modeling 111

Table 9. Sensitivity analysis for experimental data.

[0] Atom; T=1700 K, P=5 atm

Equivalence Ratio

$=0.94 $=2.5
Reaction Cocticiont Reaction Conthicien:
CH;CO—CH3+CO 12.25 CH3CO—CH;3;+CO 17.66
CH3;CHO—CH;3;+CHO 5.86 HCO+M—-H+CO+M 12.42
HCO+M—H+CO+M 5.86 CH;CHO-CH;3;+CHO 12.37
CH3;+CH;3—CoHg —4.07 CH; +CHj3—C,Hs —6.82
H+CH3;CHO—H;+CH3CO —0.38 H-+CH3CHO—H,+CH;CO -0.32
H+0;—-0H+O0O 0.27 CoHsg—H+CoHy 0.23
CH;3;+0—-CH;0+H —0.21 H+0,;—0H-+O0 0.22
O+CH3;CHO—OH+CH;CO —0.11 CH; +0—CH;O0+H —-0.19
CH +M—CHs;+H+M —0.17
[OH] Molecule; T=1700K, P=>5 atm
Equivalence Ratio
$=0.94 $=2.5
Reaction Qoctticiont Reaction Cockticient
CH3CO—-CH3+CO 8.44 CH3;CO—-CH;+CO 25.80
CH;CHO—-CH;3;+CHO 4.57 CH;CHO—CH;3;+CHO 18.29
HCO+M—-H-+CO+M 4.36 HCO+M—-H+CO+M 18.25
CH3;+CH3—CyHs —2.53 CH;3; +CH3—CoHg —10.00
OH+CH3;CHO-H,0+CH3CO —1.46 OH-+CH3;CHO-H,0+CH;CO —0.57
H+03;-0H+0 0.80 H-+0,;—0H+0 0.38
H+CH3CHO—-H;+CH;CO —-0.31 CoHs—H+CoHy 0.32
O+CH3;CHO—-OH+CH,CO 0.21 H+4+CH3;CHO—H;+CH;CO —0.28
HO;+H—OH+OH 0.14 CH,+M-CHs;+H-+M —0.25
HCO+0H—-CH,0+0 0.12

‘stoichiometric ones.

The calculated time to the maximum concentrations of O-atom and OH-molecule
was found to agree with that of experimental results without adjusting any rates
except that of H,0,-related reactions. The present acetaldehyde oxidation mecha-
nism contained 87 elementary reactions excluding ketene-related reactions. It was
found out that H,/O, reactions were important for the hydrocarbon combustion
and the same H,/0, rate constants could not be used for different temperature
ranges if those reactions were strongly temperature dependent. The maximum
concentrations of O-atom and OH- molecule were calculated using the results of
sensitivity analysis. Basically, the following four elementary reactions were adjusted
to fit the maximum values O-atom and CO- and OH-molecules concentrations;

HCO+M=H--CO+M (35)
OH-+CH3CHO=H20+CH3CO (173)
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CH3-+0=CH20-+H (51)
0+ CH3CHO=O0H+CH3CO (174)

The rates of these reactions were obtained using typical experimental results on
induction time,

K;;=1x10%exp(—19000/RT) cc/mole.sec
Ki7;3=1.0x10"exp(—4240/RT) cc/mole.sec
K;1=1.0x10%exp(—2000/RT) cc/mole.sec
Ki74=2.0x10%%exp(—2300/RT) cc/mole.sec

where the published values on activation energy were used to determine the
frequency factors. The above four reactions were chosen by setting up a criterion
that well established reactions and their rates were fixed. It should be noted that
the important reactions obtained using sensitivity analysis were essentially valid
only within the temperature where the sensitivity analysis was applied. It is
absolutely necessary to check the sensitivity at different temperatures as well as
for different mixtures in order to establish a general reaction mechanism and
associated reaction rates.

Discussions

The sensitivity analysis is powerful to
determine the rates of unknown reactions
when the rates of well established reac- 1%
tions can be fixed, as it proved in the
present paper.

Reaction 35 is one of the most im-
portant reactions in acetaldehyde chemistry.
This one and CH;CO—CH;-+CO compete
each other for CO production. As Warnatz
describes that further rate measurment is
necessary for this reaction??®), it still has
uncertainties. The presently obtained rates
are rather close to that of Browne et
al.?4) and Dean et al.2% than that by
Bowman. A

Reaction 173 becomes more important
to lean mixtures than to rich mixtures. N
The rates of this reaction at high tem- oL ' : '

5 0.5 0.6 o.7 0.8
peratures are obtained only by Colket28> 1000 /%
with uncertainties. The normal sensitivity
coefficient of Reaction 173 is one order
smaller than the largest sensitivity coef-
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4
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©

Fig. 15. Comparison of measured and ca-
lculated maximum O-atm conce-
ntrations; circles show the ace-

ficient in the same system. In other words, taldehyde/oxygen/argon mixture
the obtained rate has a large uncertainty at the equivalence ratio 0.94 and
since a large frequency factor to adjust triangles at the equivalence ratio
its rate does not affect the OH concentra- 2.5. Solid lines are calculated

tion. maximum O atom concentrations.
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Fig. 16. Comparison of measured and cal- Fig. 17. Comparison of measure dand cal-
culated CO-molecule concentra- culated OH-molecule concentra-
tions; circles show the acetalde- tions; circles show the acetalde-
hyde/oxygen/argon mixture at the hyde/oxygen/argon mixture at the
equivalence ratio 0.94 and tri- equivalence ratio 0. 94 and triangles
angles at the equivalence ratio 2. 5. at the equivalence ratio 2.5. Solid
Solid lines are calculated CO- lines are calculated OH-molecule
molecule concentrations. concentrations.

The importance of Reaction 51 is dramatic in contrast with the statement of
Bowman that the CH,;-+0,—CH,0-+OH reaction is more important than Reaction
51. Instead, the sensitivity analysis on O-atom clearly discloses higher impo-
rtance of Reaction 51. The rate presently obtained is the same as obtained by other
shock tube researches.

Reaction 174 has also a large uncertainty in its rate, but the present result
must be important since such a datum decreases the uncertainty at high temperatures.
As seen in Table 9, this reaction becomes less important for richer mixtures, but
still important for lean mixtures regarding both O-atom and OH-molecule.

The calculated values of O, CO, and OH concentrations using the newly obtained
mechanism agree with the experimental data shown in Figs. 15, 16 and 17. The O-
atom concentrations are explained well by the computed values. Fig. 15 shows an
order of magnitude difference in O-atom concentrations between the stoichiometric
and rich mixtures. The measured results for CO- molecules scatter a little, but the
computational results agree with the experimental data.

Fig. 17 shows the OH ultraviolet emission data. The computational results
agree at high temperatures, but not at low temperatures since the pressure ef-
fects become large.

It is concluded that the proposed mechanism can predict acetaldehyde/oxygen
mixtures combustion at high temperatures.

4. 2. 8. Calculation of Green Function Coefficient

Sample calculations of the Green function coefficients in the 0.5 % acetalde-
hyde/99.5 9% Ar pyrolysis at the temperature 1312K and pressure 3.62 atm are
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performed. Since [CH,CHO] and [CH,CO7]
perturbations to [CH;CHOT] concentration .- dLcacko)
are interested, their Green function coef- alCHacHO]
ficients are calculated and shown in Figs.
18, 19 and 20. The [CH;CHO] concent-
ration responds immediately from #=0 and
attenuates along ¢ against all the three
species [CH,CHO7, [CH,CO] and [CHj].
It is difficult to recognize the sign of
sensitivity from these graphs, but [CH,
CHO] reacts positive to the perturbation of
[CH,CO] concentration. [CH,CHOT affects
[CH3CHO] more than the other two species
as far as the maximum value of the Green
function coefficient is concerned.

f T—K(XZO)
i o

Fig. 18. Green function coefficient,
o[CH3CHO]/9[CH;CHOT.

a[CH3CHO]
Ko il 3[CH3CHO]

a[cH2co] [ttt

a[CH3]

s T-xmo)
] 0 £(x1000)
T(x1000) o »TA-,K(‘xm)_
Fig. 19. Green function coefficient, Fig. 20. Green function coefficient,
9[CH3CHO]/3[CH.CO]. d[CH3CHOJ/9[CH;3 .

4. 3. Methane Oxidation Mechanism

Fig. 21 shows the chemical kinetics run for the present case. Methane disappe-
ars at f=1.4x10"* sec and the equilibrium is reached quickly. The normalized
sensitivity coefficients of methane for various times are plotted in Fig. 22. The
sensitivity for Reaction 1 increases drastically to the negative direction with the
start of oxidation reaction, while the sensitivity for the chain-branching Reaction
3 increases positively. This is an interesting result in observing the differences
among these reactions. The sensitivity calculation could not be extended to reach
an equilibrium where the sensitivity coefficients become constant.

The sensitivity coefficients of a typical stable product CO2 and a radical CHS3,
are shown and compared with the results by Dougherty et al. in Fig. 23. Their
results are always positive compared with ours, which change their signs and become
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Fig. 21. Species concentration for the CHy
/Og/Ar system at 2000K and 9.746
atm. Initial concentrations are
[CH4J/[02]/[Ar]=0.01/0.02/0.97.
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Fig. 23. Selected normalized sensitivity
coefficients for the GFM methane
combustion model. Sensitivity coeffi-
cients of carbon dioxide and methyl
radical for Reactions 1, 6 and 18 in
Table 1 are plotted. Sensitivity coef-
ficients of CO; are specifically com-
pared with the results obtained by
Hwang and Rabitz.
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Fig. 22. Selected normalized sensitivity
coefficients for the GFM methane
combustion model. Sensitivity co-
efficients of methane for Reactions
1, 3, 6, and 18 in Table 1 are picked
up as important reactions. Results
did not reach the equilibrium state
of this system.

negative rapidly near the reaction zone.
These coefficients are the most sensitive
ones.

5. Conclusions

The Green function method, one of the
most useful methods in sensitivity analysis,
was applied to hydrocarbon chemistry.
The detailed interpretation of sensitivity
coefficients has been discussed by Yetter
et al.5? and the present study confirmed
some of their interpretation on wet CO
oxidation. The local sensitivity coefficients
and Green function coefficients of wet CO
oxidation in the present analysis agreed
with that obtained by Yetter et al.,, when
all the conditions in CO oxidation were
the same, using a different method of
integrating nonlinear ordinary differential
equations.
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The application of sensitivity analysis to finding unknown parameters through
experiments is very important and useful to develop a2 new mechanism.

It is noted that there is a limit in the conditions which can be fixed by the
mechanism considered; the sensitivity analysis can not be applied beyond the limit.
Furthermore, if the mechanism is not complete by losing important reactions, its
sensitivity analysis does not have any meanings.

Further detailed interpretations have to be conducted for the use of the sensitivity
analysis to chemical kinetics modeling.
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6. Appendix
No. Reaction Forward rate Reference
A n Ea

1. H+0,=0+4+0H 0513E+17  —0.316 0.165E+05  Miller (1981)

2. O+H,=H+O0H 0.182E+11 1.00 0.890E+04 ~ Baulch et al. (1973

3. H,+O0H=H,0+H 0219E+14  0.000 0.515E+04  Baulch et al. (1973\

4. 0+H,0=0H+CH 0.339E+14  0.000 0.184E+05 Baulch et al. (1973)

5 H+H+M=H+M 0302E+16  0.000 0.000E+00 Baulch et al. (1973)

6. 0+0+M=0,+M 0.302E+16  —0.280 0.000E+00  Baulch et al. (1976)

7. O+H+M=0H+M 0.100E+17 0.000 0.000E+00 Moretti (1965)

8. H+OH+M=H.0+M 0.141E+24  -2.00 0.000E400 Baulch et al. (1973)

9. H+0,+M=HO0,+M 0.151E+16 0.000 —0.I00E+04 Baulch et al. (1973)
10. H+HO,=H,+0, 0.251E+14 0.000 700. Baulch et al. (1973)
1. H+HO,=0H+0H 0.251E+15  0.000 0.190E4+04  Baulch et al. (1973)
12. H+HO0,=H,0+0 0501E+14 0.000 0.100E+04  Lloyd (1974)
13. HO,+0H=H,0+0, 0.501E+14 0.000 0.100E+04  Lloyd (]974)
14. HO,+0=0,+0H 0.501E+14  0.000 0.100E+04  Lloyd (1974)
15. HO,+HO,=H,0,+0, 0.100E+14 0.000 0.100E+04  Lloyd (1974)
16. H,0,+0H=H,0+HO, 0.100E+14 0.000 0.180E+04  Baulch et al. (1973)
17 H,0,+H=H,0+0H 0.316E+15 0.000 0.894E+04  Baulch et al. (1969)
18, H.0,+H=HO,+H, 0170E-+13 0.000 0.375E-+04  Baulch et al. (1973)
19. H,0,+M=0H+O0H+M 0.120E-+18  0.000-  0455E+05 Baulch et al. (1973)
20. 0+0H+M= HO,+M 0.100E4-18 0.000 0.000E+00 Bahn (1965)
21. H.+0,=0H+0H 0.251E+13 0.000 0.390E-+05 Baldwin et al. (1967)
22. 0;+M=0,+0+M 0.427E+15 0.000 0.222E+05 Heimerl & Coffee (1979)
23. 03+ 0=0.+0, 0.115E+14 0.000 0457E+04  Hampson (1973)
24. H+0,=0,+0H 0.794E-+14 0.000 890. Lee et al. (1978)
25. OH+0,=H0,+0, 0.110E+13 0.000 0.I85E+05  Ravishankara et al. (1979)
26. CO+0+M=C0,+M 0.589E+16.  0.000 0.410R+04  Simonaitis & Heicklen (1972)
21. CO+0,=C0,+0 0316E+12  0.000 0.376E405 Baulch et al. (1976)
28. CO+OH=CO0,+H 0IS1E+08 130 —0.770 Baulch & Drysdale (1974)
29. CO+HO0,=C0,+0H 0.151E+15 0.000 0.237E+05  Atri et al. (1977)
30. CHO0+M=HCO+H+M 0.331E+17  0.000 0.810E405 Dean et al. (1980)
31 CH,0+0H=HCO+H,0 0.759E+13  0.000 170. Atkinson & Pitts (1978)
32. CH,0+H=HCO+H, 0.331E+15  70.000 0.105E4+05 Dean et al. (1980)
33. CH,0+0=HCO+0H 0501E+14  0.000 0.460E+04  Bowman (1975)
34. CH,0+HO,=HCO+H,0, 0200E+12  0.000 0.800E-+04  Lloyd (1974)
3. HCO+M=H+CO+M 0.145E+15  0.000 0.190E405 Westbrook et al. {1977)
3. HCO+0,=CO+HO, 0.302E+13  0.000 0.000E+00 Westbrook et al. (1977)
37. HCO+OH=CO+H,0 0.100E+15  0.000 0.000E+00  Bowman (1970)
38 HCO+H=CO+1, 0.200E+15  0.000 0.000E+00 Bowman (1975)
39. HCO+0=CO0+0H 0.100E+15 0.000 0.000E+00 Westenberg (1972)
40. HCO+HO,=CH,0+0, 0.100E+15 0.000 0.300E+04 Baldwin & Walker (1973)
4. CH,+M=CH;+H+M 0141E+18 0000  0884E+05 Hartig et al. (1971)
42. CH,+0.,=CH,+HO, 0.794E-+14 0.000 0.560E+05  Skinner et al. (1972)
43. CH;+H=CH,+H, 0.224E405 3.00 0.875E+04  Clark & Dove (1973)
44." CH,+OH=CH,+1H,0 0.347E+04  3.08 0.200E+04  Zellner & Steinert (1976)
45. CH,+0=CH,+0H 0214E+08 221 0.648E+04  Roth & Just (1977)
46. CH,+HO,=CH, +H,0, 0200E+14  0.000 0.180E+05  Skinner et al. (1972)
47. CH;+0,=CH,0+0 0479E+14  0.000 0.290E405 Brabbs & Brokaw (1975)
48. CHy+CH,=C,H, 0.891E+13 0.000 0.000E+00 Baulch & Duxbury (1980)
49. CHy+CH,=C,H,+H 0.794E+15  0.000 0.265E+05 Warnatz (1981)
50. CHy+CH;=C,H,+H, 0I00E+17  0.000 0.320E+05 Warnatz (1981)
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5. CH;+0=CH,0+H 0.129E+15 0.000 0.200E+04  Peeters & Mahnen (1973)
52. CHy+OH=CH,0+H, 0.398E+13 0.000 0.000E+00  Fenimore (1969)
53, CH,+OH=CH,0+H 0.200E+17 0.000 0.274E+05 Bhaskaran et al. (1979) -
54, CH;+CH,0=CH,+HCO 0.100D+11 0.500 0.600E4-04 Tunder et al. (1981)
55. CHs+HCO=CH,+CO 0.302E+12 0.500 0.000E+00  Tunder et al. (1981)
36. CH,+HO,=CH,0+0H 0.200E+14 0.000 0.000E+00 Colket et al. (1977)
57. CH;+M=CH,+H+M 0.195E+17 0.000 0.916E+05 Roth et al. (1979)
58 CH,0+M=CH,O+H+M 0.501E+14 0.000 0.210E+05 DBrabbs & Brokaw (1975)
59. CH,0+0,=CH,0+HO, 0.100E+13 0.000 0.600E+04 Engleman (1976)
60. CH,0+H=CH,0+H, 0.200E+14 0.000 0.000E+00 Hoyermann et al. (1981)
6. CH,0+CH,0=CH;OH +HCO 0.603E+12 0.000 0330E+04  Pitz et al. (1984)
62. CH;0+CH,=CH,0H +CH; 0.200E+12 0.000 0.700E+04 Pitz et al. (1984)
83, CH:0 +C,H;=CH,0H +C,H; 0.302E4+12 0.000 0.700E4+04  Pitz et al. (1984)
64. CH,0+C,Hy=CH,0H +C,H;CH. 0.302E+12 0.000 0.700E+04  Pitz et al. (1984)
65. CH,0+C,H,=CH,0H +C,H,CH; 0.302E+12 0.000 0.700E+04  Pitz et al. (1984)
66. C,H¢+0,=C,H;+HO, 0.100E+14 0.000 0510E+05 Taylor & Kulich (1973)
67. C,Hy+CH,=C,Hs+CH, 0.550E+00 4.00 0.828E+04 Clark & Dove (1973)
68. CHy+H=CH;+H, 0537E+03° 350 0520E+04  Clark & Dove.(1973)
69. CH;+0=C,H;+O0H 0.110E+15 0.000 0.785E4+04 Herron & Huie (1973)
70. CHe+OH=CH,+H0 0.871E+10 1.05 0.I81E4+04 Tully et al. (1985)
71 CHs+HO,=C,Hy+ H,0, 0.302E+12 0.000 0.115E4+05  Pitz et al. (1984)
72. CH4+M=CH+H+M 0.200E+16 0.000 0.300E4+05  Olson et al. (1979)
73. CH;+0,=CH,+HO, 0.100E+13 0.000 0.500E+04 Westbrook et al. (1983)
74, CH;+0=CH,CHO+H 0.501E+14 0.000 0.000E+00 Warnatz (1981)
75. C,Hs+0=CH,0+CH; 0.100E+14 0.000 0.000E+00 Hoyermann & Sievert (1979)
76, CH;+C,Hy=C,Hq+ C,H, 0.398E+13 0.000 0.000E+00 .Pitz et al. (1984)
77, CHs+CoHy=CHs+ CH, 0.126E+13 0.000 0.000E+00 Pitz et al:(1984)
78, C,H;+CH,=CH+CH, 0.794E+12 0.000 0.000E+00  Pitz et al. (1984)
79. CH,+M=CH,+H.+M 0.933E+17 0.000 0.772E4+05 Franck (1985)
80. CH+M=CH,+H+M 0.631E+19 0.000 0.100E--06  Westhrook et al. (1983)
8. CH,+CH,=CH,+C,H; 0.501E+15 0.000 0.647E+05 Benson & Haugen (1967)
82. CHy+M=CH,+H+M 0.794E+15 0.000 0.315E4+05 Benson & Haugen (1967)
83. CH;+0,=CH,+HO, 0.100E+13 0.000 0.100E+05 Westhrook et al. {1983)
84. C,H;+CH,;=C,H,+CH, 0.100E+13 0.000 0.000E+00  Pitz et al. (1984)
8. CH+H=CH;+H, 0.151E+08- 200 0.600E+04 Westbrook et al. (1983)
8. CH,+O0H=CH,+H.0 0.479E+13 0.000 0.123E+04  Westbrook et al. (1983)
87. C,H,+0=CH,+HCO 0.331E413 0.000 0113E+04 Herron & Huie (1973)
88. CH;+0=CH,0+CH. 0.251E+14 0.000 0500E+04  Westbrook et al. (1983)
89. C,H,;+OH=CH,+CH,0 0.200E+13 0.000 960. Westbrook et al. (1983)
90. C.H;+ = C,H,+H, 0.200E+14 0.000 0250E+04 Tanzawa & Gardiner (1980)
9. CH;+0=CH,CO+H 0.331E+14 0.000 0.000E+00  Hoyermann (1981)
9. CH;+0H=CH,+H0 0.501E+13 0.000 0.000E+00  Miller et al. (1983)
93. CH;+CH+CH+H 0.100E+13 0.000 0.730E+04 Benson & Haugen (1967)
94, CH,+M=CH+H+M 0.100E-+15 0.000 0.114E+06 Tanzawa & Gardiner (1980)
9. CH,+CH,=CH;+H 0.I00E+14 0.000 0.450E+05 Tanzawa & Gardiner (1979)
9. C,H,+0,=HCCO+0H 0.501E+13 0.000 0.235E+05  Miller et al. (1983)
97. C,H,+0,=HCO+HCO 0.398E+13 0.000 0.280E-+05 Gardiner & Walker (1968)
9. CH,+H=CH+H. 0.200E+15 0.000 0.190E+05 Browne et al. (1969)
9, CH,+0=CH+0H 0316E+16  —0.600 0.170E4-05  Browne et al. (1969)
100. CH,+0=CH,+CO 0.676E+14 0.000 0400E+04 Lohr & Roth (1981)
101. C,H,+0=HCCO+H 0.355E+05 2.70 0.139E+04  Lohr & Roth (1981)
102. CH,+0H=CH,CO=H 0.324E+12 0.000 200. Vandooren & Tiggelen (1977)
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103, CH,+0H=CH+H,0 0.631E+13 0.000  0.700E+04 Browne et al. (1969)
104, CH,+OH=CH,+CO 0.120E+13 0.000 500 Smith & Zellner (1973)
105, CH,+0H=C,H,0H 0.676E+12 0.000 230 Miller et al, (1983)
106. C.H.OH+H=CH,CO+H, 0.200E+14  0.000  0.400E+04  Miller et al, (1983)
107. CH,0H+0=CH,C0+0H 0.200E+14 0.000 .0.400E+04 Miller et al. (1983)
108. C,H,O0H+OH=CH,CO+H,0 0.100E+14  0.000 0200E+04  Miller et al. (1983)
109.  C,H,0H +0,=CH,C0 + HO, 0.200E+13 0.000  0.100E+05 Miller et al. (1983)
110.  CH,0H+M=CH.CO+H+M 0501E+16  0.000 0.280E+05  Miller et al. (1983)
111, CH,CO4+M=CH,0+CO+M 0.200E+17 0.000  0.600E+05 Miller et al. (1983)
112. CH,CO+OH=CH,0+HCO 0.282E+14 0.000  0.000E+00  Vandooren & Tiggelen (1977)
113. CH,CO+O0H=HCCO+H,0 0.759E+13 0000  0.300E+04  Miller et al. (1983)
114, CH,CO+0=HCCO+0H 0.501E+14 0.000  0.800E+04 Miller et al. (1983)
115, CH,CO+0=HCO+HCO 0.100E+14 0.000  0.240E+04 Warnatz (1981)
116. CH;CO-}—'H=HCCO +H, 0.759E+14  -0.000  0.800E-+04 Miller et al. {1983)
117, CH,CO+H=CH,+CO 0.110E+14 0000 0.340E+04  Warnatz (1981)
118, HCCO+0,=C0+C0+0H 0.631E-+12 0.000  0.200E-+04 Miller et al. (1983)
119. HCCO+0=C0+CO+H 0.120E+13 0.000  0.000E+00 Jones & Bayes (1973)
120. HCCO+0=HCO+CO 0.100E+14 0.000  0.000E+00 Pitz et al, (1984)
121. HCCO+H=CH,+CO 0.501E+14 0.000  0.000E+00 Miller et al. (1983)
122. HCCO+OH=HCO+H+CO 0.200E+13 0.000  0.000E+00 Miller et al. (1983)
123, HCCO+OH=HCO-+HCO 0.339E+14 0.000  0.200E-+04 Fitz et al. (1984)
124, HCCO+CH,=CH,+C0 0.302E+14 0.000  0.000E-+00 Miller et al. (1983)
126, CHy+0,=C0,+H, 0.162E+13 0.000  0.100E+04 Miller et al. (1983)
126. CH,+0,=CO,+H+H 0.372E+13 0:000  0.150E+04 Miller et al. (1983)
127. CH,+0,=C0+H,0 0.100E+12 0.000  0.000E+00 Miller et al. (1983)
128. CH;+0,=CO+OH+H 0.200E+12 0.000  0.000E+00 Miller et al. (1983)
129. CH,+0,=HCO+0H 0.100E+15 0.000  0.370E-04 Benson & Haugen {1967)
130. CH,+0=CH+0H 0.200E-+12 0.680  0.250E+05 Mayer et al. (1967)
131, CH,+0=CO+H+H 0.501E+13 0.000  0.000E+00.  Miller et al. (1983)
132. CH,+0=C0+H, 0.501E-+13 0.000  0.000E-00 Miller et al. (1983)
133, CH,+OH=CH+H,0 0.251E+12 0670 0.257E-+05 Peeters & Vinckier (1975)
134. CH,+H=CH+H, 0.251E+12 0670 0.257E-+05 Marver et al. (1967)
135. CH,+CH,=CH;+H 0.501E+13 0.000  0.000E+00.  Miller et al. (1983)
136. CH,+CH,=C,H,+H, 0.316E+14 0.000  0.000E+00 Braun et al. (1970)
137, CH,+C,H;=CH;+C.H, 0.302E+14 0.000  0.000E+00"  Miller et al. (1983)
138. C,H+0,=HCCO+0 (0.331E+13 0.000  0.000E4-00 Miller ‘et al. (1983)
139. C,H+0,=HCO+CO 0.100E-+14 0000 0.700E-+04 Browne et al. (1969)
140. C,H+0=CO+CH 0.501E-+14 0.000  0.000E+00 Browne et al. (1969)
141, GH+CH;=CH,+C,H, 0.302E+14 0000  0.000E+00  Miller et al. (1983)
142. CH+0,=HCO+0 0.100E+14 0000  0.000E400  Miller et al. (1983)
143. CH+0,=CO0+0H 0.135E+12 0670 0.257E+05 Peeters & Vinckier (1975)
144, CH4+0=CO+H 0.400E+14 0.000  0.000E-+00 Warnatz (1984)
145, CH,+M=CH,+H+M 0.100E+17 0.000  0.600E+05 Tanzawa & Gardiner (1979)
146, CH,+CH=CH,+H 0.398E+14 0.000  0.000E-+00 Lange & Wagner (1975)
147, CH+M=CH+H+M 0.347TE+18 0.000  0.800E-+05 Tanzawa & Gardiner (1979)
148, CH,0H+M=CH;+0H+M 0.302E+19 0.000  0.800E+05 Westbrook & Dryer (1979)
149, CH,OH+0,=CH,0H+HO, 0.398E+11 0.000  0.509E+05 Aronowitz et al. (1979)
150. CH;OH+H=CH,+H,0 0.525E+13 0.000  0.534E+04 Westbrook & Dryer (1979)
151 CH,OH+H=CH,0H+H, 0.302E-+14 0.000  0.700E+04 Westbrook & Dryer (1979)
152. CH,0H+0H=CH,0H +H,0 0.398E-+13 0.000  0.200E+04 Westbrook & Dryer (1979)
153.  CH,0H + 0 =CH,0H + 0H 0.170E+13 0.000  0.229E+04 LeFevre et al. (1972)
154, CH,0OH + CH,=CH,0H +CH;, 0.182E+12 0.000  0.980E+04 Gray & Herod (1968)
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155, CH,0H + HO,=CH,0H + H.0, 0.631E+13  0.000 0.194E+05 Aronowitz et al. (1979)
156, CH,OH+M=CH,O+H+M 0.25!E+14  0.000 0.290E+05 Westbrook & Dryer (1979)
157. CH,OH +0,=CH,0 + HO, 0.100E+13  0.000 0.600E+04 Aronowitz et al. (1979}
158, CH,OH +H=CH,0+H, 0.302E+13  0.000 0.000E+00 Hoyermann et al. (1981)
159, C,H;OH +M=CH,+CH,0H+M 0.302E+19  0.000 0.755E+05 Natarajan & Bhaskaran (1981)
160. C,H;OH +0,=CH,CHOH + HO, 0.398E-+11  0.000 0.500E+05 Westbrook & Dryer (1984)
161. C,H;OH +OH =CH,CHOH + H.0 0.302E+14  0.000 0.596E+04 Natarajan & Bhaskaran (1981)
162. -C,H;OH+H=CH,CHOH +H, 0.437E+13  0.000 0.457E+04 Aders & Wagner (1973)
163. C,H;OH +0=CH,CHOH +OH 0.676E+13  0.000 0.151E+04 Ayub & Roscoe (1979)
164, C,H,0OH 4+ HO,=CH,CHOH + H,0, 0.631E4+13  0.000 0.150E+05 Westbrook & Dryer (1984)
165. C,H;OH +CH,=CH,CHOH +CH, 0.398E+13  0.000 0.969E+04 Kerr & Parsonage (1976)
166. CH,CHOH +M=CH,CHO+H+M 0.501E-+14  0.000 0.219E+05 Natarajan & Bhaskaran (1981)
167. CH,CHOH +0,=CH,CHO +HO, 0.100E+14  0.000 0.556E+04 Natarajan & Bhaskaran (1981}
168. C.H,OH +H=CH;+H,0 0.525E+13  0.000 0.500E+04 Westbrook & Dryer (1984)
169. CH,CHO=CH,+HCO 0.708E+16  0.000 0.818E+05 Colket et al. (1977) )
170. CH,CHO=CH,CO+H 0.501E+15  0.000 0.879E+05 Kerr (1966)
171, CH,CHO +0,=CH,CO + HO, 0.200E+14  0.500 0.422E+05 Colket et al. (1977)
172. CH,CHO+H=CH,CO+H, 0.398E+14  0.000 0.420E+04 Warnatz (1981)
173.  CH,CHO+OH =CH,CO+H,0 (.100E+14 0.000 0.000E+00 Warnatz (1981)
174, CH,CHO+0=CH,CO+0H 0.501E+13  0.000 0.179E+04 Warnatz (1981)
175.  CH,CHO +CH,=CHLO +CH, 0.759E413  0.600 0.800E+04 Ushimaru et al. (1985)
176.  CH,CHO+ HO,=CH,C0 + H,0, 0.851E+12  0.000 0.107E+05 Colket et al. (1977)
177.  CH,CHO +CH,=CH,CHO+CH, 0.550E+00  4.00 0.828E+04 Colket (1975)
178, CH,CO=CH;+C0 0.302E+14  0.000 0.172E+05 Watkins & Word (1974)
179.  CHs=C,H;+CH, 0.170E+17  0.000 0.848E-+05 Westbrook & Pitz (1985)
180. CyHe+0,=CHCH,+HO, 0.398E+14  (.000 0.475E+05 Walker (1977)
181. CHe+0,=C,H,CH,+HO, 0.398E+14 0.000 0.475E+05 Walker (1977)
182.  C,H.CH;+ CHo=C,H;CH,+C;H; 0.316E+11  0.000 0.129E405 Pitz et al. (1984)
183, CHe+H=CHCH+H. 0.87IE+07  2.00 0.500E+04 Westbrook & Pitz (1985)
184, CHy+ H=CHCH, + I, 0.562E+08  2.00 0.770E+04 Westbrook Pitz (1985)
185, C;Hy+CH,=C,H,CH;+CH, 0.110E+16  0.000 0.251E+05 Hautman et al. (1981)
186. C,H;+ CH,=C,H;CH,+CH, 0.110E+16 0.000 0.251E+05 Hautman et al. (1981)
187, CHg+C.Hy;=C,H,CH;+ C,H, 0.100E+12  0.000 0.104E+05 Hautman et al. (1981)
188.  C;H;+C.Hy=C.H,CH, +C,H, 0.10E+12  0.000 0.104E+05 Hautman et al. (1981)
189. C;Ho+C.H;=C,HCH,+C,H,; 0.I00E+12  0.000 0.104E+05 Hautman et al. (1981)
190. C,H;+C.H;=CH,CH,+CH; 0.100E+12 0000  0.104E+05 Hautman et al. (1981)
191 CHe+CH;=C,H,CH,+ C;H, 0.794E+12  0.000 0.162E+05 Hautman et al. {1981)
192, C;Hg+CHs=C,H,CH,+ C,H; 0.794E+12 0.000 0.162E+05 Hautman et al. {1981)
193, C;Hy+0=C,H,CH,+0OH 0.282E+14  0.000 0.520E+04 Westbrook & Pitz (1985)
194, C;Hz+0=C,H,CH,+0H 0.112E+15  "0.000 0.785E+04 Westbrook & Pitz (1985)
195, C;Hg+OH=C,H,CH;+H,0 0.479E+09 140 850. Tully et al. (1985)
196. C,He+OH=CHCH,+H.0 0.479E+03 140 850, Tully et al. {1985)
197, CHg+HO,=CH.CH,+ H.0, 0.339E+13  0.000 0.170E+05 Westbrook & Pitz (1985)
198, C;Hs+HO,=CH,CH,+ H:0, 0.J1ZE+14 0.000 0.194E+05 Westbrook & Pitz(1985)
199, CH;CH,=C,H+CH; 0.955E+14  0.000 0.310E+05 Kerr & Trotman-Dickenson (1959)
200, C,HCH=C;H,+H 0.126E+15  0.000 0.370E+05 Kerr & Trotman-Dickenson (1959)
201, CH.CH,;=C,H,+CH; 0.200E+11  0.000 0.295E+05 Westbrook & Pitz (1985)
202. CH,CH;=CH;+H 0.631E+14  0.000 0.369E+05 Jackson & McNesby (1961)
203, CH,CH,+0,=CHs+HO, 0.100E+13  0.000 0.500E+04 Westbrook & Pitz (1985)
204, C,H,CH;+0,=CHs+HO: 0.100E+13  0.000 0.500E 404 Westbrook & Pitz (1985)
205. CHy=CHs+H QI00E+14  0.000 0.780E+05 Szware (1949)
206. C,Hy=C,H;+CH, 0.631E+16  0.000 0.858E+05 Warnatz (1981)
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207, CHs+0=CH,0+C,H, 0.589E+14 0.000  0.500E+04 Westbrook & Pitz (1985)
208.  CyHs+0=CH,;+CH,CO 0.118E+14 0.000 600. Warnatz (1981)

209. C;H;+OH=CH,+CH,CHO 0.347E+12 0. 000 0.000E+00  Warnatz (1981)

210, CHy+0=C,H;+ HCO 0.355E+13 0. 000 0.000E-+00  Huie & Herron (1978)

211, CHe+OH=C,H,+ 1,0 0.398E+13  0.000  0.000E+00 Westhrook & Pitz (1985)
212.  CHe+OH=C,H;+CH,0 0.794E+13 0.000 0.000E-+00  Cathonnet et al. (1981)

3. GHytH=CH;+H, 0.501E+13 0.000  0150E+04 Westbrook & Pitz (1985)
214, CH,+CH,=C;H;+CH, 0.891E+11 0.000  0.850E+04 Cvetanovic & Irwin (1967)
215, CyH,+ CHy=CHq+ C,H, 0.100E+12 0.000  0920E+04 Sundaram & Froment (1978)
216. C,H,C,H;=C,H;+C,H; 0.200E+17 0. 000 0.813E+05  Allara & Edelson (1975)
217, CH,C.Hy=C,H,CH,+CH, 0.100E+18 0.000 0.854E+05 Allara & Edelson (1975)

218, CH,C,H;+0,=CH,CH,+ HO, 0.398E+14 0.000  0476E-+05 Walker (1977)

219, GHiGHs+0,=C,H;C.H, +HO, 0.251E+14  0.000  04%0E+05 Pitz et al. (1984)

220, C,H,C,H;+H=CH,C,H,+H, 0.562E+08 2.00 0.770E+04  Walker (1977)

221, CH,C.Hs+ H=CH,CH,+H, 0.174E+08 2.00 0.500E+04  Walker (1977)
222, CH:CH;+0=CH,C,H,+0H 0.112E+15 0.000  0.78E+04 Walker (1977)

223, CH,CH;+0=C,H,CH,+0H 0.562E+14 0. 000 0.520E+04  Walker (1977)

224:. CH,C.H;+O0H=C,H,C,H,+ H,0 0.257E+10 1.05 0.181E-+04  Walker (1977)

226.  C,HsC.Hs+ OH =C,H,CH;+ H,0 0.257E+10 1.25 700. Walker (1977)

226." C,H,CHs+ HO, = C.H;C.H, + H,0, 0.112E+14 0. 000 0.194E+05 Walker (1977)

227, C.H:C,Hs+ HO,=C;H;CHy + H,0, 0.676E+13 0.000  0I7E+05 Walker (1977)

228.  C.H;C.H;s+CH,=C,H;C,H,+ CH, 0.120E+13  0.000  0.I16E-+05 Walker (1977)

229, C,H,C,H;+CH,=C,H;CH, +CH, 0.794E+12 0.000 0.950E+04 Walker (1977)

230.  CH,C,Hs+CH,0=C,H,C,H,+CH,0H 0.302E+12 0.000  0.700E+04 Pitz et al. (1984)

231, C.H;C,Hs+CH;0 =C,H,CH,+ CH,0H 0.603E+12 0.000  0.700E+04 Pitz et al. (1984)

2382, CHCH+C.H;=C,H,C,H,+C,H, 0.100E+13 0.000  0.180E+05 Sundaram & Froment (1978)
233, C.H;C,Hs+C,H,=C,H;CH;+ C,H, C0.794E+12 0.-000 0.168E+05 Sundaram & Froment (1978)
234, CH,CH;+C,H;=C,H;C.H,+ C,H; 0.100E+12 0.000 0.134E+05  Cathonnet et al. (1981)

235, C.H;C.H;+C,H,;=C,H,CH, + C,H; 0.100E+12 0.000  0.J04E+05 Allara & Edelson (1975)

236.  C.H,C,H;+CyH;=C,H,C,H,+CH; 0.398E+12 0. 000 0.188E+05 Sundaram & Froment (1978)
237, C.H,C,Hs+ C,Hs=C,H,CH,+C,H; 0.794E+12 0.000 0.168E+05 Sundaram & Froment (1978)
238. CH.CH,+ H=CH,CH,+H, 0.210E+15 0.000  0.150E+05 Warnatz (1984)

239. C,H,CH;+0=CH,CHs+OH 0470E+14  0.000 0.389E+04  Warnatz (1984)

240. C;H;CH;+OH=C,H,CH;+ H,0 0.580E+13 0. 000 620. Warnatz (1984)

241, CH,CH;+ HO,=C;H,CH,+ H,0, 0.440E+13 0.000  0.153E+05 Warnatz (1984)

242 CyH,CH,+ CHy=C,H,CH;+ CH, 0.950E+11 0.000  0.790E+04 Warnatz (1984)

243, GH.CH;=C,H,CH,+CH, 0.400E+17 0.000 0.828E+05 Warnatz (1984)

‘244 C,H;C.H,=C,H,;+C, H, 0.252E+14 0.000 0.288E+05 Warnatz (1984)

245. - C,H;C,H,=C;H,CH,+ H 0.126E+14 0.000 0.386E+05  Pitz et al. {1984)

246.  CH,CHy=C;H;+ CH, 0.200E+15 0.000  0.332E+05 Pitz et al. (1984)

247, CH,CH,=C,H,CH,+H 0.200E+14 0.000 0.404E+05 Sundaram & Froment (1978)
248, C,H,CH,=C,H,C,H,+H 0.200E+14 0.000 0.398E-+05  Sundaram & Froment (1978)
249. CH,C.H,+0,=CH,CH,+ HO, 0.100E+13 0. 000 0.200E4+04  Baker et al. (1975)

250.  CyH,CH,+ 0, =C;H,CH,+HO, 0.100E+13 0. 000 0.450E4+04  Baker et al. (1975)

251 CgHBCH3+Oz;C2H5C2H3 +HO, 0.200E+13 0.000 0.425E-+04  Baker et al. (1975)

252. C;HeCH,+H=C.H,+H2 0.501E+14 0. 000 0.390E+04  Sundaram & Froment (1978)
253. CHsC,Hs+H=C,H,;+H, 0.501E+14 0. 000 0.380E+04  Sundaram & Froment (1978)
254, CHCH,+0=C,H;+CH,0 0.501E+13 0. 000 0.000E+00 Huie & Herron (1978)

255, CH;C,H,;+0=C,H,CH,+ HCO 0.603E+13 0.000  0.000E400 Huie & Herron (1978)

256.  CH¢CH,+OH=C,H,CH,+CH,0 0.182E+14 0.000  0.000E+00 Ravishankara et al. (1978)
257, C,H;CH; 4+ OH = C,Hs+ CH,CHO 0.257E+14 0. 000 0.000E+00  Ravishankara et al. (1978)
258.  C;H,CH,+CH,=C,H,+CH, 0.100E+12 0. 000 0.000E+00  Sundaram & Froment (1978)
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259, C,H.C.H,+ CH,=CH,+CH, 0.100E+12  0.000 0820E+04 Sundaram & Froment (1978)

260.  C,H;C,H,+ 0 =C,H;+CH,CO 0.129E-+14- 0000 0.850E+04 Warnatz (1981)

261, CH,+M=CH+H+M 0.120E+15 0.000 0.493E+05  Sundaram & Froment (1978)

262, CH+M=CH+CH+M 0.100E-+12 0.000 0.370E+05  Sundaram & Froment (1978)

263, CH,+CH;=C,H,CH,+C.H; 0.158E+13 0.000 0.000E+00  Allara & Edelson (1975)

264, CH,+CH,=CH,C.H;+CH, 0.158E+13 0.000 0.000E+00  Allara & Edelson (1975)

265, CH;+CH,=CH:+CH, 0.794E+13 0.000 0.000E+-00 AI ara & Edel son (1975)

266, C,H;CH,=C,H;+CH, 0.151E4+20  ~1.00 0.734E05  Pitz et al. (1984)

267, CHCH,=CH,+C,H; 0.I0E+20  ~1.00 0.968E+05 Pitz et al. (1984)

268,  C;HCH,+0=C,H,+CH,CHO 0.129E+14 0.000 850. Pitz et al. (1984)

269, C;H,CH,+0OH=C,H;+CH,CHO 0I00E+14  0.000 0.000E--00  Pitz et al. (1984)

270, C,H,CH,+O0H=CH;CO+C.H; 0.100E+14 0.000 0.000E+00  Pitz et al. (1984)

27 CHLCH,=CH,+H 0.407E+19  —~100 0974E+05  Pitz et al. (1984)

272, CH,CH;=CH,+H 0.407E+19  —1.00 0.974E4+05  Pitz et al. (1984)

273.  C,H,C.H,+0=CH,+CH,CHO 0.100E+13 0.000 0.000E+00  Pitz et al. (1984)

274, CH.CH,+O0H=CH,+H,0 04798413 0.000 0.123E-+04 Pitz et al. (1984)

275, CH;+0,=CH+HO, 0.100E+12 0.000 0.000E+00  Pitz et al. (1984)

276. CH,+H=CH;+H, 0.316E+14 0.000 0.000E+00  Piiz et al. (1984)

277, CH+CH;=CH+C,H, 0.398E-+13 0.000 0.000E+00  Pitz et al. (1984)

278, CH;+CH;=CH+C.Hs 0.398E+13 0.000° 0.000E+00 Pitz et al. (1984)

279, C,H;+CH;=CH.CH,+C,H, 0.501E+12 0.000 0.000E+00 Piﬁz et al. (1984}

280. C.H;+CHy=CH,C.H,+CH, 0.501E+12 0.000 0.000E+00  Pitz et al. (1984)

81 CHy+CHs=CHs+CH; 0.631E+13 0.000 0.000E4-00  Pitz et al. (1984)

282, CHy=CH:+CH, 0.398E+14 —1.00 0.982E+05  Pitz et al. (1984)

283, C.H;+O0H=CH;+CH,CO 0.100E+13 0.000 0.000E400 Pitz et al. (1984)

284, CHs+OH=CH,+CH,0 - 0.100E+13 0.000 0.000E+00  Pitz et al. {1984)

285, CHg+OH=C,H,+CH,CHO 0.100E+13 0.000 0.000E4+00 Pitz et al. (1984)

285, C,;H;+0=CH,+CH,CO 0.100E+13 0.000 0.000E+00  Pitz et al. (1984)

287, CHs+0=CH,CCH,+CH,0 0.100E+13 0.000 0.000E+00  Pitz et al. (1984)

288, C,H;4+0=CH,CCH+CH;0 0.100E+13 0000 0.000E+00  Pitz et al. (1984)

289, C;H;40,=CH,CCH+HO, 0.603E+12 0.000 0.100E+05 Westhrook & Pitz (1985)

290.  C,H;+0,=CH,CCH,+HO, 0.603E+12  0.000 0.100E+05 Westbrook & Pitz (1985)

291, CH;+H=CH,CCH+H, 0.100E+14 0.000 0000E-+00  Westbrook & Pitz (1985)

292, CHs+H=CH,CCH,+H; 0.100E+14 0.000 0.000E-+00  Westbrook & Pitz (1985)

293, C;H;+CH,=CH,CCH +CH, 0.100E+13 0.000 0.000E+00  Westbrook & Pitz (1985}

294, CyHz+CHy=CH.CCH,+CH, 0.100E+13 0.000 0.000E+00  Westbrook & Pitz (1983)

295, CH,CCH+H=C,H; 0.200E+14 0.000 0.230E+04  Warnatz (1984)

296, CH,CCH.+H=CHs 0.120B+14  0.000 0210E+04 Warnatz (1984)

297, CH,CCH+0=CH,0-+C.H, 0.150E+14 0.000- 0210E+04 Warnatz (1984)

298, CH,CCH+0=HCO+CH, 0.I50E+14  0.000 0210E+04 Warnatz (1984)

299. CH,CCH+OH=CH,0+C.H, 0.500E+13 0.000 0.120E+04 Warnatz (1984)

300, CH,CCH+OH=HCO+C.H, 0500E+13  0.000 0.120E+04 Warnatz (1984)

301, CH,CCH,+OH=CH.0+C.H; 0.270E+12 0.000 0.000E-+00 Warnatz (1984)

302, CH.CCH,+O0H=HCO+C,H, 0270E+12  0.000 0.000E+00 Warnatz (1984)




