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ABSTRACT -
( . |
o .

KINETICS OF METHANE-AIR COMBUSTION o
AT LOWER LIMIT OF FLAMMABILITY

ALTAF U REHMAN -~ | - P

A 30 reaction step kinetic model of methane-air éombustion at
]qwer ifmit of'flammagility.(5.3 % methane in air),/ e
1000 K tempera;ure and one atmosphere pressure is developed - Do
and used to predict flame structure while diffusionaand‘héat
conduction are neglected. The species and energy conservation
equations and solved by a computer co?e, give Species concentrations,
tpermodynamic properties at 40 interval of time and distaqce.

Ignition is defined and.occurs at 1109 K. Flame length is

estimated to bg 1.5 cm. The model permits a detailed discussion

of the role of each equgtion in ‘the rggction scheme. ﬂitrogen

is treated as inert.

.. .
;
. . g i
b '
¢ o
& R /

-

jid



LN * f ) k ‘
¢ ! - - h's
. o T & . . .
P ' ’v-
5 .j - -
- ‘ ¢ ' -
ha \ ‘I . a )
- - . 1}
~ )
-2 ’ f '
B o
o ' '
] ) \
, .
1 { ) ' )’ '
T ; , . / 1
| .+ DEDICATION . ’ |
K . , )
: v ‘ Vo
' 5 » . - ! T
' A This work is dedicated to my mother. .
) ’ ‘ -
- . .
- . ¢ oo,
J ‘ L S |
,.// R \ + ) )
o - 1 +
. ! [/ ) ’
x‘ Y"
~ . v .
oy . ¢ . - .
., ) ( .
[ - - ' ! )
. & .
. ¥ . ‘ s
L]
[ v v
{ ' .
1] [} — ’
. 3 ) . [
s { ) . . N
] ’ Al‘
. - { DL
: . ‘
N . (]

N . ) N o




: 4
‘ AcknoQ1edgements - | _ -
> ~ The au}hor is grat;ful to all the members of the éombustién research
group at Concordia University: They have contributed immeasureéb]y
» to the research involved and to the produgtion of this thesis. ' ‘
“In particular, the author thangs Dr. A.J. Saber, his resear&h advisor
\\—\; | : "dnd the leader of the gorup. Dr. Saber gave free]y of hi§ time and’
| ;zshared his insight at times when bfob}ems seemed insurmountable and
} ’ ) © understanding seemed elusive. : o
- " . ‘ .
N - e Thanks are also due to Lawrence” A. McLean and Henri Mikhael. /

‘As fellow studentgﬁ}héy discussed the kinetjc sch?meS‘and%the
ynderstanding of the -problem. Surely the thesis could not

i - . havé appeared without them. Next, the author is indebted tb

| . * the National Séience and Engineering Resea;ch«Counc11_of Caqua‘
(NSERC) for supporting this research and to the Government of

Y Canada for permitting him to/stay in the country to complete

‘f . the task.

. This work has been carried out under,NSERt'Opera%ing Grant

-

"Number A4208, "Coal Producer Gas Flammability Limits".
: =3 - ' s ),.

/




o

LEAF 1 OMITTED IN PAGE NUMBERIN‘G..

!

o Y

/ * -] ° - : -
‘ \ S~
l«. . L
- -
~ -
. - . .
° . - . _
4 o ’ ‘ ™~
i -
. . .
-Ulu\ - R > -
)

. -
. t = - A
~ .
a
- R
. < -
N a
8 °
i . . .
.. - -
- - .
. . s
.- N
' - N
- /
N 3
- LT -~
o ;
h 4 a -
«
- .
. R
J . *
N EY
\ N -
- A
N .
. s .
« .
4
< .
Y
» ‘ ~
R . - \
- .
- °
° B
. - .
/ . . .
v «
v - . ¢ N ) M *
. N ~
- .
g vll’n
N - .
- )
: hd - . R R T LA -



-
.

INDEX /
-
FRONTISPIECE Coe
Y /)

ABSTRACT

DEDTCATION *
® ® ‘ .

M CKNOWLEDGEMENTS , vl

+
2 -

TABLE OF CONTENTS ’ .

i

1.0.0 FLAMMABILITY LIMITS

1.1.0 EFFECT OF TUBE DIAMETER
,1.2.0  CONVECTION
1.3.0  EFFECT OF TEMPERATURE

1.4.0  EFFECT OF HUMIDITY

*

" 1.5.0 EFFECT OF COMPOSITION

2.0.0 OBJECTIVE '
3.0.0 = CALCULATIONS:OUTLINE =~
©3.1.0 ' COMPUTER CODE CHARACTERISTICS
4.0.0 SELECTTON .OF KINETIC SCHEME

©'4,1,0 SELECTED SCHEMES \ B
4.1.1  BOWMAN'S SCHEME

L

"1y

14
15
16
19
19
21
21
22



Y

5.0.0

5.

5.

5.

° s,
_—

&

6.0.0

6.

6.
6.

bh,1.2 AY-SICHEL'S SCHEME

) :
4.1.3 23 WALDMAN, ET AL.'S SCHEME
4.1.4  TSATSARONJS' SCHEME

.2.0 FINAL KINETIC SCHEME

4.2.1  CHy ——_-> CH3 PATH
4.2.2 CH3 __> CHy0 PATH

4.2.3 CHQO --~>-HCO PATH

sl.2. 1 HCO ---=> CO PATH

4.2.5 €O ----> CO, PATH

INITIAL CONDITIONS
1.0 PRESSURE
2.0 AREA

3.0 TEMPERATURE,
4,0 BURNING VELOCITY
5.0 COMPOSITION OF AIR

DISQ»&SIONS !

1.0 REACTTON ZONES

6.1.1 TNDUCTION ZONE

6.1.2 FLAME REACTION ZONE
6.1.3 RADICAL RECOMBINATTON 7ZONE
6.1.4  POST ‘FLAME REACTION.ZONE
2.0 FLAME THTCKNESS
3.0 SPECTES HISTORY
6.3.1 - METHANE

A

-
.
.
/1 ]

2u

31

28
29
29
29
30
31
31
N
31
3?2 .
33



6.3°2 METHYL »
. /
| bt 6.3.%@ ATOMIC HYDROGEN
’ 77 6.3.3. WATER
Ny ' ; 6.3.5  CARBON MONOXIDE
) | 6.3.6  ATOMIC OXYEEN -
6.3.7 CARBON DIOXIDE
6.3.8 FORMALDEHYDE
6.3.9  MOLECULAR H}DROGEn'
: 6.3.10 HYDROGEN- PEROXTDE -
’ *5,3,11, FORMYL . >
B ¢ 6.3.12 NITROGEN
” 6.3.13 MOLECULAR OXYGEN &
6.4.0 REACTION HISTORIES
- : , 6.4.1 REACTION NO. 1
' 6.4.2 REACTION NO., 2
_ 6.4.3 REACTION NO. 3
'6.4.4  REACTION NO. 'l
° " 6.4.5 REACTION NO. 5
B “ "6.4.6 REACTION NO." 6 .
! - | “6.0.7  REACTION No. 7
] 6.4.8 REACTION-NO. - 8
6.4.9  REACTION NO. 9
’ b.u,10 REACTION NO. 10
/ 6.4.11 REACTTON NO. 11
. ‘ . ‘
. . o

40

Y1

y2

43
43
Iy
by
U5
U5

6
ug
48
49
50

50 -

43

51
51
52
| 52

53
5

e ak—— -




7.0

9.0
3 10.0
1.0

(=)} (23]}
.

- - T~ S N - N N o)

6

(=) (=)
. .

[, NN « ) BN © AN @ ]

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
”

4.

.12
13
14
.15
.16
17
.18
.19
.20
.21
.22
.23
.24
.25
.26
.27
.28
.4,

29
30

REA?TION

REACTION

REACTION
REACTION
REACTION
REACTION
REACTION
REACTION

"REACTION

REACTION
REACTION
REACTION
REACTION
REACTION
REACTION

REACT ION

REACTION
REACTION
REACTION

APPENDIX A

APPENDIX B

APPENDIX C
REFERENCES

NO.
NO.
NO.
NO.
NO.
NO.
NO.
NO.
NO.
NO.
NO.
NO.
NO.
NO.

NO.
NO.
NO.
NO.
NO.

. CONCLUDING REMARKS

12
13
1
15
16
17
18.
19

20

21
22
23
24
25
26

27

28
29
30

N

.58

54
55
55

56

56 -

g7

57

58
59
60
60

62
63
64

64
65
66
67

72
'80
143
228

4%,



U

1.0.0 FLAMMABILITY- LIMITS

’

L

?he flammability limits of a fuel/oxidizer gas.
mixture at given thermodynamiC\p6undary conditiohs are the
proportions ,between which the gas can support‘ flame

a

propagation.(1§) At the limits, therefore, a change in the

mixture composition® in one direction \permits f1ame

° . ; €
propagation, while a change in the other does not.

There "are two‘distinctly separéte fTammébi]ityolimits
\corresponding to the minimum (lower) and ma%imum (upper)
ratios of fuel to oxidizer reactanps‘which;will supporé
flame propagation, Alth?ﬁgh thesé fléﬁmability-limits are
believed to be physiochémical constants: for flammable
gases or vapours of flammab]e liquids,(19) no such

consistant physiochemical constants are yet evident.(45)

Consequently, flammability lTimits are determined

Al

exberimentélly, usually by the observatioﬁ of flame

3

propagation in wide verfical tubes, open at one end.
Indeed, such flame propagation measurememts have been

standardized by the U.S. Bureau of"M}nes.(?)

. &

4
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i L L ' : Experimentation is conducted at atmosehgpic lpressuré
B ‘using 5.0 diameter, 120 to 180 ¢m long tubes.(3) Thé basic - .
. " ,av . Operating 5rihcip1%s of the (flammability tester are inm '
. < e . o ' o i
\ . ecéordance with specifications set- by Us S Bureau of %
) T ~mines, (3) Such . flammability 1imit measurements are %

' ”c ucted at Concordia Univer51ty, in .a vertical pyrex
élass tube, 5 ecm 1in diameter and 160 cm long, shown in
;ig. 1.1?; A fuel oxidizer mixture of glven composition 1s
ebtaimed by mixing appropriate volumes of each in a
previousl& evacuated 10 em diameter, 160 cm long mixing
tube. The gases are then transferred to the firing tube,
which' has also been eva;uated. Then, the sllde “valve ate
at the base of the tupe 1is epehed tb. atmosphere ana

, -ignition is induced by a "small electric spark at the lower

end. The flammability tester is used to obtain comparison

data for parameters uqed in this kinetic study.

LN

'

¢ e ; .
Flammable mixtures are then defined operationally as
) v . .
those mixtures which support flame propagation throughout

the tube 1qngth,fhand the ‘flammability limits are the

limiting fuel/oxidizer ratios for propagation.
';-;: . ] - ». g -

o

v n In the U S Hureau of. Mines method the mixture may be .

ignited at eixher end of the verticaﬁ tube. If .the o
\ ) . s ( y . ‘ T N~
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mixture is ignited at the top, the flame propagates

2

- downward. However, if the ignition occurs at the base of -
the tube, the flame propagaﬁés upwards. : >
It hés also‘been demonstrated that the flammablity
limits depend on pressure and temperature, althoughfnd?mgz
Qariations in atmospheric preséurei do not cause any
noticeable effect.(19) However,oas pressure is decreased
béle atmospheric, the flammabillt& limits meet a critical
\ .
condition representing the 1lower pressure ‘for that test
yessel.(30) qutherhore, at pressures exceeding
atmospheric,‘éomexobser{ers stéte that flammability limits
spread ‘apart,(20) while others ‘claim the“~opposite
.effect.(35,u1) Indeed, for certain combustible @i&tures,

the range may first narrow and then broaden.(20)

1.1.0 EFFECT OF TUBE DIAMETER

¢

The 1limits of f{ammability widen as the diameter of L -
the apparatug'is increased, rapidly‘ at’ firqp and then.
- slowly as, the diameter approaches 5'cm.(1) However, in
test work at the U.S, Bureau of Mines, Coward and Jones

show that an increase in diameter above 5 cm rarely shows: :



LR

oy
more than a few tenths of one percent changezin the 1imit

air/fuel rétios.(3) However, at the small diameter end,

the apparatus limits narrow mabkedly. Indeed, a

)
methane/air,mixpure propagating from an open-end 5 cm

%iameteﬁ tube 1is quenched by a tube of .0.30 cm or
less.(20) This latter effect of tube diameter is expressed
as a queﬁching diameter and the boundary condition at the

large diameter 1imit has been called the true flammability
limit.(3) | . ‘

1.2.0 EFFECT OF CONVECTION

J

If the mixture is ignited at of top of the vertical
tube, the flame propagates downward. This cén'occur only
when thelflame speed exceeds the convective draught of the
hot combustion products.(3) Howqyer, ‘if the Lgnitiop
occurs at the baée of tube, the fiame propagates _gpward:

v

@ .
Convection enhances the apparent flame spfed .(8)

¢

Consequently, the flammability 1limits for upward * and
downward '.propagation * areﬂ different. Fd;thermohg,
experimentation shows 'that the flammability Fange‘ for
upward flame propagation in a vertical tube is wider than

thét’for downward propagatiqn.(11)' Correspondingly, for®

~
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(S . : o
horizontal tubes, the limiting values fér the same fuel

and oxidizer 1lie somewhere between those determined frbm

vertical tests.(13)

e

Tt is believed that the .effect of convection 1is
gréate; the 1larger the tubes. ngever,-the difference
between upward and downward propagation 1imits does not
chénge with 1larger diameter tubes. To expléin this, the
following mechanisms have been suggested, but they are

!
contradictory.

]

Linnet and Simpson,(9) for examhle, believe that the
surface of a flame propagating upward under the action of

cénvection is larger, and the flame speed is

-~

correspdndingly higher, than for the downward propagation.
Consequently, for downward propagation the slower flame

speed allows more heaf to be lost to the walls.

Lewis and Von Elbe,(20) however, explain the

' ¢

difference between upward and downward proﬁégation limits
by a "flame stretch" concept. Tn the case of upwérd

gropagation, the gas speed gradients at the surface of the
. )
. flame are presumed 1lower than those for downward

t

" propagating. As' a result, the flame propagation upward

8

-~



! ,
suffers "stretch”" :and hqpce propagates thpough a more,
) _ dilute mixture.

< ; . )
/ . L4 \ ¥
Next, Lovachev attempts to explain convection in his

theory of limits.(11) Lovaghev assﬁmes:

a) The flame acts like a solld sphere. C oy

" B
b) The 1imit flame speed equals the convection velocity.

( ck A drag force acts on the core of the limit flame.(13)

‘

d) , The radius of the 1limit core equals the. flame
"y thickness, calculated from flame theoEy.

-

Tﬁe firgt assumption 1is a limitiﬁg condition for

downward propagation, although upward propagation i; sbill;’
. possible. The convective motion of'the hot gases dévelop
g i} ,unsteady phenomena ip the formation of the flame front.

Hot and less dense gases rise and consequently the fresh

. mixture flows ¢ound‘fhe flame core. The state at which

. the flame core stops rising and the visible flame speed

becémés zero is defined as limiting.

A} . "
(
"




Lovachey bases flampability limiis on the solution of

a set of non-stailonary‘gquations for energy coqyersion

and giffusion of all reaction component, the Navier-stokes

equatioqs and the’continuity equation. He suggests the ﬁ;;r”
- - following —relation, ,which determines the convective rise
velocity at the limit. ' ) o
o rlE & OEErE
C.DP D :
U = convective rise velocity
L' = thermal conductivity.
C' = heat capacity. | ‘
b~‘= uhbu;nt gasrdensity. ' i
' P = éo-efficient depenent on the form
. " of heat release. ‘ ) 1 o |
¢ D' = burnt gastdensity.
G +< gravitational constant. °
C' = resistance coefficient. 7 J

fhe result may be interpreted as a minimum to which

propagation is Bossible.

Lovachev assumes that the flame can be modelled 1like
a solid sphere, submerged in a gas.  This modql‘ may be

" used for the motion of vapours and gas bubbles in-liquids.

W '
3
. .



\ ) . . -

d4nsity are about the same, 'the basic drag force

asSumption of unequal densities does not apply. Also, the

o

con%inuing consumption of the surrounding unburnt gas by
the\VIame front results in an unburnt gas velocity normal
1

to and away from .the flame surface, which is a thrust to
4

X
1

the flame rather than a drag force.

4

. ‘ .
Ne&t, Andrew and Bradley have a theory which neglects
this drag force.(10) They agsume that any buoyancy' force

acting oq¢ the hot core of the flame is equal to the

A}

flame's .rate of change of momentum. Balancing the

bouyangy agd rate of change of momentum, they suggés£ the

convective rise velocity at the 1limit.is !

Y=S'T(D/D') + [(DED')=11GT2/8 o
\

1

n

Near l%mit}burning velocity. "
\ ‘ -
= Unburnt' gas density.

\

S

D

T = Tine,
Y = Distance R{avelled.
G

= Gravitational constant,

D' = Burnt gas densit&.

|

However, since the flaming gas density and surrounding gas *

-
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1.3.0 EFFECT OF TEMPERATURE ' . z

- . /
, .

<
The * lower 1limit decreases and upper limit increases

with temperature, since the degree of preheat required

?
decreases with temperature. Also, it has been shown that

radiation losses tepresent so small an effect that they
can be neglected. Fgrthermore, at excessively elevated
pre-ignition temperatures, the occurahce of preflame

——

reactiond-can result in changes 'in mixture composit}on and
o 4.
state:(3)

1.4.0 EFFECT OF HUMIDITY

The normal quantity of water vapour present in air(\

does effect lower flammability limits, but the effect 1is
usually very small.(1) 1t appears‘in the upper limit,
which may be significantly redﬁced because some of the
oxygen in the mixture is displaced,: Indeed, the oxygen
q;ncentration is the important factor in an upper limit

mixture, since lowering the oxygen fraction }educgs the

degree of completion of the combustion train.

l.Jk“l ' 1 u

e



1.5.0 EFFECT OF COMPOSITION

For mixtures of various fuel species the knowledge of
I

thé limits of each compon;nt in air and the percentage of .

&

each combustible present in the mixture can be used to

calculate flammability 1limits for a mixture.(18) For' a

’

large number of compositions, these 1limits can . be

calculated by the following relation:

¢ C) )

L=100/0(P1/N1) + (P2/N2) + .....\+ (Pn/Nn))

“whpre P1,P2,....Pn are percentages of each combustible

component, and N1,N2,..T...Nn' are the lower 1limits of

flammability of each combustible in air.

%
\._’\
3
‘



2.0.0 OBJECTIVE - "

J

It is believed that a knowledge of the fundamental
mechanisms are  key to understandihg flammability limit;.
To that end, the focus here is the chemical kineties at
atmospheric éressure of : methane/air mi;ture at the lower
limit of ?aammability. In the, following, the structurelgf
the flame 1is ¢alculated and shown $t~the lower limit

(5.3 % methane in air) for a one atmosphere pressure

mixture at 1000 K initial temperature:

>
.

Usually approximate ‘kinetic schemes are used to
describe the oxidation of the gaseous hydrocarbon fuels in
air.(31) These schemes generally asQUMe relative fast
partidl oxidation of the hydrocarSon tb carbén monoxide in
the ‘H2/02/CO/N2“ system.(30) However, these approximate
kinetic models have been shown to be unreliable when
incorporated to predict formation of different species;
such as the oxides of nitrogen.(30) - Consequently, more

!

detailed kinetics are demanded . ) /

A

S

St

This present study uses a detailed kinetic scheme in
¢/¢ a "stiff* system” approach involving the energy,

overall-mass “and elemental conservation equations which




\

are'coupled and solved in g"chemical kinetic¢ code.(33) The
calculation neglects diffusion and thermal conduction,
which are important in "laminar flames. As such the
approach is restrictive since this simplification effects
the calculated species concentration profiles near the

flame interior, where gradients are large. However,

-results below provide qualitative information about the

trend of various specieslconcentration. The work leads
the way to gurther,study of the parametric effect of key
sﬂecies formation on the lipits. Specific species
restyicttons include neglecting nitrogen reactions, except

\
fo¥ third body effects.

The 1000ﬂK initial temperature is selected, since it
has been found that the pure methaﬁe and air reactants
must be at 1000 K or higher for th® reactions to proceed
wi£hin a reasonable time (1000 sec). Although reactions
initiated at a lower temperature are calculated to proceed
to comﬁletion, in a much longer time, such a calculation
is not wérranted, sinée heat transfer effects are no
longer negligible and the system' cannot be treated as

adiabatic. }({
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In the course of studying the methane/éir system, the
following additional questions were also addressed. y
) * : ' i
a) What .reaction controls the pyrolysis of methane? -
b) What reaction controls the oxidation of methane? - 5
c) What}, is the thickness of.flame? )
; .
o ' . _ i
. :
L] L4 ‘ y ‘
: ‘ P » ;o * {
. 5 . B ! . *
. ‘ J
YA -~
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3.0.0 CALCULATIONS OUTLINE

) 7 ¢

Many !ntegration” techniques have been derived which

" are stable and efficient methods for fntegratingmthe stiff

systems. Among these.are Treanor's modified Runga-Kutta

? exact
s

method(25) and Moretti's method which involv

solution of locally 1iﬁearized\equations.(26)

A method which falls logically bétween these two |is

the implicit integration method of Tyson.(27,28) Tysonfs

method has the édvantage of‘being. inherenth’ stable and
computationally efficiént. The approach used. here involve
a computer code developed by NASA,(33) which uses the

Tyson approach. The calculation follows a particle of

fluid and traces its time and'dystance history.

<

3.1.0 COMPUTER CODE CHARACTERISTICS >

o
2 . - /

»

For the calculations, the flame is divided into

intervals called station points. At each\-station point,
i
. w
existing species are wused 1in the ’reaction scheme to

calculate prioducts., The products then become—the existing

species” for the next station point.

1 -




e

To~ggt a cléap picture of concentrétion, tempeéature,
enﬁhalpy and . entropy changes,” 40 stations 'poiﬁt; are
"‘chosefi. The intervals, which have variable sizes, are
‘large where changes é&% small (e;g., )over 1 em or
0.033 sec), but significantly smaller (e.g., 0.02 em* or
./01?5 msec.,) qgére éapid changes occur, ‘

~—

»

A minimum integration step size of 0.0001 c¢m-is
chosen, while a maximum‘integragioé step size is kept at
1.0 ém. The uinitial step size is 1.6vmm1 " The precision
for each integration step is 0.007. About 600-650 steps
of varyihg sizes, are required to reach the 1a%§ station

'

point.

[

&

The execution times ~on the: CONCOﬁDIA " UNVERSITY
.COMPUTER =~ CENTER CDC~-CYBER.172/2 operating  under

‘ N . 2
NOS 1.3-485, are in the range of 300 CPU Seconds.

<«




. ) - /

1 s ' . : , \
. 4 s .
4

4.0,0 SELECTION.OF THE KINETIC SCHEME - ’ ST

¢

*
"

-

_ The kinetics‘.of the methane/gir sybtem have been
studied extensively. Noticeable are studies by Cooke and
Wiliiams,(3u{ ' Peeters ﬁﬁu! Mahnen,(35) Dryer,(36)

Bowman,(37) Heffington, et al,(38) Smoot, Hecker and

A e T 2 WO s AR TSN % A

Williams,(49) Boni and Penner,(39) Tsatsaronis,(32)

' "Tabayushi and Bauer,(40) "Ay and Sichel,(46) Olson and

Gardfner, (47) Bendik, et al, (48) and Waléman, Wilson

and Malorey.(31) . - o ! ‘ I

- . ‘
N

4.1.0 SELECTED SCHEMES

N
Four specific schemes have been selected as a basis

for this study " of methane/air combustion at the lower

“

1imit of flammability. N )

These schemes are associated with

7 ! o
1- BOWMAN (37) ' - C R
2- AY and SICHEL (46)- | s
" .. 3- WALDMAN, WTSON and MALONEY (31)

oo
. 3
%

B- TSATSARONIS (32) o

t
\



:1.1 BOWMAN'S SCHEME , o L® \W

, - . ‘ 4
- K °

?owman conducted an analytical study oflnitrbus oxide -

formation in the shock-induced combustion- of a methéne/air

H

mixture.(37) In his calculatfoné, the time-dependent

species concentrations and thermodynamic properties during
j

combustion were obtained by numerically integ79ting the -

coupled equations for reaction kinetics, state and energy.

Bowman modelled the —methane flame in an isothermal,

‘"constant .pressure flow reactor, ﬁeglecting.massiand energy

transfer processes.

- ¢

—

_ The Bowman kinetigs model cannot properly desctibe

the combustion, proceﬁégs of hydrocarbon flames, unless
'ﬁombustionzis shock-induced.” Such is not the case here
and it is tonfirmed in this work that the Bowman scheme
:should not‘be used fqr a self-heating'Tixture'approéch to

o 4 S
flammability limits modelling.

1
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4,1.2 AY and SICHEL -

> Bowman kinetics have been extended by Ay and
Sichel (46) wusing the findings of Homer and Sutton.(52)
The latter suggest ihag HO5 has an important influence on
radical recombination, hence on ‘the radical’ over-shoot
immediately downstream of the flame. Cpnsequentl},-Ay and
Sichel supplemented Bowman's scheme by invplving HO,
reactions, a resu}t derived. frem their wuse of the
B equivalence €§'ratgo (i.e., mi&ture fuel-air
- ratio/stoichomgtric fuel-air ra£io). The Ay and Sichel - d

calcul ations resulted in a 5 %,20 % and 35 % decrease in

OH, O and H cdncentration respectively, at 1000 K for the

equivalence ratio of 0.6. Whereas at equivalence ratio of
unity and a temperature 10%0 K, the effect of HO,

refctions was negligible.

4.1.3 WALDMAN, WILSON and MALONEY

“

~ The Waldman, et al, kinetic scheme haf peen suggested
for an equivalence ratio 1less than one.(31) The scheme
consists of 27 reactions for 1low -temperature. flows.

2 (T<1500), but g@veé enormously long preheat times and




4 ' ’ L

works only for supersonic combustion. . S

4.1.4 TSATSARONIS' KINETIC SCHEME N . .

. |
A methane/oxygen reaction mechanism consisting of 29

xleméntary'reactions is used by Tsatsaronis.(32) In his

study, ,flamg speed and thickness at ‘the different 1
temperature ana equivalence rapios are predicted.}
However, 1t 1is found' in the present study that this
kinetif scheme Qorks only when a methane pyrolysis |
reaction 1{is added to the chaig, With such’an addition, ;
the kinetic scheme operates and has been selected for use

( Ay
here. ‘ ' b

4,2.0 FINAL CHEMICAL SCHEME
R ) ; %

With the ‘adqition of an initiating pyroiysis'sgep,‘
the basic Tsafsaronis chemical kinetﬁcs' scheme has begn
selected for use here, However, each equation 5§s ’ B
examined in the literature, to find its agreement with
other published resulté. The examination resulted in the
overall scheme shown in the Table 4.1, The quantities

'represgnts values which give reasonable induction times.

, , 24
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It 1is important to note that changes in_the activation.
energy and frequency factor strongly affect the reactions .
' . rates and must cdarefully assessed. , : 1
- ‘ ' !.
, R 7o . - * ’ . ' ' ¢ ; . %
v - _ In the present . study 13 chemical species "are o
‘ recognized. They are shown in Table 4.2, o
. ) . A .
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- TABLE 4.1 )

METHANE COMBUSTION SCHEME

; _ REACTIONS F
1M+ CH, -->;/CH2 + H 1.00E+18
2 CH, + OH' --> CHI + H,0 2. 20E+13
3.C0' 4+ 0 =-> CO5 + M 3.60E+15
4 H + 0 --> DOH + 0 ?2.20E+14
5 c0 + 08 --> co, + A 2.50F+12

T 6 CH3 + 0 --> CH;0 + OH 1.00E+11
7 B3 . cﬁu -> CHY e W " 2.2UE+OU
B O+ CHy ==> CHy =+ of 1.26F+11
9 H + 0, 2> HOy + M 1.40F+13
10 HO, + WY o> W s 0, 6.00E+13
110° +« H., --> Of + H 1.80E+10
12 Hy i - Hy0 + H 2.20E+13"
1I3H + H  --> H . M 2.00E+16
hCHy + 0 =2 ch0+ H 2.00E+13
15 CH30 « B -o> HCB + H, 1.25E+10
16 CHS0 + OH --> HCO + H50 B.80F+13.
17 CH°0 + 0  --> HCO + OR 5.00F+13
18 HCB + 0 ---> €O + OH 2.00E+11
19 HCO + OH  --> €O+ H,0 1. 00F+114
20 HCO + H  =-=> CO + H 2.00E+14
21 M &+ HCO --> 1 + CB - B5.00F+1?
22 HCO + 0, =--> CO + HO, . 3.00E+13
23 H 4 HB? --> OH + OH > AOF+1
20 H & HOD -2> H,0 o+ O 5.00E+13
25 0+ HOS -o> offi o, 6.00E+13
26 OH + HOD _-=> H,0 + 03 i.00E+13
27 H + OH® /==> H,0 + M~ 2.30E+19
28 H + 0 ~--> 0f + M . 6.20E+23
29 O + OH --> O + H,0 6.30E+12
30 M + CH?O -=> COo + Hé 2.00E+16

| © WHERE:, )
F = Frequency factor
N = Nondeminsional temperature factor.
A = Activation energy.

Unitg: mole,cm,K

S

DDOVODID00DDD 4T D=2 =000wD00=D0
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, TABLE 4.2 .
) - SPECIES INCLUDED IN THE STUDY '
y CHO  FORMYL - OH  HYDROXYL
I i
CHg METHYL i HO2 HYDROPEROXYL
CHM METHANE H?O WATER
, : h e [
Cco / CARBON MONOXTDE 0 MONODATOMTIC OXYGEN
- CO2 CARBON DIOkTDE O2 DIATOMIC OXYGEN
H’ ATOMIC HYDROGEN H2 _ MOLECULAR HYDROGEN
CHZO FORMALDEHYDE -
' ¢ 4,
' \ 1
{ ’ i o ! . —
_ /- \

PY) B M L
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It is noted that cHu,cng,cngo,Hco, and CO are key

species, since their reaction with the oxidizer results in

s

the release of heat.

An .examination of the'scheme shows the ‘sequence for

‘combustion of methane with oxygen is ’ K

CH, ===> CH; =-==> CH,0 -==> CHO ---> €O -==> CO

3 2 2
Each path of the -chain is discussed below and shown in

figure 4.1,

4,2.1 CHy ===> CH, PATH

There are four paths for formation of methyl radicals

from methane molecules.

CHu + OH "“"_) CH3 + H20—/
CHM + 0 —---? CH3 + OH
CHu + H === CH3 + Hy

CH, + M -«==> CH? + H + M -

4

~

J

28
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‘The following are reactions showing the transformation of

4,2.2 CH3 ---=> CH.,O__PATH

2
Oxidétion of methyl radicals results in the formation

of formaldehyde, This formation occurs because of two

paths: Q ’ ‘ " f

CH3 + O2 _————> GHQU + OH -

CH, «+ 0 ~==<-> CH,O + H v

3 2 .

4.2.3 CH20 ---=> HCO PATH

Formaldehyde breaks and forms formyl radicals by the

following three reactions:

CH,O0 + H ==~-=> HCO + H

2 2
CH,0 + OH --=-> HCO + H,0
CH)0 + 0 ----> HCO + OH :
| /
© 4.2.4 HCO ---=> CO‘ PATH

Formation of carbon monoxide occurs by the oxidation

‘ of fqrmyl speciné and by the py}olysis of formyl groups.

29



formyl to carbon monoxide:

HCO « O2 --~-=> CO + HO

2
HCO + O ~---<> CO + OH

"HCO ¢+ H  =---> CO + H
HCO + OH ~--=> CO + H
HCO + M -«-<> CO + H + M

4,2.5 CO ====> 002 PATH p

4

, o ! .
place via the following two reactions:

CO + OH --=-> CO, + H

CO+ 0 + M =acod CO, + M

.

*

Oxidation of carbon monoxide to carbon dioxide takes

30
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'5.0.0 INITIAL CONDITIONS

ot

In this study, conditions at which the flammability

4

tester discussed above pperétes are selected.

—

5.1.0 PRESSURE ‘ . o L

3

Fléhmability of the gases are. determingd at a

constant pressure of one atmosphere.

5.2.0 AREA T .

Iy . ! 3

i
i
i

PIUT NESeR
o

A wian

The nominal initial gas flow.area has been rounded -, |,

down from 19.63 sq.cm to 19,50 sq.cm.

5.3.0 TEMPERATURE - e

€

’

We présume that there 1is a “non-chemical kinetic
preheat mechanism that the code does not consider. Using

that unspecified mechanism, the gas mixture temperature is

. ~

31



"1ncreased from a standard, at say 293 K, to 1000 K at

B t
which temperature the kinetic calcul'ations considered here

N -
» o ’

begin, - o .

.
-
a t

This temperature is consistant with reference (31)

o

which cites that the ignition occurs at approximately

»1200 K-in combustors, and reference(52)wwhich,éztes 810 K

for ignition of methane/air mixtures at atmospheric .

!

conditions. P - " R

N

5.4.0 BURNING VELOCITY

/

Thé(/;::kxng velocity of a methane/air = mixture

M 1.

.increases from the 1lower limit to a maximum on tﬁg fuel

rich side of stoichiometric. It then declines to a low -

¢

vélue at the upper flammability limit.

Y

C
o

Andrew 'and Bradley(42) have reported a steady

«

increase in, the burning velocity as the mixture is
pr;heated. | They have suggest the fqllowing relation to

" estimate "the burning‘ velocity V of a stoichiometric

s

mixture at the  unburnt gas mixture T: <

® g . '

V=10 .+ 0.000371%T2. cm/sec L e

32
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Table 5.1 lists‘ the burning
Pl .
" standard conditions.(2,32,42)
o \ !

4
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TABLE 5.1

BURNING }‘ELOCITIES AT STANDARD CONDTTIONS p
=::::::::;::_".'.:::‘.‘.::'—':::‘-‘:::===::::::'-'::::i’=='='_"_':==~
BURNING VELOCITY\\LOWER FL. LIMITS - REF. _
. . . N . ’ . R —-\ oL £
cm/sec -, % BY VOLUME i
——————————————————————————————————————————————— -t ?
30-37.0 _ 5.30 51 “
- " 5,26 3’
5-10 ) . 5.35 2 ’ °
33.50 © 4,6 50
28.00 . 5.3 by
‘ Al -
6 , g
; |
‘ .n;"
:
” ]
' . . f
. N )
\ - 1 t
L] 9
“ ° N \
» . ‘ . /‘
. ' ; ) Ca
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6.0.0 DISCUSSION:

s Combustion is modelled using ’the kinetic scheme,
without back flow of any product species. The scheme is

presumed {nitiated thermally, when the .rate of slow

" reactions becomes "high enough that" the ensemble 1is

self-heating.(31)

s
)

6.1.0 REACTION ZONES

S e ¥

1

o

\

The proéess is analyzed below bﬁ@fﬂrst considering

that the entire flame is broken into four distinct regions

[

(Table 6.1) Then, the species history 1is presented

prllowed by a discussion of the salient events for each

“reaction. The zone limits are defined by the breaks in

the calculated temperature vs distance and temperature vs

time curves and by studying the behaviour of different

* wreactions.

.
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TABLE 6.1 R : »%

REACTION ZONES,

A .
ZONES @ EXTENT (cm)
INDUCTION ; ‘ 00.0-32.0 wj
- FLAME REACTION ' 32.0-33.0 ’
 RADICAL RECOMBINATIONATION  33.4-33.
) POST FLAME REACTION 33.50-... . ‘
\
: )
P ! K



6.1.1 INDUCTTON ZONE -

In this study, ignition is modelled as a plug flow
i.e, there is no back-mixii;g.

It is observed that .rapid .changes occur in the
reaction rates where the slope of the temperature vs
distance/time curve breaks, This behavior is exhibited at
32.0 oeom  in to the fléme where, the%gemperature is 1109 K
as \shown 1in Fig. B-58.(Figures 1labelled B- refer to
111u§§rations in/ Appendix B) Fn this situation, the time
1.067 Sec, (Fig. B-57) 1is the ignition delay and the
température is the ignition temperatbre. This agrees wiéh
observations of Waldman, e§ al, in a study of methane/air_
combustion,(21) where ignition occurs at 1206 K. Although
the Waldman reactants enter the combuster and are mixed
with equilibrium combustion products, Norrish and Foord

(43) report CO, CO, and H,0 vapours have no appreciable

influence- on the velocity of the reactions. This implies

these vapours do not effect the ignition temperature,

3
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In the' "{nduction region, reactiops proceed

isothermally, i.e., ‘Wwithout raising the temperature. This
zone ends with ignition and at ~ignition, 30 % of the

methane is consumed,

6.1.2 FLAME REACTION ZONE

I
. The flame reactlon zone staﬁts with ignition. This
. zone is defined as the region for which about 90 % of the
temperaﬁuré rise in combustion occurs. In it the
remaining seventy percent of the methane is essentially

consumed . The width of the flame reaction zone is about

‘1.u cm;
7 B H

6.1.3 RADICAL RECOMBINATION ZONE

: \ This is the region where left-over radicals combine
and raise the temperaturegrto its final value. Tﬂe
\ calculations show the boundaries at 33.4-33.5 om. It is
noted that some ‘of the reactions e.g, 7{12,21,25. etc.

reverse direction in this zone. ' R




6.1.4 POST FLAME REACTION ZONE

This 1is the zone where post flame reactions proceed

at low speed, as the mixture drives to equilibrium. The

4

end of the zone occurs vwhen the  Gibbs' free
energy vs distance diagram, Fig. B-62, shows a minimum

signalling completion of the process.

—

J
!

6.2.0 FLAME THICKNESS : ’

The flame thickness is defined here as_the distance
necessary for the methane to decrease its concentratioé by
99 % of its initial 'value, and the .thickness of the
radica; recombinaton zone, The flame thickness thus

estimated at the lower limit of flammability is 1.5 cm.

39
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6.3.0 SPECIES HISTORY

In- this study, calculations follow -a particle of
fluid and trace its'reactions. The results are presented
as time and distance histories, in Appendix C.

/

6.3.1 METHANE

In the induction zone reactions proceed with a very

low thermal gradient. The concentration of methane starts

at about 6.44*1077 moles/em’  (Fig. B-1, B-2). It

-1 3

decreases first at about 10 mole/cm’/sec then speeding
to 10'5 cmglgmzlsec,- in the main reaction zoné. The
integréted result 111ustréted in Figs. B-1 and B-2, is
that about 30% of the methane is consumed in 168 seconds
and rest is consﬁmed in 0.042 seconds.

/

" §.3.2 METHYL
LS -

¥ .
Methyl radicals are lgéné}ated in significant
. quantities only afte }about 0.917 seconds. At 0.917 sec.,

the concentration“f methly radicals increase as. this is

[4
* i

-t
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*
[

i

I
A

shown in Figs. B-3 and B-4, at 1019 moles/cém3/sec.

Later the rate increaées further to 10'5 cm3/gm2/sec at

the max imum, where the concent}ation is

8 2

1.11%107 cm?/gM‘/sec at 1.114 seconds. The concentration
then .falls to about,5'10'19 moles/cmz. Ihis change occurs
in the short interval of 0.055 sec. 1in 'a 1.257 cm wide

band, at a rate as high as 10'5 moles/cmg/sec. The slope

of the curve suggests that reactions involving methyl

radicals are very fast, implying reactions 6 and 14 are

particularly rapid, see reactién histories below.

6..3.3 ATOMIC HYDROGEN

The ‘concentration of atomic hydrogen becomes
significant much later than the maximum methyl radical

concentration. After 1,70 sec, atomic hydrogen as shown

*in Figs. B-5 and B-6, has an apparent two bradch curve.

The first branch occurs .at 0.90 sec., when the methyl
radical concentration is at maximum. However, following
that time the concentration continues to grow at a rate of

9*10'9 cm?/gmz/sec.

Figures B-33 and B-34 confirms these observations, by

showing an isolated high production rate, fourteen orders

41




of magnitude above the baseline.

643.3 WATER

L4
*

Water starts forming after 0.91513ec. at 27.44 cm
into the flame, wHen the concentration starts: increasing
as . shown in Figs. B-9 and B-10. Nevertheless, it is not
until 0.154 sec, that the concentration of the water
molechles makes 1its host signifiéant gains. The water
conéentré@ion reaches a maximum at 1.1033 seconds.
Figures B-37 S and B-38 show that, in the post-flame
reaction zone water molecules starts decomposition at very

10w rate, _

6.3.5 CARBON MONOXIDE
The concentration of carbon‘ monoxide becomes
significant , after 0.87 sec: at 26.12 em. ° The

-6 cm3/gm2/sec after

concentration starts rising at 1.u48%10
1.04 sec, at 31.425 cm distance as shown in Figs. B-11 and
B-12. After reaching a maximum rate of 2.5*10‘7

cmg/gmz/sec it starts declining , to ‘reach near zero

concentration at 1.1033 seconds.




S ——

The return curve between the maximum and minimum

concentrations is almost vertical, showing a very thin
radical recombinétion zone. Oxidation of CO 1in this
region 1is achieved through combination with hydroxyl
radicals. These findings are further displayed by Figs.

B~15 and B-14 showing CO, concentration profiles,

2

6.3.6 ATOMIC OXYGEN

Atomic oxygen starts broduction only towards the end
of the reaction zone, Figures Bé83 énd B-84 suggests
atomic oxygen concentration remains small, until 0.9 sec,
but then increases to 1its maximum at the end of'the
reaction zone. Such results are demonstrated by the four
order of magnitude 1ncrease ‘in production rate, as shown

in Figs. B-41 and B-U42,

6.3.7 CARBON DTOXTDE

cm%/gm

|

At ignition, 1.067 sec and 32.0 cm, the temperaturq/

is 1109 K and the concentration of CO, is 1.u3*1o‘b
| \ | . .

2/seci However with the rise of temperature to

4 -

1147 K the concentration increases by 40 % as shown in

figs. B-15 and B-16 ., However, CO2 forms mainly at the
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-

end of the reaction zone. The production of 3*10'7 moles/

El

3

em> oeccurs at the 1.1 sec. in less than. 0.3 msec (Figs.

B-U3 and B-44) time.

6.3.8 FORMALDEHYDE ) ‘ .

Seen in the Fig. B-23 and B-24, the concentration of
CH20 species‘ rises sharply after 0.817 .sec. At
24,5115 em, i.e. before ignition, it reaches a maximum at

0.991 ,sec. and then starts decaying, to a ﬁinimum at the

énd of .the reaction zone.

The concentration of 1is 2.115%10-1) molgs/cmz at
33.42 cm and 1750 K. It then starts decreasing at
33.44 cm when the temperature is 1989 K* and the
concentration is down by one order of magnitude to

-2 noless/ cm3. .

4

4.09%10

6.3.9 MOLECULAR HYDROGEN

Concentration profiles of molecular hydrogen are
shown in Figs. B-21 and B-22. The high rate of formation
toward the reaction zone and high rate of depletion at the

end of the reaction zone are indicated. Again, the double

6 e :
o

 ——




humped concentration profile ‘appears. ‘furthermore} the
concentration profile 8uggests that there may be a 0.05

sec., wide molecular hydroger plateau. . .

6.3.10 HYDROGEN PEROXIDE

Figures B-2§ to 572u suggest the HO2 concentration
rises comparatively slowly for the first 0.824 sécx, at

1#10~10 cm?/gma/sec (Figs. B-51 and B-52), and then rigeé
at a two order of magnitude higher rates It reaches a

[}

maxfmum at  0.82u sec. :and 28.911 em, and next the

cbncentnation starts decreasing.

y e
// ‘
/

It is noted here, that the reaction 22

" becomes abnormally fast: At 33.40 K and 1626 K, there “is

w

a significant decrease *in HO, concentration, indicating

the:begdnning of the radical recombination zone.

<

- - . e
0
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6.3.11 FORMYL

The concentration profiles “for formyl radicals are
shown in Figs. B-25 and B-26. The conceniration' rises
t&ward the reaction zone and then continues to. a maximum
at 1.087. After an additiona} 0.0139 seconds, it' reaches
a mfnimuﬁ 'at the end” of the reaction. This s

. reactions consuming HCO radicals accelerate .after 1.1033
seeondsf Figures also suggest the high rate of dep}etion

-

of HCO radicals at 1.1033 seconds. ' =t

6.3.12 NITROGEN : o S

- " ‘The nitrogen concentration " does not change, since=

nitrogen is not inbolve'in*any of the reactions., However,

changes in mole fraction appear as an artifact because the
. total number of particles in the system change as a result

of the reactions. This appears in Figs. B-27 and B-éB.

3

6.3.13 MOLECULAR OXYGEN

Concg%trétion profiles Figs. B-17 and B-18 are

[ ¥
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6.4.0 REACTION HISTORIES - ) o - ¥

r
The'reactig% ¢alculation results are compiled in

.
» [
s

Appendix c. .

* 6.4.1 REACTION # 1 - e ///
. . o ) e .

M + CHy ====> CHy +H + M

P N T TS
¢ B
v

This 1is the initiating . step. Tt represents the

pyrolysié of methane, generatiqg CH§ and H radicals. This

Q
equation is fundamental, since no reaction can occur

unless atomic hydrogen 1is produéed. This 1is because

atomic hydrogen frees the atomic goxygen required for

subsequent reactions. A similiar role is also played byn
the methyl radical produced, although the effective rate :

constant .in methyl reactions is three orders of magnitudgw

Y
loweWM,”’

> ’ , | .
fhe reaction's conversion . rate, initially ’ at

. 3.16'10'§ cmzlgmzlsec,, increases very slowly over a

e e e

— a M ¢4 M




1 * ! )
— . k)temperature rise -of magnitude 0.01 K. However, as soon as

2

the temperature increases by 0.50 K, the reaction rév rses
/sec. \ :

with a conversion rate of j1.9 cm?/gm
! b ‘ +

6.4.2 REACTION # 2

ot

+ H20

Cﬁu + OH ---—)ﬂCH3

This reaction 1is responsible|for 90% of the methyl

3

raaical and water molecule production, in the induction

_and reaction =zones, and S0 Qs the major route for such

1

production. When some CH3 radicals and - atomic hydrogen
are produced oxygen molecules later react with methyl
radicals and atomic hydrogen, producing hydroxyl groups, -

which later react with methane molecules as the step

-

suggests.

\

The reaction becopes faster in ,the radical
3 2

recombination zone with a rate of 519 mole-cm’/gm™~/sec It
then decreases in the post flame reaction to 9.5'{0'18
mole-cmg/gmz/sec, 4
L%
\
¥ ug




6.4,3 REACTION # 3 \ : ' N

CO+0 + M —cc> c'o2 + M

.

-

Reactions 3 and 5 produce carbon-dioxide. R@%ction

3, 1in particular, 1is a very slow reaction, with the very

7

low conversion rate of about 1.079%107 mole-cm3/gm2/sec,

N

in the induction zone.* In the m;in reaction zone,
reaction 3 reverses and starts decomposing the carbon

dioxide at a rate of 1‘0"10’6 3

mole-cm /gmz/sec, 'The;
?ogputations §h6w, however, that this reaction does not
play an important role in methane/air combusticn.

.) '

6.4.4 REACTION # 4 | »

-

~ 0 -—-->/OH + 0 i ’

2

" Ten reactions produce hydréxyl radicals. This
readtion moves fast, Eeaching a maﬂimum rate of about'
76,260 mole*cmg/gqf/sec, as the temperature increases, and
then starts slowing down in the post flame reaction zone.

\ ‘
Finally, it. reverses direction and starts decomposing

L]
hydroxyl radicals at 0.7 tple-cm3/gm2/sec.

A}
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6.4.5 REACTION # 5

P

W\ CO + OH ~===> C02 + H

I3

T More than 99 % of the CO, production oceurs by this

o ‘ -

|
E
i ' ' reaction. Indeed,' in' the reaction zone, 1its gargon
{ - dioxide-production.ratgs are much higher than those of

reaction 3.

Its rate increases with temperature and reaches about

P 12000 mole-cm3%ﬂma/sec maximum, at the end of radical
e \ recombination zone. In the post flame reaction, ‘the
S \JN\Nyszégction reverses.
6.4.6 REACTION # 6 "
- S CH3 + 05 ----> CH0 + OH
3
Formaldehyde is produced b reactions 6 and 14,
However, reaction 6 dominates, and is the major
formaldehyde producing step, accounting for more than 95 %
production,
- | P . v
. : ) ' / - 3
. This reaction is fastest in the 'temperature range of
Lais ) t ‘ '~ (“

“s

iy

Tt

b et et
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- 1626-2103 K. After 2103 'K the reaPtion becomes slow.

1
¢

!

6.4.7 REACTION # 7

H o+ CHy o> CH3 + Hp

In the early stages of the induction zone, this

reaction generates methyl radicals at ‘the 1low rate of

" 1.87%10-6 mole-cm3/gm2/sec, lower than that of reaction 1.

However, part way through the flame the reactions starts

regenerating CH, and in tWe post flame reaction zone f{t

again moves forward.

6.4.8 REACTION # 8

J

0 + CHy wem> CHy + OH ) A j

f 2.8u5 molgfcm3/g5245ec.‘ However, the 'rate

Thik,reaction has a conversion rates in the induction
N ' | .
zone o

increases in the flame reaction zone, in the -temperature

I
' range of 1043-1626 K, to 91 mole-cm3/gm2/sec,>about a
|

factor of 30. In the post flame reaction zone, reaction 8

{
slows.déwn considerably to 1.56%10-18 mole-cm3/gm2/sec.
:da ; .
|
f .
) . _
! }
{
i

i
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6.4.9 REACTION # 9 7

H 4 0y ccac> HOp + M , : ' /

7

Both reaction 9 and 22 produce Hog'at'ﬁhé slow rate
of 7.32%10-9 mole—cm3ﬁgm2/sec in the temﬁgrature range
1000-1001 k. Then, 1£s conversion rate rises to 5.32%10-2
mole-cmglgm2/5ec, in the tgmperature range of 1001-1630 K
subsequently éloﬁing down. In the post flame "reaction

zone, the reaction decomposes HOQ'groups at the rate of

3.55'10‘7 mole-cm3/gm2/sec.

6.4.10 REACTTON # 10

(Hoz + H —meo> H2J~F 0>

! a

This reaction decomposes Hoa groups, in  the
temperature range of 5000-1001 K. In the flame reaction

zone; it reverses to start generating HO,, Finally, in

the posé flame reaction zone, it again decomposes the HO2

)

groups,

%

7 i

. ‘ ‘ ' . 83
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6.4.11 REACTION # 11 !

0 + H2 a=e=> OH +_H

i

This reaction does not play an important role in inducﬁguL
zone, but it speeds up to - a rate of 69.49
mole-cm3/gm2/sec,‘as the teQPerature increases. The rate
" then increases 1in the flame reaction zone over the
temperature range of 12%? 1626 K. ~Finally, at the end of
.the reaction zone {t slows down to 0.29 mole-c mq/gmplsec.

In the post flasme reaction zone reaction 11 reverses.

)

6.4.13 REACTION # 12
/ : | \
. Hy 4+ OH -=--> H50 + H

This reaction is slow 1in the induction zone, but

ter ignition, \in the temperature range of

4

{It reaches 'a‘ maximum rate of 134%.98

‘Speeds up \
1109-1626 K.
mole-cm3/gn/8ed * at 1989 K and 33.44 cm, and then
reverses; ope%%ting at the rate of 0.8215 mole-cm3/gm2/sec
at 2103 K ally in the post flame zone, it again
starts to prol ed forward at 3.95%107 3mole- cm?/gmz/sec, to

the end of thiéflame.

!
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6.4.13 REACTION # 13

H 4<H ==-=>Hy, + M

This reaction has,a 16w conversion rate oé 4.97%10-19
mole-cm3/3m2/sec. These rates suggests that the reaction
is not playing an important role in methane-air kinetics.
In the high temperature range of 104242103 K, however, its

rate improves to 2.70‘10'5 mple-cm37gm2/sec.‘

6.4\14 REACTION # 14

CH3 + 0 ====> CH20 + H

This reaction produces 90 % of the CH20 species,

although it is a slow reaction initially. However, the

/ ‘réaction becomes imbdrtant in the temperature range of

1626-1989 K, with the rate if 711 mole-cm3/gm?/sec, After

the increase of temperature to 1989 K, reaction 14 reaches

the maximum rate of 711 mole-cm3/gm2/sec then slows to

10.3%10-16 mole-cm3/gm?2/sec.
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In the post flame reacfion ione, reaction 14 /reverses
and starts d;composing the HCO groups.

6.4.15 REACTION # 15

¥

CHy0 + H ----> HC§ + Hp

3

This reaction begin -slowly with a rate of 0.29

L1

mole-cm3/gm2/sec, but reverses in the post flame reaction
zone, ]

o

.Conversion rates show its.inbignificant role at the
lower limité, producing only about 1& of the HCO molecules

e

in the reaction zone,

6.4.,16 REACTION # 16

CH20 + OH ====> HCO + H»0 "

‘

Reaction 16 is fast both in the induction‘ and the
fiame reaction zones. In the induction zone its rate is
0.08 mole-cm3/gm2/sec, but in the flamecreactioh zone its
rate increases very steadily and reaches at maximum of

hy,uy mole-cm3/gﬁ2/§ec at 1989.38 K. There is a tremendous



* \'
< .
reduction in its speed, as the reaction continues in the

post flame reaction zone.

.6.4.,17 REACTION # 17

CH,0 + O -===> HCO + OH P

/ -

This reaction %is slower than _reaction 16. with
increaéqs of temperature. In-. barticular, its speed
increases to a\ﬁaximum of about 1.1909 mole-cm?/gmz/sec,
in flame reaction zone, Then, in the ,r;dical
recombinatioh zone its speed decreases by 10 orders of
magnitude to 2.34%10°9 mole-cm?/gmzlsec, where it reverses

direction and starts decomposition of HCO radicals.

Its low reaction rate suggests tha% reacton 17 is not

importanq to the overall problem at hand.

g <
6.4.18 REACTION # 18

&

HCO + O ----> CO + OH , oL ’

s . =

This reaction 1is slow in induction, flame reaction-

and post flame reaction zonegs, Its maxlmum» conversion .

/
/
;
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rate is 0.654 mole-cm3/gm@/sec, which is among the lowest

of all reaction considered. It produces very  small "

amounts of OH and CO species (less than 1.5 %),

6.4.20 REACTION # 19

HCO + OH --==> CO + H,g

. . J

b

/ - .
This reaction is also slow: the effect of temperature

on the speed of this reaction %s negligible. At the end

3

of flame. reaction zone, its "rate becomes 1.552

- mole-cm3/gm2/sec.. It reverses its direction in radical

and post flame reaction zones.

It. produces 1less than 0.5 % of CO and Hzo in the

system,
. // )
6.4.20 REACTION # 20 -
HCO + H --=-=> CO + Hy ‘ _
rd -

y ' . .
This is a slow reactiog, when compared to .the very
slow rates of reaction 1., In the induction zone, however,

its conversion speed exceeds that of reaction 1 as

1Y
N
fo -]

'S Y

—_—
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o

tempenpture’ increases to 1229 K, thus causing the atomic

©

hydrogen produced by reaction 1 to be consumed rapidlyf

In the temperature range 1626-1989 K Qhehreaction again
becomes slow. - :
In the radical reéombination and§ flame reaction

’ : - : [
zones,"' reaction 20 ha's a rate: of u.3*10'12

™

. mole-cm3/gm2/seo~and does not reverse in ;the post  flame

reaction zone,

, Tt is .so slow, that reaction 12 produces less thah

0.1 % of the Hy and CO in the different zones.

1

4

6.4.21 REACTION # 21

M + HCO ===<> H + CO .

©  This ‘reaction 1is also slow. However, 'its rate

increases through the flame and reaches a maximum with
>

conversion rate of 0.566 mole-gm*/gmglsec, at the end of

" the reaction zone. It also reverses direction in radical

‘recombination zone, and in the post flame reaction zone,

it starts forward again.

’ ’
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6.4,22 REACTION # 22

HCO + Oy —ooo> CO + HOp

KRy

ThiéJis the fastest HCO group destroying reaépion.
It is -also very temperature sensitive. In the flame
reaction zone, ft increases speed by .five order of

magnitude to a maximum of 43.19 ~mole-cm3/gm2/sec at

=~ -

. _
19839 K. In the radical recombination 2zone, it reverses

[

direction and decomposes the CO and HO, spegies;

6.4.23 REACTION # 23

H + MD---2> OH + OH

Reaction 23 is slow in the induction zone, but the
conversion rate increases as ignition is approached. At
‘iénigion there is a sharp rise in its conversion rate.
The conversion rates reaches’ a max imum of 5.un

7

mole-cmg/gme/sec “in the flame’reaction iqne. ‘However, in

L]

the radical' recombination zone, the rate drops down -to

0.0405 mole-cm3/gm?/sec.

H

-——

‘In  post flame reaction zone the reactibn reverses

A 1
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at

H o+ HOy —onod Ho0 + 0

6.4.24 REACTION 7 24

]

) i , Y

)
This reaction speeds up in the ignition temperature

\

range of 1009.48-1147 K. Then in the temperature range of
1229-1989.38 K it also sﬁow a significant rise_reaches to
1.74 mole-cm3/gm2/sec. Then, in the radical recombination

3 b \ ’*

zZone, Eeaction 24 slows down and 1ndee¢ ig,@he post f1 ame

reaction zone the direction is reversed. } -

-

. 1s important to note that the contribution of this

reaction is significant in the kinetics at the 1lower

limit,

o

6.4.25 REACTION # 25

0 + HOy ——-<> OH « 0,

b3

4
»
g N

. This -reaction . proéeeds' in reverse, in’ the early

—_—

" portion of the induction zone. Through the flame, with

the rise of temperaiure, its rate of conversion increases

'

..toward the flame reaction zone; and through that zone, the

reaction reaches to ‘a maximum rate of 4,043
L S
# A / ‘\, *
R ' . 62
. -
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mole-cm3/gm2/sec. "

o ) \
- sd ’ 4

A g In the radical recombination zone, reaction 25 starts o
| In the radic ‘ o
producing HO, species at 0.027 mole-cm3/8m2/seF° , o

In post flame reaction zoﬁe it again proceeds forward. 1
s

<

This is an important reaction in the kinetic scheme,
' because of° fts high rates of conversion and energy

exchange. ’ ;

6.4.26 REACTION # 26 . ' - .

OH + HO, ———-> H30 + 0,

|

The behaviour of this reaction is similar té that of

reaction 25, but faster.

In the early period of induction, Ehis process
decompoges water molechles. Then, as the teméerature
inéreases, it moves forward an its \speed increéses’
.through-out thev flame reaction -zone. The » ‘ma;imum
cénvgrsion ‘rate of 30,266 moie-cm?/gQZ/sec is attained in

the flame fea%tion zone, . .

63
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Reaction 26 reverses in the radical ,recombination
‘zone, to shift direction again in the post flame reaction
zone. (The complicated nature expected from this reaction

lghould be verified in the laboratory;)

6.4.27 REACTION # 27

/H + OH; "'I--"> H2Q + M

” %his :reactlon is slow: Its conversion rates are very
fow, attaining a max imum rate of 6.356%10-5
mole-cm3égm2/sec in bge flame reaction zone. After the
flame reaction zone the }eactiog reQerses'direction. The
conversion rates . show that this readction does ' not
contribute mucﬁ to methane-air kinetics at the] lower

limit.

6.4.28 REACTION # 28

H+0 ---=->0H + M

Il

In the early ﬁortion‘ of the induction pe?iod this
reaction is slow. However, this is a significant reaction

in the.flimp reaction zone, since it reaches a maximum

o

* 6l

H
1
:



) r
conversion rate of 6000 mole-cm?/gmzlsec at the end of the

flame reaction zone. In the radical recombination zope

w

szever, its speed, reduced to 85.1 mole-cm3/gm2/sec is

still high compared to other reactions. In the 1later

-

- post-flame reaction zone, it too reverses.

1 k N
6.4.29 REACTION # 29 '

OH + OH ~==<> 0 + H20

This reaction competes with redction 23, since it
consumes hydroxyl groups.in the forward direction. It 1is
Slow in the early iﬁduction zone, howezer, as ignition is
approached it changes direction and starts decomposiﬁg the
water molecules present, This 1is one of the major

hydroxyl group producing reactions.

The rate of reaction 29 reaches a maximum of A5.46
mole-cm3/gme/sec in the flamé reaction zone, but slows
down in.the radical recombination zone. Then, in the post

flame reaction zone, it again §£Ej€; producing water.-

~

~

/
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6.4.30 REACTION # 30

M+ ano wma=d> CO + H2

conversion

zone and increases to over 1200 mole-cm3/gm2/sec, in the

/

This reaction is very efficient.

It

has

the

. high
rate of 6.28 mole-cm3/gm?/sec in the induction

flame reaction zone, In the radiqal récombination zone 1}

has a value' of 7.55'10?? mole—ch/ng/sec and in the

important

-

groups.

This

reaction

=t

post-flame reaction zone it reverses direction and
forming Cﬁgo
n

appears
the kinetics at the lower limit,

66
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7.0.0 CONCLUDING REMARKS . -

)

This® study presents ‘the flame sfructure for i
qethane/air combustion at the 1lower flammability 1limit,

using chemical kinetics calculations.

The Kinetic model i§ based on following assumptions: T

1-Plug flow, i.,e. no back mixing

%

S t

2-There 18 no convective and radiative

heat transfer.

!

o J

3-Theré is no mass transfer by diffu;fon.
N .. |

) 1

b 4-Flammmability limits aréninﬁependent of ‘ |

unburnt gas temperature,

"5-Flame velocity is independent of unburnt

{
gas temperature,
¢

6-A11 third body ratios are unity.



The mixture initially at one atmosphere, 1000 K
temperature with 5.3 % methane in aif, 1s thermally
preheated from 293 K to 1000 K and burns at a ;elocity o}
36.0 cm/sec., Thié’velocity falls in the 1laminar regime
‘for  the standaré flammability tube, and bermits an
uncomplicated visualizétiJ: of the non—béck flow flame.

k ,

The 30.0 ém/sec velocity assumption is supported even
though {t is notgd that flame velocity is dependent on the
unburnt gas temperature, as mentioned earlier and at
/v 1000 K the relocity using the Andrew and Bradley

approach{42) has been galcuated as 380 cm/sec.

~

4

For completenéss, it is pointed out here that the

lower 1limit of flammabiltity decreases as the temperature
] ' ¢ \ ’ . (‘
' of unburnt gas increases. 1Indeed, at 1000 K, the 1lower
. X

limit drops to 1.5 % methane.(52) Nevertheless, the 1000 K

was selected at 5.3 % since significant reactions do not

. " . occur without preheat. However, on the application of

these conditions to the system, it is observed that length

of the 1induction period is in the range of minutes, and

flame width becomes enormously large. ! ’ . |

§

- >

The study shows methane is ,oxidized by a- straight

« -

oy




T

chain with production of comparable stable intermediates.

The oxidation step, although key to initiation, may also
become significant, since it is capable from time to time
of starting the fresh methane chains. 1Indeed, the initial
step serves as a seed to the overall process.

0
kY

In detail, the pyrolysis reaction

/” CHu + M+ === CH3 +H + M ’
is the‘ﬁajor initiating step. ¢

Reaction 2 is responsible for 90 % of methyl radicals and

Y

water molecules production.

, ©
Reaction 3 has low conversion rates, which indicates its

unimportant role in kinetics.
{

Reaction U4 has the highest conversion rate in the flame

reaction zone.

Reaction 5 is responsible for 99 % of the CO, production.
Reaction 6 becomes significantly fast in the temperature

range of 1626-2103 K and at 2103 K it becomes slow.

Reaction 7 consumes methyl radicals, in the flame reaction

3

zone. ¢ -



\ ' - B

It 1is 'noted that. the reaction 24 is significant in the

‘kinetics at the lower limit.

Reaction 26 should be studied . in the Iaﬁoratory as it
,changes its directidp quickly in the differeqt zonesaof

the the flame. .

S

Reaction 27 does npt”contributes much to the kinetics at

o

the lower limit. ' v/

Reaction 28 1is a significant reaction 1n the flame

reaction zone.

€

Reaction 29 is the one of major hydroxyl group producing

reaction.

/.

- Reaction 30 -is very efficient: it has high conversion

rates. i
!

Based on this study of the thiéty reaction steps, [t /
can be concluded éhat reactions 3 and 27 can be neglected
for 1000 K kinetics, if desired, while. equations
1,2,4,5,7,24,26,28,29 and 30 should always be present.
Using only the 50 important reactions could produce a
simplé kinetic scheme which could be used“in a model where

- some of the simplifying assumptions used here have'been

-
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relaxed. . ' ‘ .

.

.

Finally, this study should be’extended by a detailed

experimental effort examining the flame structure.
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APPENDIX A

4

A i =

REACTIONS AND KINETIC DATA s
FRE. FAC. N ' ACT. ENG,

BOWMAN, C.T"

REFERENCE ‘32

~ r . ?

CHu' + OH = CH3' + HpO 2.20E+13 0. 2500.

BAULACH,D.L., AND GRANT,S., :
UNIVERSITY OF LEADS, NOV.. 1975,

»

CO+ 0 =COp 4 M 3.60E+12 -1.  + 1300,

SMOOT,L.D., HECKER,W.C., AND WILLTAMS,G.A.,
PREDICTION OF PROPAGATING METHANE ATR FLAMES |
COMBUSTION AND FLAME 26,323-342, (1976).

e ————



H+0, 20040 2.20E+14 0. 8400. e

BAULCH,D.L., DRYSDALE, .0.D., HOME ,b.G., AND LYOYD,A.C.
. . . E |
EVALUATED KINETIC DATA FOR HIGH TEMP. REACTTONS ‘ |
. BUTTERWORTHS, LONDON, 1972. |
CO + OH = CO, 'y 2.50E+12 0. 2900,
" VANDOOREN,J., PEETERS,J., AND V. TIGGELEN, P.J.,
RATE CONSTANT OF ELEMENTARY REACTION OF CARBON MONOXTDE
WITH HYDROXYL .RADICAL.
FIFTEENTH SYMPOSIUM ON COMBUSTTON, 745-753, 1974 . |
CHy 3705 = CHyO + O “1.00E+11 0. 5000.

-

° 3

'ENGLEMAN, V. S..,
SURVEY AND EVALUATION OF °KINETIC DATA ON REACTIONS IN

. ~
CHy/AIR COMBUSTION. o
EXXON RESEARCH AND ENGINEERING C:, LINDEN,N.Y.M1976. ;
/" ‘
H+ CHy = CHy + Hy - 2.24E+04 3, " u4y400.
BOWMAN,C.T., =« ' .

NONEQUILIBRIUM-RADTCAL CONCENTRATTONS IN SHOCK INITTATED
METHANE ‘

_OXIDATION

L
a



’

.-

FIFTEENTH SYMP, ONHCOMBUSTION, THE COMBUSTION INSTIfUTE,

869 882,1972 R ,

0 + CHy = cy3 + oH - 1.26E+14 0. _ 6000,

PEETERS, J., AND MAHNEN, G.,

| REACTION MECHANISMS AND RATE‘CONSTANTS OF ELEMENTARY STEPS,

T
v

IN ',
METHANE-OXYGEN FLAMES.

FOURTEENTH SYMP, ON COMBUSTION, THE = COMBUSTON
INSTITUTE,]33-1H6,1973.

H+ 0, - HO, + M 1.40E+13 0. -500.

SMOOT, L.D., HECKER, W. C., AND WILLIAMS G.A.,

PRDICTION OF PROPAGATING CHu/AIR FLAMES, COMBUSTION .AND
rﬁknss 26, 323-342, 1976. ’

i

HO, + H = H3 + 05 6.00E+13 0., 1000.

ENGLEMAN, V. S,
EXXON RESEARCH AND ENGINEERING CO., LINDEN,N.Y. 1976.

‘/
1 2™
1

O+Hy 2 0H + H 1.80E+10 1. * . 14500,
* ° ’ C\ . | -
BAULCH,DRYSDALE, HOME, LYOYD. o , .
, .
. N T4
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.
L] \ 1Y
. »

- “SAME AS

§ 'ULTRASYSTEMS,

. w

-

\

Hy + OH =
ABOVE

%

H+H = H2\+ M

A

~

S

CENGLEMAN,V.S.,

EXXON RESEARCH ,1976.°

‘PHg +.O = CH50 + H

J L]
‘BAULCH, D.L., AND GRANT,
Ve

H

HyO + H

/

Ny \

o .7 ' [ \‘Q:y Y .

EVALUATED KINETIC DATA FOR HIGH TEMP\REACTIONS,

BUTTERWORTHS, LONDON, 1972 N
/ \

¢
7/

A
Qa

'2.20E+13 ' 0.

.

2.0DE+16"
y .

2.00E+14 0.
S.,

UNIVERSITY OF LEEDS,-NOV, 1975,
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> petailed Calculations

S

into fourty elements.

’

with it the products of t?é reactions of the previous zone.
It that way, using stiff kineticsas it has been possible to

build up the species appearing in the entire flame.

L
.

‘These species have baen shown as profiles in Appendix A,

€ . . . .
_to show the trend involved, For convenience, the species

are listed below:

CHh
. CH
H
" . OH .
‘e ) H20

3

» >

J VPR VRNUL T VI . e PR

%

AN

o

In the, following, the magnitudes:calcylated in the
chemical kinetic code are explicitly listed.

The cbifbustion zone used in the kinetics scheme has been divihed
Each of these elements has asscociated

.,
[P

v et

s
g
3
§
3
i
i
2
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. “The thermodynamic and chemjcal quantities'which,apﬁear are:

- Pressure
. . Density ( \
Temperéture,
Entropy © '
- Ratio of Specific Heats (Gamma)
Enthalp
Gibbs Free Energ; .

4

Species
. Concentration . o
) Mole 'Fraction
_Net Species Production Rate

followed by

X - Reaction Number (as in the text)
Net Reactfion Conversion Rate

e e

Ratio pf Net Reaction Réte to Forward Reaction Rate.

, Thesé;qqatities are traced from the time zero tdapproximate]y
1.333 second, when the reaction is essentially complete.

v

)

P



£

These data have been included in the belief that
some of the mformatmn herein may be con 1dered by other '
1nvest1gators with a view to providing more detailed understa g
. of chemical kinetics in general, and kmehcs mechanisms at th
'. flammability Jiamits'in particular. Indeed, some focus is ‘
directed toward the understanding of the role of the Gibbs Y
free energy in the understaing..

It should be noted that the units used in the foﬂomng
'tab1es are cgs, except where explicitly stated otherwise,
" as is the case for pressure where the Umits are atmospheres."

Also, thé form of floating point numbers is exponential
to the pase ten, i.e., in what may be termed "E - format."

3
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'DETAILED\FINETIC CALCULATION

ENTHALPY, CAL/GM 1.58006E+02
GIBBS F E, CAL/GM ~1.86046E+03

-

4

SPECIES CONCENTRATION MOLE FRACTION

-~

/.
TIME 0. SEC AREA 19.5 8Q CM POSITION 0.
. .
:\SRESSURE, ATM - < 1.00000
ENSITY, GM/CM*¥3 3.143382E-04
TEMPERATURE, -K * 71000.00
ENTROPY, CAL/GM-K 2.0185
GAMMA 1.3092

[l

CM

148

NET SPECIES PRODUCTION RATE

(MOLE/ CM**3/SEC)

~3.73150E~13
3.73150E-13
/ 3.73150E-13

OO0 OD OO

TIVE DIR RATE
1.00000E+00

»0.

( MOLES/ CM**3) |
CHY 6.45900E-07 5.30000E-02
_CH3 0. 0. :
H - 0. ™ 0.
OH 0. 0.0
H20 0. 0.
co . 0. 0.
0 () 0. 0.
co2 | 0. 0.
02 2, 44089E-06 2.00290E-01
CH20 0. 0.
" H? 0. 0.
HO2 0. 0.
HCO 0. 0.
N2 9. 1oooo€-06 «7.46710E-01
“REACTION  NET REACTION CONVERSION RATE' NET RATE/POSI-
NUMBER " (MOLE-CM¥*¥3/GM* #2/SEC)
1 3.16467E-06
2 0.
3 0.
i 0.
5" 0. .
6 . 0. \
, 7 0. .
8 0.
9 0.
10 0.
V11 0.

oocoocoooo
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/
DETAILED KINETIC CALCULATION

TIME 5.00000E-02 SEC AREA 19.

5 SQ CM

POSITION 1.50000E+00 , CM

/

150

NET SPECIES PRODUCTION RATE

- {MOLE/ CM**3/3EC)

-8.

T0618E-11

.OUSHTE-12
.02292E-16
.53569E-15
.63171E-11
.48530E~11
.11716E-16
.12527E-17
.61687E-11
.16336E-12
.50734E-11
. 13479E-15 -

OMN 2 OO 20000 T =

~HUBUBRE-1T

NET RATE/POSI-
TIVE DIR RATE

VOO AD e\ ek e b b\

PRESSURE, ATM 1.00000
DENSITY), GM/CM**3 3 43381E-04
TEMPERATURE, K 1000.00
ENTROPY, CAL/GM-K 2.0185
GAMMA . 1.3092
ENTHALPY, CAL/GM  1.58006E+02 )
GIBBS F E, CAL/GM -1.86046E+D3
SPECIES CONCENTRATION  MOLE FRACTION
(MOLES/ CM*#3)
~ CHA4 6.45897E-0T 5.29998E-02
CH3 5.227T8UE-14 4,28976E-09
H 1.25095E-18 1.02648E-13
OH 7.39680E-17 6.06953E-12
H20 2.16U96E-12 1.77648E-07
co 2.08791E-12 1.71326E-07
0 7.48703E~19 6.14357E-14
€02 2.43067E-19 1.99452E-14
) 02 2.44089E-06 2.00290E-01
CH20 6.20363E-14 5.09046E-09
H2 . 2.09898E-12 1.72234E-07
HO2 4.75269E-17 3.89987E-12
HCO 2.67973E-~24 2.19889E-19
o ‘ N2 9.09999E-06 7.46710E-01
. REACTION NET REACTION CONVERSION RATE
! NUMBER (MOLE~CM**3/GM**2/SEC)
1 3.16460E-06
2 7.32054F-04
3 1.58542E-16
) y " 1.28253E-06
5 1.80244E-10
‘ -6 7.29504E-04
7 1.87355E-06 ,
8 1.28157E-06
9 7.27610E-09
10 -6.82352E-10
11 2.66523E-12

.99921E-01
.00000E+00
.00000E+00
.oooggﬁ+oo
.00000E+00
.00000E+00
.93403E-01
.00000E+00
.98638E-01
.99984E-01
.99926E-01

A
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'DETAIL.ED KINETIC CALCULATION

12
13
14
15
16
17
18
19
- 20
21
22
23
24
25
26
27
28
2
30

2.15218E-09
~2.66813E-19

2.44259E-12 -
1.66140E-12

1.86800E~09
"1.97515E=12
3.97507E~21
1.6810U4E-19
4.64516E-21
9.36725E-14
1.66420E-09
3.71021E-14
1.52883E-14
~6.3867 1E~4i
~1.50300E42
2.19285E-19

© 9.45307E-13

8.40513E-14

'9.99963E-01

9.88021E-01

1.00000E+00 |

1.00000E+00
1.00000E+00

- 1.00000E400

9.99986E-01
9.99993E-01
8.16943E-01
9.97807E-01
9.99997E-01
1.00000E+00

1.00000E+00

7.79113E-01
5.575TTE-01
9.96922E-01
9.93835E-01
5.00733E-01¢
1.00000E+00

151
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DETAILED KINETIC CALCULATION

152

"TIME 8.33333E-02 SEC ~ AREA 1.95001E+01 SQ CM POSITION 2.50000E+00 CM

PRESSURE, ATM
DENSITY, GM/CM**3 3.43380E-04

1.00000 .

TEMRERATURE, K 1000.00
ENTROPY,, CAL/GM-K 2.0185
GAMMA J) , 1.3092
ENTHALPY, CAL/GM  1.58006E+02.

GIBBS F E, CAL/GM ~1.86047E+03

MOLE FRACTION

NET SPECIES PRODUCTION RATE

" (MOLE/CM¥**3/SEC)

—10

OO0 w2 ON= =) =

HUS589E-10

.05172E-12
.35443E-18
.48335E-15
.U3843E-10
-U2272E-10
.16782E-19
.95892E-17
-43693E-10
.26475E-12
.42490E-10
«T1517E-15
.B4uL41E-20

TIVE DIR RATE

.99866E-01
.99999E-01
.00000E+0O
.00000E+00
.00000FE+00
.00000E+00
.69683E-01
.99999E-01
.97338E-01
.99988E-01

SPECIES CONCENTRATION
(MOLES/ CM**3)
CHYU 6.45892E-07 5.29995E-02
CH3 8.72372E-1M 7-15836E-09
H 1.27457E-18 1.0U586E-13
OH 1.23264E-16 1.01146E-11
H20 6.00019E-12 4.92353E-07
,CO \ 5.87105E-12 4.81757E-07
0 T7T.63404E-19 6.26U421E-114
co2 2.04192E-18 1.67552E-13
02 2.44088E~06 2.00289E-01
CH20 1.04011E-13 8.53476E-09
H2 5.88943E~-12 4.83265E-07
HO2 9.U46UB1E-17 T7.7668TE-12
HCO 8.41242E-24 6.90292E-19
N2 9.09997E-06 7.46710E-01
\
REACTION  NET REACTION CONVERSION RATE NET RATE/POSI-
NUMBER (MOLE-CM**3/GM¥* ¥2/SEC)
1 3.16474E~06
2 1.21993E-03
3 4 ,SU565E-16
4 1.30677E~-06
5 8.UN619E-10
6 1.21734E-03
7 1.86337E-06
.9 . 7.40380E-09
10 <= =1.91473E-09
1 7.62547E-12

OO O DD = e = OO

.99956E-01



DETATLED KINETIC CALCULATION

12
13

14

.15
16
17
18
19
20
21

22

23
24
25
26

27"

28
29
30

‘3?

1.00634E-08
7.54452E-19
4,15602E-12
2.83816E-12
5.21921E-09
3.37663E-12
1.27239E-20
8.79429E~ 19
9%97388E-21
.9412BE-13
5\22438E-09

3071597E"

9.78428E-13
2.30406E-13
1.20661E-03

9.99978E-01
9.95569E-01
1.00000E+00
1.00000E+00

- 1.00000E+00

1.00000E+00

9.99980E-01
*9.99990E-01

5.4840UE-01 .
9.97999E-01
9.99995E-01
1.00000E+00
1.00000E+00
7.30866E-01

4.70277E-01
9.94975E-01

,9.90110E-01

4.91934E-01
1.00000E+00




DETALLED KINETIC CALCULATION -

<

TIME 1.66667EL01\SEC AREA 1.95003E+01 SQ CM POSITION 5.00000E+00

v

PRESSURE, ATM 1.00000
DENSITY, GM/CM**3 3.43376E-0U
TEMPERATURE, K 1000.02
ENTROPY, CAL/GM-K 2.0185
GAMMA ' 1.3092

ENTHALPY, CAL/GM 1.58006E+02

y . GIBBS F E, CAL/GM -1.86050E+03
‘ SPECIES’ CONCENTRATION  MOLE FRACTION
\ (MOLES/CM**3) s
: CHU 6.45865E-07 5.29979E-02
A CH3 1.76397E-13 1.04747E-08
\\ " H 1.472T4E-18 1.20849E-13 -
OH 2.49022E-16 2.04340E-11
| _ : H20 _2.40577E-11 1.97411E-06
x co 2.37943E-11 1.95250E-06
0 8.82111E-19 7.23835E-14
| \ " c0o2 3.36130E-17 2.75819E-12
' 02 2.44083E-06 2.00288E-01
| ’ CH20 2.11183E-13 1.73291E-08
H2 2.38300E-11 1.95543E-06
HO2 3.37236E-16 2.76726E-11
HCO 3.44898E-23 2.83014E-18
N2 9.09985E-06 .7T.46T09E-01
| Ve
, a
| REACTION NET REACTION CONVERSION RATE
L NUMBER (MOLE-CMX %3 /GM¥**2 /SEC)
. 1 3.16568E-06
| 2 2.U6U56E~03 .
| 3 2.12877E-15 ‘
‘ -l 1.51009E-06
5 6.91585E-09
6 2.46167E-03
7. 1.74385E-06 ]
8 1.51002E~06
9 8.50722E-09
Q -7.75011E-09
1 3.56561E-11

,___.__________,*___ﬁ~fv—-.~
.
. .
.
{ :
T~ -t —

NET SPECIES PRODUCTION RATE
(MOLE/ CM**3/SEC)

Y

-2.91347E-10
1.09842E-12
2.15082E-17
1.55211E-15
2.90602E-10
2.88928E~10
2.49546E-18
8.15128E-16

-2.90431E=10
1.31962E~12
2.89121E-10

| 4. HH2USE-15
3.98408E-19
0.

<

\

NET RATE/POSI-

WO OO~ = = =00

" TIVE DIR RATE v

.99686E-01
.99997E-01
.00000E+00 .
.00000E+00
.00000E+00
.BO00DE+00
.85323E-01
.99995E-01
.91790E-01
.99988E-01 _ .
.99978E-01
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DETAILED KINETTC CALCULATION

" 12
13
14
15
16

<17
18
19
20
21
22
23
21

25"

26
27
28
- 29
. 30

8.226TUE~08
~-3.06363E-18
9.7T1075E-12
6.65888E~12
2.14091E-08

, 1.92237E-12

/ 6.02T94E-20
T.28415E-18

/ =U.85980E-20
: T.20569E-12
2.14191E-08

~ 3.09953E-13

1.27718E-13

-1.24702E-13

-1.47957E-12
8.64276E~19
1.29965E-12
8.09021E-13
2.45046E-03

9.99987E-01
9.98539E-01
1.00000E+00
1.00000E+00
1.00000E+00
1.00000E+00
9.99966E~-01
9.99980E-01
3.60632E-01
9,97714E-01
9.99981E-01
1.00000E+00

. 1,00000E+00

4,51686E-01
4.93694E-02
9.91363E-01
9.85026E-01
4,23210E-01
1.00000E+00
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DETAILED KINETIC CALCULATION

-

TIME 2.50000E-01 SEC

PRESSURE, ATM .
DENSITY, GM/CM*%*3 3..43369E-0Y
TEMPERATURE, K

ENTROPY,

GAMMA

ENTHALPY,

CAL/GM

©

CAL/GM-K

-1.58

1.00000

1000.03
2.0185
1.3092

006E+02

~—

GIBBS F E, CAL/GM *-1.86055E+03

£

156

AREA 1.95008E+01 SQ CM POSITION- 7.50000E+00 CM

NET SPECIES PRODUCTION RATE

(MOLE/CM**3/SEC)

-u’
1.
2.
1
4,
n,
6.
2.

o

O MN\Y &&=
..

50019E-10
23322E-12
55117E-17

.T4311E-15

49274E-10
47303E-10
15287E-18
87933E-15

.490U2E-10
LUT926E-12
LUT428E-10
.50279E=15
.16080E-19-

NET .RATE/POSI-
TIVE DIR RATE

“"SPECIES CONCENTRATION  MOLE FRACTION
(MOLES/ CM¥*%3)
CHY .6.45820E-07 - 5.29953E-02
CH3 2.72731E-13 2.23800E-08
H 2.04082E-18 1.67T467E-13
OH 3.84982E-16 3.15912E-11
H20 5.475TUE~11 4.49333E-06
co 5.43439E-11 4.459Y40E-06
o 1.22242E-18 1.00310E-13
co2 1.75048E-16 1.03643E-11
02 2.U40T4E-06 2.00285E+01
CH20 3.26829E-13 2.68192E-08
H2 5.43933E-11 4,463U5E-06.
HO?2 8.99264E-16 7.37926E-11
HCO 8.25287E-23 6.77221E-18
N2 9.09965E-06 7.46707E-01
REACTION  NET REACTION CONVERSION RATE
NUMBER (MOLE~CM**3/GM**#2/SEC)
1 3.16712E-06 9
2 3.81023E-03 9
3 6.737TTE-15 )
y 2.09291E-06 1
5 2.44213E-08 1
6 3.80613E-03 1
7 1.39483E-06 ol
8 2.0927UE-06 9
g . 1.16982E-08 9
10 -1.77002E-08 9
11 1.12803E-10 9

.99329E-01
.9999LE-01

.00000E+00"°

.00000E+00

.00000E+0Q0 .

,00000E+00
,53243E-01

.99992E-01

.84193E-01
.99981E~-01
.99985E-01



ﬁET@ILRD KINETIC CALCULATION

19

12
13°
14

15
16
17
18

20
21
22
23
24
25
26
27
28
29
30

© 2.90331E-07

-7.00163E-18
2.0807H4E-11
1.42818E~11
5.12250E~08
1.69922E-11
1.99898E-19

‘2.694T1E-1T

=4 . 17443E-19
2.88350E-12
5.12515E-08
1.14540E~12
4.71965E=13
1.32369E-13
4.91920E~11
1.85050E-18

'2.50315E-12
1.09055E-12

3.79383E-03-

- b

4 me e ge——————— o ———— ~ovonbnrt 5

-

'9.99989E-01

9.98772E-01
1.00000E+00

1.00000E+00 .

1.00000E+00
1.00000E+00
9.99964E-01
9.99972E-01

5.93677E-01,
9.96977E-01"

9.99952E~-01
1.00000E+00
1.00000E+00
2.36618E-01

4.18820E-01

9.90813E-01

9.87933E-01 .
2.38677E-01"

1.00000E+00

©LA8T

A

Sl b o



A

DETAILED KINETIC CALCULATION

. PRESSURE, ATM

Y 1.00000
DENSITY, GM/CM*#3 3.43358E-04
TEMPERATURE, K 1000.06

. ENTROPY, CAL/GM-K 2.0185
GAMMA- *1.3092,

ENTHALPY, CAL/GM 1.58006E+02
-GIBBS F E, CAL/GM -1.86063E+03

L

‘ . | l ve‘_ "‘ . i
TIME 3.3333‘3[':-01 SW95014£+01 SQ CM" POSITION 1.

158

00C00E+01 CM

s N . ‘ } ’ :
SPECIES CONCENTRATION MOLE FRACTION NET SPECIES PRODUCTION RATE |
, ‘ (MOLES/CM*#3) ¢ (MOLE/CM*¥3/SEC) .+ .
&;CH" 6.U5T55E-07 5.299T4E~02 ~6.37377E-10 _
. ¥CH3 ! 3.86374E-13. 3.17063E-08 1.53034E~12
. H 3.29188E-18 2.7013%E~13 1.13985E~16
. OH 5.45512E-16 4.47653E-11 2. 17LU6E-15
- H20 9.97197E-11 8.18311E-06 . 6.36633E-10
co - 9.91180E-11 8.13373E-06 6.3400%E-10
'0 : 1.97190E-18 1.61816E-13 1.27001E-17
co2 . 5.81928E-16 4.77536E-11 7.44203E-15
02 . 2.148062E-06 2.00280E-01 ~6.36263E-10
CH20 h,.63012E-13 .3.79953E-08 1.83217E-12
H2 9.91723E-11 8.13819E-06 6.33983E-10
HO2 2.01830E-15 '~ 1.65624E-10 '1.81185E-14
HCO 1.65689E-22 1.35967E-17 1.14971E-18.
N2 - 9.09936E~06 7.46704E-01 . 0. ,
; - \ T A Co g
“REACTION  NET REACTION CONVERSION RATE NET RATE/POSI-
NUMBER, . (MOLE-CM**3/GM**2/SEC) TIVE DIR RATE
A 3.16816E-06" » 9.98468E-01 ' , .
T2 5.39917E-03 © 9.99989E-81 - o
- 3 L 1.98215E-14 . , 1.00000E+00 . .
4 < * 3.37681E-06 1. 00000E+00 :
5 : 6.31245E-08 "+ 1.00000E+00 |
6 5.39336E-03 1.00000E+00 ) '
7 6.17577E-07 1.24390E<01" \\\;
8 . , 3.37627E-06 9.99990E~0U1. b -
.9 ) *1.8750QE-08 - ° 9.77990E-01 L L
10 *-3.22989E-08 9.99961E-01 Lo ;
1 N 3318386810 " ) 9.99988E-01 ~
, ) o - o J
* ‘,,9/ e ) }‘ \
A -\ - o ") ~ <

'
oy
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' DETAILED KINETIC CALCULATION . 159

g

l’ ~
12 . " 7.50172E-07 9.99987E-01

© 13 « -1.27780E-17 9.98250E-01
, | 4, 75552E-11 1.00000E+00 Aes

, . 16 : 3.26403E-11 - 9.99999E-01 '

j 16 1.02836E-07 1.00000E+00 )
17 . 3.88368E-11 . 1.00000E+00 Y
18 6.4T454E-19 9.99971E-01

;w19 - 7.666U0E-17 o 9.99968E~01

20 o - =1.41610E-18 X 6.04813E-01 ’
21 5.78269E-12 , * 9.95572E-01 , - \
22 1.02892E-07 9.99903E~01 ‘
23 4.14700E-12 . 1,00000E+00
24 - - 1.70876E-12 1.00000E+00
25 . 1.41987E-12 - 7.01007E-01
26 ‘ 2.49113E-10 6.66870E~01
27 4.23735E-18 9.92668E-01 -
28 - : . 6.50906E-12 . 9:93419E201
29 -1.04752E-12 1.024T4E-01 : S
30 . - 5.377T1E-03 k 1.00000E+00 , (

s . -, .

. . ¢

QD , 5 i '

._,m_..
At
a




DETAILED KINETIC CALCULATION

3

-

160

TIME 4.16667E-01 SEC AREA 1.95022E+01 SQ CM POSITION 1.25000E+01 o

<

PRESSURE, " ATM 1.00000

DENSITY, GM/CM*¥3  3,43342E-O4

TEMPERATURE, K . 1000.10
ENTROPY, CAL/GM-K 2.0185
GAMMA 1.3092

ENTHALPY, CAL/GM  1.58006E+02
GIBBS F E, CAL/GM -1.86074E+03

A}

CONCENTRATION

7
q i

SPECIES MOLE FRACTION
(MOLES/CM*#3) ,
CHY 6.45663E~07 5.29859E-02
*CH3 536325E-13 4.40132E-08
H 5.86598E-18 4.81388E~13
OH 7.57T549E-16 6.21678E-11
H20 1.62501E-10 1.33356E-05
co 1.61631E-10 1.32642E-05
0o .. 3.51414E-18 2.88385E~13
€02 1.54735E-15 1.26983E~10
02 2.44045E-06 2.002T4E-01
" CH20 6.42316E<13 5.27113E-08
H2 1.61673E-10 1.32676E-05
HO2 . 4.10034E-15 3.36492E-10
HCO 3.19331E-22 2.6205TE-17
N2 9.09896E-06 7.46700E-01.
REACTION  NET REACTION CONVERSION RATE
NUMBER (MOLE-CM**3/GM**2/SEC)
1 3.16628E=06
2 f 7.49809E-03
3 5.76151E-14
y ' 6.01942E-06
5 Y 1.42977E-07 .
6 - 7.48812E-03 "
7 . -9.91696E-07
8 6.01798E-06
9 3.33041E-08
10 -5.27T4TE-08
11 -

9.64361E-10

NET SPECIES PRODUCTION RATE

(MOLE/ CM**3/SEC)

~-8.84870E-10
2.14133E-12
6.25432E-17
3.03207E-15
8.84128E~-10

8.80154E-10 "

2.67304E-17
1.685U7E-14
-8.83472E~10

. 2,55759E-12
8.79824E~10
3.34121E-14
2.25634E-19

L) 0. )

NET RATE/POSI-

TIVE DIR RATE
9.96217E-01
9.99982E-01 "
1.00000E+00
1.00000E+00
1.00000E+00
1.00000E+00 -
1.00773E-01
9:..99989E-01}
9.74882E-01
9.99915E-01
9.99990E-01



DETAILED KINETIC CALCULATION

12 1.69861E-06
13 -2.08398E-17
11 . 1.17654E-10
15 ‘ 8.07030E-11
16 ‘ 1.98128E-07.
17w 9.60311E-11
18 2.22410E-18
19 2.05203E-16
' 20 -3.05789E-18 -
21 . 1.11245E-11
22 . 1.98292E-0T.
23 ., 1.50149E-11
24 6.186T1E=12
25 6.49197E-12
26 8.50902E-10
27 : © + 1.05117E-17
28 -2.08766E=11
29 ~1.20048E-11
30 - : 7.46622E-03

L)

9.99984E-01
9.96598E-01
1.00000E+00
9.99999E-01
1.00000E+00
1.00000E+00
9.99981E-01
9.99968E-01
4.90368E-01
9.93325E-01
9.99832E-01
1.00000E+00
1.00000E+00
8.85199E-01
8.07316E-01
9.95160E-01
9.97116E-01
I.,04202E-01
1.00000E+00

161
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DETAILED KINETIC CALCULATION

162

TIME 5.00000E-01 SEC .AREA 1.95035E+01 SQ CM POSITION 1.50000E+01 CM

3 o
%

PRESSURE, ATM 1.00000
DENSPTY, GM/CM**3 3 43321E-04
TEMPERATURE, K 1000.16
ENTROPY, CAL/GM-K 2.0186
GAMMA 1.3092

ENTHALPY, CAL/GM - 1.58006E+02
GIBBS F E, CAL/GM -1.B86089E+03

-1,
3.

) .
QWA= EawJla =W

25733E-09

N3668E-~12 .
.BUB92E~16
.89978E-15
.25659E-09
.24976E-09
LT9T11E-17
.69311E-14
.25533E-09
.09425E-12
.24B78E-09
.39926E-14
.49660E-18

/

TIVE DIR RATE

.89643E-01
.99972E-01
.00000E+00
.00000E+00
.00000E+00
.00000E+00
.05920E-01 .
.99989E-01
TU621E-01
.99791E-01

SPECIES CONCENTRATION  MOLE FRACTION
; (MOLES/ CM%%3)
CHY 6.45535E-07 5.29783E-02
CH3 7.61698E-13 6.25118E-08
H 1.13392E-17 9.30598E-13
OH 1.07662E-15 8.83571E-11.
H20 2.50463E-10 2.05552E-05
co 1 2.49158E-10 2.04481E-05
0 6.79382E-18 5.57561E-13
co2- 3.67859E-15 3.01898E~10
02 2.44021E-06 2.00265E-01
CH20 9.11138E-13 7.47761E-08
H2 2.49148E-10 2.04473E-05
HO2 " 7.99726E-15 6..56326E-10
* HCO 6.44048E-22 5.28563E-17
N2 9.09839E-06 7.46695E-01
REACTION NET REACTION CONVERSION RATE NET RATE/POSI-
NUMBER (MOLE-CM**3/GM¥¥2/SEC)
1 3.15272E-06
2 1.06568E-02
3 J 1.71719E-13
y ) 1.16415E-05
5 3.13322E-07
6 1.06380E-02
T ~-4.43739E-06
8 1.16375E-05
.9 " 6.43576E-08
10 -8.13629E-08
11 2.8TU38E-09

OWOON o w2 OO

.99991E-0 1

&

NET SPECIES PROPUCTION RATE
(MOLE/ CM¥¥3/SEC)

RO R

-



DETAILED KINETEC CALCULATION
/

3.72119E-06
-3.20533E-17
3.23100E-10
2.21353E-10
3.99473E-07
2.63422E-10
8.67391E~18
5.88259E-16
-2.46089E-18
2.23782E-11
3.99906E-07
5.66192E-11
2.33287E-11
2.64586E-11
2.60823E-09
2.89383E~17
7.81612E~11
-5.28099E-11

(/1.06028E—02

9.99978E-01

9-917765-0‘[
.00000E+00
.99999E-01
.00000E+00
.00000E+00
-99989E-01
.99973E-01
.65688E-01
.90143E-01
.99750E-01
.00000E+00
.00000E+00-
.56668E-01
.92652E-01
.97276E-01
.98900E-01
5.96345E-01
1.00000E+00

OB WO = = OO OO O

<

PR ERNONS
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DETAILED KINETIC CALCULATION

164

., !

TIME 5.83333E-01 SEC AREA 1.95053E+01 SQ CM "_POSITION 1.75000E+01 CM

PRESSURE, ATM - 1.00000
DENSITY, GM/CM**3 3 U43289E-0U4
TEMPERATURE, K ) 1000.24
ENTROPY, CAL/GM-K 2.0186
GAMMA' 1.3092

ENTHALPY, CAL/GM 1.58006E+02
GIBBS F E, CAL/GM -1.86111E+03

-

NET SPECIES PRODUCTION RATE

SPECIES  CONCENTRATION  MOLE FRACTION
' " (MOLES/CM**3) (MOLE/ CM**3/SEC)
CHY 6.45347E-07 5.29672E-02 ;' -1.91098E-09
CH3 1.15660E-12 9.49286E-08 -\ 6.51881E-12
H “2.84160E-17 2.00395E-12 ™ 2.80222E-16
OH 1.63653E-15 1.34319E-10 9.256T4E-15
H20 3,79493E-10 3. 11471E-05 1.91028E-09
co 3.77379E-10 3.09736E-05 1..89664E-00
0 1.46311E-17 1.20085E-12 1.61499E-16
Co2 8.U4769E-15 6.93349E-10 8.50469E-14
02 2.43986E-06 2.00253E-01 -1.90756E-09
CH20 1.38073E-12 1.13324E-07 7.73762E-12
H2 3.77232E-10 3.09616E-05 1.89410E-09
HO2 1.59232E-14 1.30690E-09 . . 1.38510E-13
HCO 1.4847UE-21 1.21861E-16 1.99097E-19
N2 9.09756E-06 7.46687E-01 0.
REACTION  NET REACTION CONVERSION RATE NET RATE/POSI- .
NUMBER (MOLE-CM**3/GM**2/SEC) TIVE DIR RATE
1 3.0888DE-06 9.66273E-01 o7
2 1.62003E-02 9.99957E-01
3 5.60195E-13 1.00000E+00
' 2.50849E-05 1.00000E+00
5 7.21668E-07 1.00000E+00
6 1.61604E-02 1,00000E+00
7 . =1.27155E-05 2.56470E-01
8 . 2.50717E-05 9.99988E-01
9 1.38830E-07 9.7648UE-01 -
10 -1.234U6E-07 9.99410E-01 « .
1 9.37842E-09 9.99991E-01
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‘12

13
14
15
16
17
18
19
20
21
22
23
24
25
26~
27
28
29
30

8.

56766E-06

=4 .79109E-17

MNWO O ==ppONNN =

1.
7.
9.
.6
.30761E-17
.06180E-15
.T3313E-17N
L14219E-11
.21880E-07
.42805E~10
.00038E-10
.16788E-10
.3682UE-09
JY4B8U92E-1T
.62734E-10
.06620E-10
1.60938E-02 -

05685E-09 -

22554E-10
283505-07
002E-10

9.99968E-01
9.74923E-01
1.00000E+00
9.99999E-01
1.00000E+00
~1.00000E+00
9.99995E-~01
9.99982E-01
4.,44248E-01
9.86063E~01
9.99672E-01
1.00000E+00
1.00000E+00
9.84607E-01
9.46108E-01
- 9.98733E-01
9.99638E-01
7.14371E-01
1.00000E+00

P LT
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DETAILED ‘*KINETIC CALCULATION

166

TIME 6.66667E-01 SEC AREA 1.95081E+01.SQ CM POSITION 2.00000E+01 CM

2

PRESSURE, ATM 1.00000
DENSITY, GM/CM*¥*3 3,43239E-04

TEMPERATURE, K 1000.37
ENTROPY, CAL/GM-K 2.0187
GAMMA , 1.3092

ENTHALPY, CAL/GM 1.58006E+02
GIBBS F E, CAL/GM -1.86147E+03

e :
: 2
SPECTES - CONCENTRATION  MOLE FRACTION
(MOLES/ CM**3 Yy ‘
CHY 6.450U2E-07 5.29491E-02
CH3 | '2.0037UE-12 1.64480E~07
H 6.32994E-17 5.19601E~12
OH 2.84021E-15 2.33143E-10
_H20 ° '5,.88715E-10 4.83254E-05
Co 5.84792E-10 4,80034E-05
0 3.79U412E-17 3.11446E-12
co2 2.03268E-14 1.66855E-09
02 2.43929E-06 2.00232E-01
' CH20 2.38365E-12 1.95665E-07
H2 5.84276E-10 4,79611E-05
HO2 3.54937E-14 2.91354E-09
HCO 4. 45304E-21 3.65533E~16
N2 9.09621E-06 7.466TUE=01
/
REACTION NET REACTION CONVERSION RATE
NUMBER . ( MOLE-CM**3/GM**2/SEC)
1 © 2.73058E-06
2 2.81193E-02
3 2.25158E-12
, L) 6.51095E-05
5 1.94214E~-06
6 2.801T1E~02
7 -3.7546TE-Q5
'8 6.50554E-05
9 3.61064E-07
10 -1.91653E-~07
1"

3.77065E-08

3

NET SPECIES PRODUCTION: RATE
(MOLE/ CM* *¥3/SEC)
~3.316378-09
1.56079E-11
2.34884E-15
2.23851E-14
3.31585E-09"
3.28211E-09
5.06949E-16
2.28810E~-13
~3.30882E-09
' 1.84308E-11
3.27TUBUE-Q9
3.86602E-13
- 3.66992E~17
. 0 .

s
7

NET RATE/POSI-
TIVE DIR RATE
8.49498E-01
9.99934E-01

" 1.00000E+00

1.00000E+00
1.00000E+00 »
1.00000E+00 * /
2.81897E-01 |
9.99986E~01
9.79713E-01
9.97807E-01
9.99990E-01
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DETAILED KINETIC CALCULATION

12
13
14
15
16
17
18
19
20
21
22
23
24
- 25
- 26
27
. 28
29

30

, ' ‘
NONETUWLWAUVIANN =W aWWNDWIZOVND

——

.30U445E-05
.83605E-17
.T4999E-09
.23599E-09
.75831E-06
.85237E-09
.35180E-16
.07352E-14
.95940E-16

.53706E-10 :

.T6U93E-06
.40375E-09
.78322E-10
.82657E-10
.34840E-08
.2707H4E-16
.43951E-09
.16399E-10
.T8579E-02

3}

ey

144

= QOO OO = =20 OOVWOWWD 2 L\O -0

.99952E-01
.91924E-01
.00000E+00
.99999E-01
.00000E+00
.00000E+00
.99998E-01
.99992E-01

.27438E-01
.81350E-01
.99622E-01
.00000E+00
.00000E+00
.95363E-01
.78290E-01 -
.99560E-01
.99906E-01
.86392E-01
.00000E+00

167
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BETAILED KINETIC CALCULATION

‘,/

168

TIME 7.50000E-01 SEC AREA 1.95139E+01 SQ CM "POSITION 2.25000E+01 CM

-

PRESSURE, ATM 1.00000
DENSITY, GM/CM**3 3 ,43138E-0Y \\\—
TEMPERATURE, K - 1000.63
ENTROPY, CAL/GM-K 2.0189
GAMMA ‘ 1.3092

ENTHALPY, CAL/GM

1.58006E+02

GIBBS F E, CAL/GM -1.86217E+03

I

SPECIES

-

MOLE FRACTION

NET SPECIES PRODUCTION RATE

CONCENTRATION
(MOLES/ CM*%3) . (MOLE/CM*¥3/SEC)

CHU 6. U4439E-07 5.29133E-02 -7 .49628E=09
CH3 4.51318E~12 3.70566E-07 5.55096E-11
H . 2.3747T1E-16 1.94982E-11 4_37U5TE-14
OH 6.41966E-15 5.27103E-10 8.36118E-14
H20 1.00269E-09 . 8.23281E-05 7.49745E-09
cOo 9.93268E-10 8.15549E-05 7.37U98E-09
0 1.42393E-16 “1.16916E-11 2.81146E-15
€02 5.88986E-114 },83602E-09 . 8.79078E-13
02 2.143816E~06 2.00191E-01 -7 . 47141E-09
CH20 5.33081E-12 4.37700E-07 6.49044E-11
Ho '9.91499E-10 8.14096E-05 7 .3U596E-09
HO2 1.08029E-13 8.87003E-09 1.81505E-12
HCO 2.25403E-20 . 1.85073E-15 1.51141E-15
N2 9.09354E-06 7.46649E-01 0.
REACTION NET REACTION CONVERSION RATE NET RATE/POSI-
NUMBER (MOLE-CM**3/GM**2/SEC) TIVE DIR RATE

1 ' ~8.30365E-07 2.03521E-01 )

2 6.35733E-02 9.99887E-01 ,

3 1.43584E-11 1.00000E+00

y 2 UNB2UE-0Y 1.00000E+00

5 7.46601E-06 1.00000E+00

6 6.31946E-02 1.00000E+00

7 -1.50900E-04 2.957T17E-01 S

8 2.U5446E-0Y 9.99981E-01 ,
-9 . 1.35933E-06 9,83433E-01 ’ ‘

10 ) -3.23702E-07 9.85350E-01 ,

11 © . L,2.40624E-07 9.99986E-01

‘ . B
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DETAILED KINETIC CALCULATION

—

12
13
14
15
16
17
18
19
20
21
22

24
- 25
26
27
28
29
30

8.84986E-05

-1.52624E-17

4,01863E-08
2.7T1841E-08
1.39511E-05
3.23720E-08
6.37314E-15
1.22895E-13

"8.85113E-15

T7.76415E~10
1.60420E-08
6.60819E-09
7.83146E-09
2.34322E-07
3.62197E-15
3.43558E-08

-6.19854E-09

6.2629UE-02

"~ 9.99921E-401

1.15755E-01 .
1.00000E+00
9.99999E-01
1.00000E+00
1.00000E+00
1.00000E+00
9.99998E-01
9.73501E-01"

.9.76569E~01

9.99612E-01
1.00000E+00
1.00000E+00
9.99076E-01

9.94576E~01 -

9.99910E-01"
9.99985E-01
8.29661E~01
1.00000E+00

——

O
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‘DETAILED KINETIC CALCULATION -

o

1

TIME .8.33333E-01 SEC AREA 1.95317E+0% SQ CM

PRESSURE, ATM
‘DENSITY, GM/CM¥*%*3

/

TEMPERATURE, - K
ENTROPY, CAL/GM-K

GAMMA

]

1.00000 .

3.42B24E-04.

1001.44
2.0194
1.3091 .

a

ENTHALPY, CAL/GM + 1.58006E+02

GIBBS F E, CAL/GM =1.8643U4E+03

12
+ SPECIES CONCENTRATION  MOLE FRACTION
" (MOLES/CM%%3)
- CHUY 6.42551E-07 = 5.28011E-02
"CH3 1.91701E-11 1.57529E-06
H 2.23461E-15 1.83627E-10
. OH 2.75520E-14" - 2,26U406E-09
H20 2.30183E-09 1.89151E~04 -
co © 2.25950E-09 1.85673E-04
0 1.33980E-15 1.10097E%10
€02 3.08872E-13 2.53813E-08
02 2.43464E-06 2.00064E~-01
CH20 2.21722E-11 " 1.82198E-06
H2 2.24912E-09 1.84820E-04
HO?2 8.28125E-13 6.80505E-08
HCO 4.05196E-19 3.32967E-14-
N2 . ' 9.08523E-06 T.465T1E-01
REACTION  NET REACTION' CONVERSIQN RATE
" NUMBER (MOLE-CM¥*#3/GM* %2 /SEC)
1 . ) » =1.58750E-04
2 ', *2.73056E-01
3 3.07T14E-10
; Y 2.32041E-03
' 5 7.31964E-05 .
67 2.69616E-01 .
7. .. , . , =1.554U43E-03 .
"8 ° 2.30863E-03
-9 1.28170E-05
10 - -4 .15637E-07
11 5.

16813E-<06. ~

-l

-

2

4

bl

v

170

POSITION 2.30000E+01 - CM

NET SPECIES PRODUCTION RATE

F]

Iy

~3.21619E~08
B.74133E-10
2.35672E-13
7.02360E-13

« 3.22238E-08
3.11U24E-08

5.43282E-14
8.60271E-12

~3.19904E-08

5.36726E-10
3.08366E-08
2.99677E-11
1.20643E-14

00

NET RATE/POSI-
. TIVE DIR RATE

" 9.79259E-01
. 9.99741E-01’

1.00000E+00
9.99998E-01
1.00000E+00

1.00000E+00 .

3.13847E-01

9.99963E-01 '

9.86223E-01
5.44233E-01
9.99974E-01

(MOLE/CM* #3/SEC)



- DETAILED KINETIC CALCULATION.

A2
13
14
15
~16
17
18
19

21

23
24
25
. 26
27.
28
© 29
30

oo
v

8.64897E-0U
1.00138E-14
1.61033E-06
1.06815E-06
2.4QUQUE-OU
1.27156E-06
1.08105E-12
9.49895E-12
1.53958E-12
1.40185E-08
2.51T17E-04
'1.16025E-06

Y4 TTTHTE-OT

5.66393E-07

+7.76242E-06

1.46201E-13
3.04353E-06

Z1.39406E-07

2.64799E-01

9.99823E-01,
9.69772E-01
1.00000E+00
9.99999E-01
1.00000E+00
1.00000E+00
1.00000E+00
1.00000E+00

9.99162E-01

9,72268E-01

1.00000E+00
1.00000E+00
9.9994UE-0}
9.99611E-01
9.99995E-01

.9.99999E-01 -

8.55772E-01

1.00000E+00

. 171
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_DETAILED KINETIC CALCULATION

$

Che . .
E4

?fﬁhSSURE ATH < 1‘0000@
DENSITY, GM/CM*%*3 3, 396625 ol

TEMPERATURE, K 1009.74
ENTROPY, CAL/GM-K 2.0244
GAMMA o 1.3089 -

§g ENTHALPY CALZ/GM 1.58005E+02 « '

GIBBS F E, CA

M -1.88616E403
: . 1 \d ‘

M . j
Te

¥ '
’
* . N » /
3
- - -

SPECIES CONCENTRATION  MOLE FRACTION
S (MOLES/CM**3 ). :
CHA4 .- 6.23822E-07 5.16873E-02
CH3 2.21682E-10 1.83676E-05
s H . - 1.26736E-13 1.05008E-08
og . 3.44220E-13 . 2.85206E-08
- HPO 1,55582E-08 1.28909E-03
co . - /1.46189E-08 1.21126E-03
.0 o T AT190E-14 5.94234E-09
e €02 . 1.36969E-11 1.13487E-06
02 ¢ 2.39918E~06 1.98786E-01
CH20 - 2.27650E-10 1.88621E-05
"He . 1.40159E-08: 1.16130E~03
HO?2 5.87963E-11 4,87162E-06.
HCO . .5.U5039E-17 4.51597E-12
N2 : 9.00143E-06 7.45822E-01
€. ' . «
REACTION NET REACTION convsnsxouékfrs
< NUMBER (MOLE CM**3/GM*%2/3SEC)
1 \ -1.00103E~01
, 2 3.438T1E+00
. 3 -1.07933E-07
. Y. 1.41543E-01 ,
v 5 6.17256E~03
. 6 _ 3.26107E+00
I , =-1.84866E-01
w8 »  1.28387E-01 ‘
: 9- 7.15294E-0 -
M0 o 1.43348E-03
1, B 1.837426-03
. ‘ . , 2
v “:“ ¢

"TIME 9.16667E-~01 ,SEC. AREA 1.9T135E+01 SQ CM‘\>Q§iTION 2.75000E+01 CM

¢

NET SPECIES PQBDUCTIO@*RATE
: (MOLE/CM**3/SEC)
-3.79007E~07
2.65738E-09
4. 9UBD1E=Y] °
2.75487E-11 .

< 4,09596E-0T
3.73623E-07
-7.83405E-13
7.12140E-40
-3.95333E-07
2.01160B-09
3.41386E-0T7
1.99095E-09 )
2.5012BE-12. .

NET -RATE/POSI-
JTIVE DIR RATE-
%9.99953E-01 -
. 9.98233E-01 .
"1 .00000E+0Q0 L4
9.99980E-01 - A,
9.99999E-01 .
15 00000E+00 - . o
N.7300ME-01 . ;

9. 3%898& -01 LR
750E-01 .

,9 95760E~01

9.99946E-01



12
13

19
20

‘ , 22
Ty ;23

25"

26

27

28

o - 29

e

o
R
A |

-

15‘

4

»

DETATLED KINETIC CALCULATION

R L &

‘412?;02u18-02 9,99069E-01 |
3.32781E-11 9.999710E-01_ -
1.02384E-03 1.00000E+00 . .
6.47334E-04 9.99999E-01
3.26024E-02 1.00000E+00 . |
T.25510E-04 1.00000E+Q0 .
.8.01178E-09 1.00000E+00 ‘
1.62618E-08 1.00000E+00

’1.19745E-08 9.99994E-01 b \ .
1.96941E-06 9.28884E-01 S i g
3.39516E-02 9.98489E-01 3-
4,79863E~03 1.00000E+00 . - < 5
1:96781E-03 .2 1.00000E+00 , i
2.19301E-03 ' 1.00000E+00 ' ;

" 7.01697E-03 9.99996E-01 . !
1.02949E-10 .1.00000E+00 3
9.28922E-03 1.00000E+00 . L

"6010755E-05 9.“21135"01 “ o !

+3.21069E+00 1.00000E+00 | M

° 3 o

:Q ! 5 . . Lo l. il o‘

S [ ’ M - \ ‘ !
” [ ;
) ' e
5 % ‘:t g :
‘t K L i
i . oA o oo
4 , '\‘q ) ;
¥ ¢ ' e '
‘ ’ R
| ~ » i
. . , i
. L ‘ .
-~ ¢ , ¢ /
a . . 1 , .‘
N ‘ . ‘ . ﬁ‘ .
“ . - X ~ . \ e
' - - . _‘: ' oo~ ¢ -t
. ", . \ . v
. . < Al'l_ x $
“ e ~ L ’ o ,~
' | LY 2 &
Vo sy ‘” ) (:, . ‘ ¢ L/
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DETATLED KINETIC CALCULATION' '

174

. TIME 1.00000E+00 SEC  AREA 2.04373E+01 SQ CM POSITION’3.00000£}01 CM

o

PRESSURE, ATM 1.00000
DENSITY, GM/CM**3 3, ,27634E-0U

TEMPERATURE, K 1043.36+"
ENTROPY, CAL/GM-K 2.0416 J
GAMMA 1.3079 ‘

ENTHALPY, CAL/GM 1.57994E+02
GIBBS F E, CAL/GM -1.97218E+03

»

SPECIES

~ (MOLES/CM¥*3)

"~ CHY 5.58859E-07 h.78483E-02
CH3 3.63107E-10 3.10884E-05
H . 7.19120E-13 6.15695E-08
o]} 7.54680E-13 6.46140E-08
H20 6.68936E-08, 5.72728E-03
GO. " 5.65735E-08 4.84369E-03
0 3.56662E-13 3.05366E-08
co2 . 2.48751E-10 . 2.12975E-05
02 2.26678E-06 1.94077E-01

" CH20, 2.33T49E-10 2.00130E-05
H2 4.71301E-08, 4.03518E-03
HO2 .7.05376E-11 6.03927E-06
HCO 1.38907E-16 1.18929E=11
N2 8.68266E-06 7.43390E-01

N o7 -
o T
REACTION  NET REACTION: CONVERSION RATE .
NUMBER (MOLE-CM* *¥3/GM¥* ¥2/SEC)
1 -7.35881E-01
2 e 7.81304E+00
73 o 2.17943E-06 , - -
4 : 1.06623E+00
5 e 0 6.17T431E-02 , ¢
6 : 6.36736E+0 :
1 ¥ \e1.12822E v
8 ‘ T.8009 '
- 9 - 3.970 \\'
10 a  1.08199E=
) '

> g

-

¢
'

2.34119E-09
1.28163E~11
1.13513E211
9.15152E-07
6.77663E-07
5.22688E-12

-8 .02440E-07
-3.36493E-10

4.54470E-07

3.4 .35108E-10
<7 6468TE-15
0.

)
/

NET RATE/POSI- -

. TIVE DIR RATE
9.99975E-01 -

9.92040E-01

"1.00000E+00..

9.99969E-01
9.99990E-0 1

1.00060E+00

5.0N068E-01
9.99922E-01
9.89892E-01

9.95034E-0 1
9.999Q3E-01_

CONCENTRATION MOiE FRACTION NET SPECIES PRODUCTION RATE
(MOLE/CM**3/5EC)
-6 .86296E-07

D2 A

w3

s



/

DETAILED KINETIC CALCULATION

g 12 " 6.01015E-01
x 13 . : 1.07853E-09
14 ‘ < 9.25410E-03
15 . 4.40783E-03
AT P16 .- 7.88815E-02"
. / 17 4,28487E-03
Co 18 ; 1.13672E-07
9 " . 9.76580E-08
0 : 1.86108E-07
1 3.95493E-06
: 2 . 8.75699E-02
23 3.62U64E-02
] 24 1.46287E-02
, 25 , " 1.40621E-02
_ 26 : 1.98361E-02
L .27 ~* '1.24761E-09
| 28 ‘ 2.67330E-01 .
29 -1.98718E-03
, 30, 6.28718E+00
[ .
{ i
b 4

P
-

) 2 g
Lo

i

'

L
7,

9-960525"01
9.99950E~01

" 1.00000E+00

9.99997E-01
1.00000E+00

1.00000E+00

. 1.00000E+00

~1.00000E+00
9.99876E-01

"~ 5.18032E-01

9.95128E-01
1.00000E+00
1.00000QE+00
1.00000E400
9.99980E-01
1.00000E+00
1.00000E+00
9:90169E-01
.9.99999E-01

175
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DETAILED KINETIC CALCULATION -«

Ty

TIME 1.06667TE+00 SEC- AREA 2. 18250E+01 SQ CM POSITION ; ZOOOOE+01

PRESSURE, M 1.00000
DENSITY, GM ¥¥3  3.06802E-04

TEMPERATURE, . 1109.33.
-ENTROPY, CAL/G#-K 2.0695
GAMMA 1.3055

ENTHALPY, CAL/GM 1.57942E+02
GIBBS F E, CAL/GM -2.13785E+03

SPECIES %ON‘CENTRATION

(MOLES/ CM*#3)
CHY N.59583E-07 - / U4.18429E-0?
CH3 6.73788E-10 - 6.13453E-05
H 2.3G405E-12 2.17967E-07
OH 2.15712E-12 - 1.96396E-07
H20 1.59406E-07 1.45132E-02
. CO 1.15220E-07 1.04903E-02
0 1.03291E-12 9.40421E-08
co2 1.43016E-09 1.30209E-04
02 2.04198E-06 1.85913E-01
CH20 1.87U16E-10 1.70633E-05
H2 7.43921E-08 6.77306E-03
HO? 4.91210E-11 4. 47224E-06
HCO 3.63389E-16 *3.30849E~11
N2 8.13061E-Q6 7.40254E~01
o _ _
“REACTION  NET REACTION CONVERSION  RATE NET RATE/POSI-
NUMBER . (MOLE-CM**3/GM* ¥2/SEC)
1 T D, 9904 6E+00
2 oo 2.3795UE+01
3 1.39631E-05
y 5.88516E+00
5 4.83527E-01
6 1.6127T1E+01
7 T.35851E+0
8 2.84610E+0
9 t.24231E-02
10 2.99550E-02
N 2.82165E-01
o ' )

MOLE FRACTION

[}

W

\

9.91757E-09
6.21350E-10
1.39110E-09
2.59992E-06
1.47913E-06
3.72416E-11
4,55146E-08

'-2.08513E-06
~-9.82661E-10

4,5240U4E-07

-1.297TH4E-10
~4.54998E-12

0.

TIVE DIR RATE

*3/SEC)
~1.53358E-06.

WOOVV = QOO =

9.99932E-01
9.7T4H6TE-01
.00000E+00
.99947E-01
-99935E-01

.20625E-01

.90977E-01
.8U227E-01
9.99924E~-01

g

.00000E+00
.99841E-01

“575\

NET SPECIES PRODUCTION RATE
(MOLE/CM )
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DETAILED KINETIC CALCULATION

4
12

13

14

15

16

17

18

19

20

21

22
| 23
© 2k
{ 25
26

27

28

29

30

3.561U49E+00
1.20559E~08
6.00399E-02
1.56276E-02
2.06160E-01
1.29355E-02
1.05922E-06
8.32776E-07
1.84828E-06
6.87069E-06
2.34761E-01
1.01450E-01

3.97946E-02
3.23419E-02 '

4,50205E-02
1.12626E-08
2.66427E+00

 .2.66928E-02

1.59629E+01

1

9.89198E-01
9.99858E-01
1.00000E+00
9.99994E-01
1.00000E+00
1.00000E+00
1.00000E+00

9099999E"01l

9.99884E-01
1.85616E-01
9.92652E-01
1.00000E+00
1.00000E+00
9.99999E-01
9.99830E-04
9.99998E-01
1.00000E+00
9.9294U4E-01
9.99995E-01

177

b e mE Addebaty o TRRY




Ty ' .
DETAILED KINETIC CALCULATION
|

178

»

— »  TIME 1.08333E+00 SEC AREA 2.26210E+01 SQ CM POSITION 3.25000E+01 CM

PRESSURE, 1.00000 °

ATM

- . DENSITY, GMPCM**3 2.96006E-0U >

' TEMPERATURE K 1147.63 -
ENTROPY, cAL/GM K 2.0837 ’ e '
GAMMA 1.3040 : '

ENTHALPY, CAL/GM 1.57882E+02
GIBBS F E, CAL/GM -2.23349E+03

}

. M e S Bt e e %

) . .
N © "
: SﬁECIES CONCENTRATION: MOLE FRACTION NET SPECIES PRODUCTION RATE
'/ - " (MOLES/CM¥¥3) S '( MOLE/CM* ¥3/SEC)
CHY 4.12532E-07" 3.88626E-02, - ~-2.34685E-06
- CH3 9.35887E-10 8.81653E-05 2,21740E~08
; H 3.75323E-12 3.5357HE-07 9.58617E~10
/ffég OH- 3.68151E-12 3.46817E~-07 4.13394E-09
;¢7 H20 2.08554E-07 1.96468E-02 4.34284E-06
,' pO 1.40643E-~-07 1.32493E~02 “s2.22311E=06,
g 0 1.50298E-12 1.45357E-07 1.81439E-10
- co2 2.50845E-09 2.36309E-04 1.03U455E-07
* 02 1.92689E-06 1.81523E-01 -3.38758E-06
CH20 1.67T105E-10 1.5TU421E-05 -1.87550E-09
; H2 7.83579E-08 . 7.38171E-03 3.16963E-07
: HO2 4.59059E~11 4,32458E-06 -6.02794E-11
: HCO 5.84917E~16 5.51021E-11 -1.19155E~11
i N2 T.84489E-06 7.38991E-01 . 0.
; - /
: REACTION NET REACTION CONVERSION RATE NET RATE/PO%I-
- NUMBER (MOLE-CM**3/GM**2[SEC) TIVE DIR RATE
1 " .5.22499E4+00 9.99861E-01
2 " 42 17595E+01 9.66819E-01
-3 2.65T10E-05 1.00000E+00
b 1.20414E+01 ~9.99929E-01
. . 5 1.18070E%+00 9.99878E~01
; ' 6 2.63936E+01 "1.60000E+00
j 7 -1.46601E+01 5.31053E-01
; 8 4.91014E+00 . . 9.99732E-01
g + 1.87874E-02. 9.88399E~01
” 10 4 ,81069E-02 9.74492E-01 ,
11 § . 5.64915E-01 9.99874E-01
F “? \. 3 B
P
‘- . .\h ’ N

A
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DETAILED KINETIC CALCULATION

A

3

7.40164E+00
2.97328E-08
1.37916E-01
2 SHTUSE-02 9

\

Ny

9.8U4440E-01
9.99704E-01
1.00000E+00

.99991E-01.

3.37020E-01 1.00000E+00
1.98347E-02 1.00000E+00
2.85187E-06 - 1.00000E+00
2.45764E-06 9.99996E-01
5.00990E-06 9.99771E-01
| BTUBO0E=~05 2.27055E-01
\82U36E-01 9.91033E-01
1.64554E~-01 : 1.00000E+00
6.35843E-02 ., ! 1.0Q000E+00
4 .85040E-02 9.99997E-01
T.71226E-02 9.99603E-01
2.92334E-08 . 9.99995E-01
6.34TUTEA+00 1..00000E+00
-7.41136E-02 9.91923E~-01"
2.61705E4+01 9.99993E-01

- 179
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 DETAILED KINETIC CALCULATION . Lo - 180

~

TIME 1.10000E+0Q SEC AREA 2.42968E+01 SQ CM POSITION 3.30000E;01 CM

4

PRESSURE, ATM 1.00000
. DENSITY, GM/CM*¥*3 2.75589E-04 ’ .

TEMPERATURE, K 1228.98
ENTROPY, CAL/GM-K 2.1110
GAMMA 1.3008
ENTHALPY, CAL/GM 1.57755E+02

GIBBS F E, CAL/GM -2.43657E+03

SPECIES CONCENTRATION
(MOLES/CM**3) (MOLE/ CM**3/SEC)
CHY 3.28858E-Q7 3.31880E-02 ~5.29767E-06
CH3 1.75520E-09 1.77133E-04. " 1.13394E-07
H - 7.66549E-12 7.73594E-07 .1.860T0E-10
' OH 1.01072E-11 1.02001E-06 3.40569E-09
H20 3.02779E-07 3.05561E-02 1.09460E-05
co 1.81894E-07 1.83566E-02 4,7525U4E-06
0 2.98240E~12 3.00981E-07 2.71951E-10
co? 5.74262E~09 5.79539E-04 4,34110E-07
02 1.71080E-06 1.72653E-01 -8.28Y425E-06
_ CH20 1.33469E-10 1.34696E-05 -2.37079E-09
H2 7.34750E-08 7.41503E203 -5.20299E-07
HO?2 4.36117E~-11 4.40125E-06 - ‘ 2.01865E-10
: HCO 1.42281E~15 1.43588E-10 -4,73925E~12
N2 7.30343E-06 7.37055E-01 0.
REACTION  NET REACTION CONVERSION RATE NET RATE/POSI-
'NUMBER (MOLE-CM**3/GM*¥*2/SEC) | TIVE DIR RATE
1 ~1.31585E+01 9.99384E-01
2 1.18085E+02 9.37433E~01
.3 7.19961E-05 - 1.00000E+00"
i 4.08878E+01 . 9.99871E-01 .
5 5.71570E+00 ' 9.99684E-01
6 6.76485E+01 1.00000E+00
7 =i, T5041E+01 5.52131E-01
8 1.23302E+01 . 9.99181E-01 .
.9 +  3.51321E-02 -~ a_ 9.76272E-01 ™
10 1.10278E-01 \\\97420365—01
"N 1. 9.99634E-01

63938E+00

.-

e

. :
v ’, T " [ ﬂ‘,u [
l 1
* -
I b e P W .

MOLE FRACTION,/ NET SPECIES PRODUCTION RATE

~
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oy o DETAILED KINETIC CALCULATION
» ';ﬂ v

12
13
14
15
16
17
18

19

20
21
22
23

25

+ 26

27
28

29

- 30

4

2.52152E+01

1.24586§-07

.6.11012E-01
5.63016E-02
8.52567E-01
4.03375E-02

~«1.68063E-05

1.89340E-05
2.86989E-05
1.70930E-04
9.49033E-01
3.90210E-01
1.46U495E~01
1.02751E-01
2.31773E-07
1.53920E-07
2.58984E+01

-4 .08541E-01 ~

6.73415E+01

9.71997E-01
9.98625E-01
1.00000E+00

9.99981E-01 °

9.99999E-~01
1.00000E+00
1.00000E+00

9.99979E-01.

9.99249E-01
4.54268E-01
9.87051E-01
1.00000E+00

1.00000E+00 -

9.98377E-01 -
9.99961E-01

9.99999E-01
9.86916E-01
9

-99990E-01

181 |
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DETA;LED'KINETIC CALCULATION

;

o

182

TIME 1.10333E+00 SEC” AREA 2.49603E+01 SQ CM POSITION 3.31000E+01. CM
¢ . ‘ ) ‘ :

PRESSURE, ATM 1.00000
DENSITY, GM/CM*¥3 2.68264E-04
TEMPERATURE, K - . 1261.40
ENTROPY, CAL/GM-K 2.1210
GAMMA 1.2996

ENTHALPY, CAL/GM 1.57T716E+02
GIBBS F E, CAL/GM -2.51766E+03

! 3

- SPECIES CONCENTRATION MOLE FRACTION

(MOLES/ CM**3)

CHY 3.00016E-07
CH3 2.19612E-09
H 9.58965E-12
OH 1.45087E=~11
H20 - 3.36781E-07
co © 1.94853E-07
0 3.70276E-12
co2 7.41639E-09
02 1.63358E-06
CH20 1.22019E-10
H2 6.89442E-08
HO2 4.33876E-11
HCO 1.94933E-15
N2 . T.10929E-06

3.10792E-02
2.27500E-04
9.93410E~07
1.50299E-06
3.48877E-02
2.01851E-02°
3.83576E-07
7.68278E-04
1.69225E-01
1.26816E-05
7.14205E-03
4, 49460E-06 -
'2.01935E-10
7.36465E-01

~7.06572E-06
1.77178E-07
-1.450U8E-09
1.80715E-08
1.49595E-05
6.18450E-06

> 1.32U86E-09

‘7.09209E-07
-1712887E-05
~-5:13764E-09
~-1.09715E-06
"2-99383E'11

0.

| . 4 4 ,
REACTION ~ NET REACTION CONVERSION RATE NET RATE/POSI-

NUMBER . (MOLE-CM* %3 /GM¥ %2 /SEC)
~1.7T094E+01
! © 1.69250E+02
. 9.85603E-05
. 6.11026E+01
9.85476E+00
9.4697UE+01
“7.00608E+01
1.67021E+01
4,23202E-02
~ 1.45013E-01

' 2.27247E+00

SOV =WN —

-

TIVE DIR RATE
9.98913E-01
9.22651E-01
1-.00000E+00
§.99838E-01
'9.99577E~01
1.00000E+00

. 5.60422E-01
9.98743E-01 -
9,067625E~81
9023588E'01
9099"“75701

" NET SPECIES PRObUCTION RATE
{MOLE/ CM**3/SEC)
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DETAILED KINETIC CALCULQT[ON

v
o

3.76135E+01
1.95100E-07
1.02287E+00
T.23581E-02
1.18"66E+p0
5.08658E-02
3.11280E-05
3.92983E-05
5.18923E-05
3.51845E-04
1.30783E+00
5.23368E-01
1.94444E-01
1.33937E-01
3.48980E-01
2.69753E~07

4.07153E+01
~7.21013E-01

9.44837E+01

9

A

9.65999E-01
9.97526E-01 -
1.00000E+00
9.99975E-01 -
9.99999E-01
1.00000E+00
9.99999E-01
9.99962E-01
9.98870E-01
5.43089E-01
9.85207E-01
1.00000E+00;
1.00000E+00
9.99958E~01
9.97402£-01
9.99916E-01
9.99999E-01
9.83743E-01
9.99989E~01

" 183
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DETAILED KINETIC CALCULATION . . e 184

¢

TIME 1.10667E+00 SEC AREA 2.59484E+01 SQ CM POSITION 3.32000E+01 CM

e
-

PRESSURE, ATM
DENSITY, GM/CM**3 2_58049E-04

1.00000°

TEMPERATURE, K 1309.71 ‘
ENTROPY, CAL/GM-K 2.1352 .
GAMMA 1.2978
ENTHALPY, CAL/GM 1.57636E+02

GIBBS‘F E, CAL/GM -2.63881E+03

SPECIES ~ CONCENTRATION - MOLE FRACTION

- r et e AR 22
o

T.35703E-01

REACTION . NET REACTION CONVERSION RATE NET RATE/POSI-

NET SPECIES PRODUCTION RATE
(MOLES/CM*%*3) : (MOLE/CM**3/SEC)
CHY 2.60476E-07 '2.80223E-02 ~~1.05194E-05
CH3 2.98352E-09 ° 3.20970E-0H 3.71379E-07
H . 1.27889E-11 1.375B4E-06 4.87086E-10
/ OH 2.40841E-11 2.59100E-06 9.08454E-09
‘H20 “3.84108E-07 4.,13228E-02 2.26975E-05
co 2.11438E-07 2.2TU68E-02 - 8.76271E-06,
o - 4,94558E-12 * 5.32052E-07 6.76363E-10
- €02 1.03841E-08 ~ ° 1.11714E-03 . 1.39025E-06
02 1.52604E-06 1.641TUE-D1 -1,71232E-05
CH20 '1,0T463E-10 1.15610E-05 -4.92021E~09
H2 6.10958E-08 6.5727TE-03 ~-2.21584E-06
© HO2 . 4 .32445E-11 "4 ,65230E-06 4.52146E-10
HCO 3.01076E-15 » 3.23902E-10 _ -9.01503E~-12
N2 6.83858E-06 0.

L NUMBER (MOLE-CM* *3/GM* ¥2/SEC) TIVE DIR RATE
. B . -2.60000E+01 9.97545E-01
2 2.75786E+02 8.97204E-01
3. 1.48719E=0U 1.00000E+00.
4 : 1.09751E+02 9.99773E-01
: 5 - 2.08779E+01 9.99385E-0
3 6 1.50332E+02 1.00000E+00
) 7 -1.16730E+02 5.T1449E-01
; 8 2.49188E+01 9.97659E-01
i 9 LI 5.29912E~02 + 9,48360E-01
: 10 / 2.06479E-01 8.89061E-01
1 . 3. 44112E+00 9.98997E£-01

»

- .
P
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DETALLED KINETIC CALCULATION

-t

12

13
14
15

16,

17
18
19
20

21

23
24
25
26

27.

28
29

. 30

Top e

{

6.38488E+01

3.4664UE-0OT .
2.06540E+00 °

9.96059E-02
1.86564E+00
6.89374E-02
"7.25861E-05
'1.08885E-04
1.15419E-0U
9.03632E-04
2.03312E+00
7.TU146E-01
2.83U81E-01
1.92685E-01
6.22575E-01

5.76356E-07

T37894E+01

:—1.SU763E+00

1.50438E+02

]

e

9.55947E-01

9.94271E~01

1.00000E+00 -

9.99965E-01

.1.00000E+00

9.99998E-01
9.99913E-01
9.98026E-01
6.55394E-0"
9.82205E-01

1.00000E+00 .

9.99999E-01
9.99889E-01

9.95113E-01,

9.99T7UBE-01
9.77231E-01

9.99988E-01"

—
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V" -  DETAILED“KINETIC CALCULATION -

2 . $
-
¥

3

-

PRESSURE, ATM

g ~1.00000

- \"g DENSITY, GM/CM**3 2.06561E-04
' TEMPERATURE, K 1626.87

* . | ENTROPY, CAL/GM-K 2.2128
.. GAMMA™ . 1.2880

ENTHALPY, CAL/GM 1.56751E402

GIBBS F E, CAL/GM -3.44324E+03 * |

. SPECIES CONCENTRATION  MOLE FRACTION
(MOLES/ CM¥**3) :
CHY 7.11362E-08 9.524528-03
CH3 1.02785E-08 1.37621E-03
. H 4,27506E-11 5.772393E-06
, OH 8.90221E-10 5.22471E-05
H20 6.00593E-07 , -8.04142E-02
co 2.51634E-07 3.36916E-02
0 - 1.92786E-11 2.58123E-06
co2 5.54542E-08 T.42484E-03
02 9.86494E-07 1.32083E-01
CH20 3.81705E-11 5.11070E-06
o . H2 - 1.85275E-08 . 2.48066E-03
HO?2 3.36841E-11 4.,51001E-06"
HCO 2.56157E-14 3.42972E-09
N2 5.47411E-06 . 7.32935E-01
. - . ?
‘ REACTION  NET REACTION CONVERSION RATE
NUMBER (MOLE-CM*¥3/GM¥**¥2/SEC)
1 , £9,11968E+01 y
2 1.93194E+03 ’
3 8. 4514 1E-0Y
- 1.24280E+03
5 . 9.65001E+02
6 . 1.09972E+03
7 -7.08615E+02
8 . 9.12316E+01 -
9 . 5.34509E-02
10’ 4.07976E-01
© 11 1.48163E+01

[N

NE
T

WWWWO = OO0

186

’F'TIME 1.11333E+00 SEG- AREA 3{24163E*01rSQ CM POSITION 3.34000E+01 CM

S
N
. \

s 7

NEJ SPECIES PRODUCTION RATE
(MOLE/ CM*¥3/SEC)
- =5.21976E-05
-13195E-06
.67UUSE=09
-90097E-07
.09268E~-0Y
.90621E-06 -
.89941E~08
. 11T43E-05
-1.00152E-04
-1.45927E-08
-9.95064E-06
-6.53366E-09
-2.57851E-10

I e ] = IO

-

T RATE/POSI-
IVE DIR RATE
.46912E-01
.27369E-01
.99953E-01
.98022E-01 '
.96922E-0D1
.00000E+00
.06317E-01
.00085E-01
.80285E-01
.72515E-01
.60665E-01

hd
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. DETAILED KINETIC CALCULATION

! B IJ

£

~

12 ‘ _6,.1135%3E+02
.13 Y 2..4036U4E-06
L 5.02353E+01
AT15 " 2.90854E-01
16, 7 1.67559E+01
17 , ' 2.09772E-01 -~
18 . 4.83983E-03
19 | @ © 2.33547E-02
20 . . 5.02504E-03
21 " 5.80707E-02
22 ] C1.71713E401
23, 3.65047E+00
24/ ..+ 1. 24059E+00
25 8.90635E-01
© 26 Ct 1.11882E+Q1
27 2.39286E-05
° 28 / +.0U245E+03
29 . -4 .37635E+01
30 1.13304E+03
. pd
¢
! /
»
. {
N N
- . ‘
N v o

6.11138E-01
1.00000E%00
9.99772E-01
9.99967E-01
9.99991E~01
9.99172E-01
9.96912E-01
9.78947E-01
9.45859E~-01
9..66448E-01
9.99951E-01
9.99818E~01
9,75318E-01

 9.07949E-01 -
.9, 42055E-01

9.84704E-01
7.31866E~01
9.99988E~-01

v

. 8.53302E-01"

187 -
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’T;ME 1.11080£4+00 ' SEC

ENTHALPYr TCAL/GM  1.56410E+02
GIBBS F E, CAL/GM -3.75531E+03

-
',

'PRESSURE, ATM . 1.00000
. DENSITY, GM/CM¥*3  1.92084E-01
TEMPERATURE, K 1750.38
ENTROPY, CAL/GM-K 2.2348
GAMMA - 1.2839

}.

AREA 3.48596E+01 SQ CM_ POSITION 3+33200E+01 CM/

”

H

| Ve

NET SPECTES PRODUCTION RATE
(MOLE/ CM**#3/5SEC)

~5.63792E-05 -
~1.48906E-06
4.24175E-08
3¢21180E-06
1.25488E-04
, ~5.66032E-05
/ 1.64559E-07
, 1. 1448UE-0U
. ~1.50593E=04
/ -1.16995E-08
. -1.21031E-05
-1.49665E-08
-1.145T6E-09

SPECIES CONCENTRATION  MOLE FRACTION
(MOLES/ CM¥**73) ‘

CHY 2.97390E-08 4.28682E-03
- CH3 1.11382E-08 1.60555E-03
H ©6.39111E-11 9.21266E-06
oH 1.07708E-09 1.55260E-0U

H20 6.35727E-07 9.16389E-08 -
co 2.24016E-07. 3.22915E-02
0 3.32281E-11 4.789T7E-06
co2 9.639U0E-08 1.38950E-02
02 8.38549E-07 1.20875E-01
CH20 2.11665E-11 3.05112E-06
‘f H2 1.01005E-08 1.45596E-03
, HO2 2.44685E-11 3.52709E-06
/ HCO o ,52216E-14 6.51861E-09
: N2 5.09043E-06 7.33775E-01

<

REACTION

+ NUMBER

=L OOUWOO~NOWN W=

-t b

-8.

f

]
- =3 O\O\—lw!\.)-h(\.)

0.

NET REACTION CONVERSION RQTE
(MOLE-CM**3/GM¥**2/SEC)

00937E+01

.23611E+03
.36870E-03
.62049E+03
. 10288£+03
.45510E+03
.94698E+02
.64352E401
.65339E-03
.67220E-02
.83013E+01

NET RATE/POSI-
TIVE DIR RATE
6.10986E-01
4.88322E-01
9.99196E-01
9.94TTTE-01
9.94 74 TE-01
1.00000E+00
5.80879E-01
6.06375E-01
1.94600E-02

U TULUE-02
. 8.%5023E-01 ,

e



\

DETAILED KINETIC CALCULATION

12 -

13
14
15
16 §

18 -
19 .

21
22

2
25
26
27
28,

30

\

\

-

S

1.15394E+03
6.30374E-07
1.13312E402
3.21516E-01
2.965T0E+01
2.56162E-01
1.84535E-02
1.31227E-01
1.52320E-02
1.71266E-01

2.99295E+01 -

4 :78394E+00
1.59076E+00
1.11569E+00
2.27T17TE+01
7.78229E-05
2.37479E+03
~4.33892E+01
-1.53850E+93

-

4

4

7 /85545E-01
7.18350E-02
1.00000E+00
9.99633E-01
9.99921E-01
9.99940E=01
9.95424E-01

9.94051E-01 |

9.72262E-01
9.70115E-01
9.70697E-01
9.99184E-01
9.989Y40E-01

8.43835E-01

7.97000E-0T

8.00950E-01"

8. U687THE-O1
2.30717E-01

9.99989E-01"

/

189



i

3

TIME 1.11433E400 SEC AREA 3.67423E+01 SQ CM

DETAILED KINETIC CALCULATION

)

ATM .

t

4

1.00000

PRESSURE,

DENSITY, GM/CM**3 1.82241E-04 .
TEMPERATURE, K . 184948

ENTROPY, CAL/GM-K ° 2.2480

GAMMA : 1.2801

ENTHALPY, CAL/GM. 1.56210E+02

GIBBS F E, CAL/GM -4.00144E+03

SPECIES

CONCENTRATION  MOLE FRACTION
- (MOLES/ CM**3)

. CHUl 1.1TO40E-08 .1.78324E-03
., CH3. 8.91839E-09 1.35882E-03 |,
H 8.32386E-11 1.2682U4E-05

~ OH '2.23673E-09 3.40793E-04
H20° 6.41972E-07 9.78122E-02
co 1.79566E-07 2.73591E-02
0 © 7.49812E-11 1. 142U43E-05
c02 1.42594E-07 2.17260E-02
02 . 7.40897E-07 1.12885E-01
CH20 1.11925E-11 1.70532E-06
H2 '5.65131E-09 8.61045E-04.
HO2 ' 1.72880E-11 2.63404E-06
HCO 5.54956E-14 8.45543E-09
N2 4},82958E-06 7.35856E-01
REACTION - NET' REACTION CONVERSTON RATE -
NUMBER (MOLE~-CM* *3/GM* *2/ SEC)
1 ! -2.96399E+01
2 1.62911E+03
3 2.56328E-03
l o 1,28201TE+03
‘ 5 - 6.25030E+03
6 1.33276E+03
7 ~4.17017E+02 -
8 3.7T3661E+01
9 -5.22001E-02
10 % -3.65T07E-01 -
11 2.45280E+01

"y

J

POSITION 3.34300E+01°

¢

1. 40799E06
5.34021E-06

1.06136E-04 "
~1:55555E-04
© 2.31328E-06

.2
-1

-1
-1
-4

0.

.07583E-04
.86700E-0U
2.

85278E-08

. 11958E~05
.21931E-08"
.84515E-09

NET RATE/POSI-

TIVE DIR RATE

2.64639E-01
3.62922E-01
9.95555E-01
9.83352E-01
9.91515E-01
1.,00000E+00
5.19802E-01
2.87684UE- 01
1.89257E-01"
1..9455U4E-01
6.57947E-01

"

NET SPECIES PRODUCTION RATE
" (MOLE/CM**¥3/SEC)

-1, 05122E-05

*1.15397E-05
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DETANILED KINETIC CAﬁCULATlON

[}

{

12

13

14
15
16
17
18
19

21
22
23
24
25
26
27
28
29,

30

20

~s

- AN = () e = U NN L VL LI N N = e

~42510E+03
86792E-06
.34519E+02
.T2938E-~0D1
.61769E+01
.64303E-01
.00737E=02
.70170E-01
.6GU466E-02
.99245E-01
.62036E+01-

.01103E+00Q
.64261E+0
.34732E+0 '

.88833E+01
.31497E-0H4
.99072E+03
LBUS3UE+01
.52960E+03

6.94076E-01
3.46990E-01
1.00000E+00
9.99539E-01
9.99859E-01
9.99842E-01
9.89288E-01
9.90420E-01
. 9.68684E~01
9.7955E-01
9.74TP6E-01
9.92930E-01
9.9367TE-01
5.75325E-01

6.20181E-01 .

5.31517E-01
4.76190E-01

1.05625E-01
9.99991E-01

191
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"DETAILED KINETIC CALCULATION / . 192

S
, ' \ 14

TIME 1.11467E+00,SEC “AREA 3.92951E+01 SQ CM POSITION 3,3U400E+01 CM

-

. ¥ o . ‘,f\’\-\" ‘ ‘7
PRESSURE, ATM 1.00000 - L
DENSITY, GM/CM**3 1.70401E-OU : e
TEMPERATURE, K 1989.68 . :
ROPY, CAL/GM-K ° 2.2611 ‘ «
' GAMMA - - 1.2740 C- ?

ENTHALPY, €AL/GM  1.55950E+02 oL .
+ GIBBS .F E, "CAL/GM -4.3U4284E+03 - :

1 , . - °

. .. - . , w
\ ' ) \ ‘/ ' %
SPECIES CONCENTRATION ~ MOLE SRACTION  NET SPECIES PRODUCTION RATE
) _(MOLES/CM**3) (MOLE/CM**3/SEC)
o CHI 1.51837E-09 2.48993E-04 -1.41881E-05
B CH3_ . 3.16364E-09 5.18797E-0U -2.23975E-05
" H 1.35455E-10 2.22129E-05 1.83285E-05
OH 6.58228E-09/ ©  1.07941E-03 - . 1.0687T9E-05 -
H20 6.27661E 1..02929E-01 ° 5.46997E-05
co 9.293U5E-08 1.52401E-02 -3.11638E-04
0 5.37460E-10 .\8.81368E-05 "2.50543E-05
© CO2 2.22904E-07 3.65535E-02 . 3.U8514E-01
02 8.24506E-07 1.02411E-01 . -2.37766E-04
cH20 . 4.08A03E-12 6.70058E-07 - . -2.82081E-07
H2 ,{ 2.23755E-09-  3.66930E«0U .. -6.94673E-06
HO2 1.10386E-11 1.81019E-06 -4 .89734E-09
~ HCO 6.81610E-14 1.11775E-08 f -8.33203E-09.
N2 4:51583E-06 7.40540E-01 0.
. t . /
_ REACTION  MET REACTION CONVERSION RATE NET RATE/POSI-
\ NUMBER (MOLE-CM* ¥3/GM* *2 /SEC) TIVE DIR RATE
1 ‘ " 1.12506E+01 1.81862E-01
2 4 .90594E+02 2.27550E~01
3 9.67T43E-03 9.79932E-01
©g 7.63001E+03 8.10908E-01
T 5 1.20025E40MN 9.78662E-01
L6 . 5.5144UE+02 1.00000E+00
7 -5.32U470E+01 2.799U4E-01
8 §.00306E+01 2.30556E-01
‘ 9 -1.27676E-01 2.85322E-01
10 -3.98435E-01 1.75705E-01
11 ‘ 4.45957E-01

(

_6.8915§ +01
N .



W

DETATLED KINETIC CALCULATION

1.34080E+03

,, 12

13 =2.70157E-05
14 - 7.08535E+02
15 , 2.12050E-01
16 © - 4.44478E+01
17 D 1.19007E+00
18 ' ‘ © 6.5T423E-01

19 . 1.52948E4+00
200 6.2U4355E-02
21 . 5.68640E~01
22 : ° 4,33189E+01
23 5.43878E400
24 1.74690E+00 "
25 , 4,01929E400
26 3.25534E401
27 6.07502E-05
28 5.91769E+03
29 “ -2.78545E+01
30 - 1.22384E403

¥

<

4.43792E-01
4,10895E-01
1,00000E+00
9.99494E-01
9.99719E-01
9.99720E-01

.9.89909E-01"

9.89870E-01
9.89271E-0.1
9.84987E-01
8.72903E-01

- 8.72407E-01

3:27858E-01
3.25932E-01

5.58437E~02 "
5.95178E-02 -

a 3-891 uSE"O3
9"- ggggSEl"O“

193
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Y DETAIIFD \ TION 191
\TIME 1. 1sooa+oo SEC  AREA -b. 11ou95+o1 SQ CM posxrfon 3 3usooa+o1 CM
PRESSURE ATM 1.00000 ’

DENSITY, GM/CM**3 {1 _B2899E-0U _ ,
-TEMPERATURE K 2094 .17 '
.ENTROPY, CAL/GM-K 2.2664
GAMMA * 1.2691 .
ENTHALPY,\CAL/GM 1.55860E+02 -
GIBBS F E, CAL/GM -4.590U4E+03
. 1
R ) ~ ]
i SPECIES' CONCENTRATION - MOLE FRACTION  NET SPECIFS PRODUCTION RATE
N (MOLES/ CM*#*3) o (MOLE/CM**3/SEC)
CHY 1.87021E~12 3.22850E-07 . -4 T8379E~-0§
CH3 1 7 70382E-12 1.-32980E-06 -2.07123E-07
H | 2.168B3E-10 4,.26187E-05 1.21222E-05
oH 1.47485E-08 2.54599E-03 ; ~3.26380E-06
H20 | 6.04133E-07 1.04290E-01 ~-4.20936E-06
co | 1.17206E-08 2.02329E-03 -8.22826E-05
0 . 2.26276E-09 3.90615E-04 1.44661E-05
ce2 2.94682E-07, 5.08703E-02 8.25138E-05
02 5.46828E-07 9.43976E-02 -u.u89775-og
"' CH20 1.85650E~14 3.20482E-09 -5.89155E-0
H2 » 1.17523E 09 2.02877E-04 1.91647E-0T a
HO2 7.91087E-12 1.21027E-06 1.84905E~09 .
. - HCO v 8.72103E-16 1.50549E-10 -3.50188E-<10 ,
: N2 ~ 4,31700E-06 7.45234E-01 0. .
| .
W l",
. . ‘ Ji . 2 > —
.. ! ﬂl' . . /'” \
REACTION NET REACTIOM CONVERSION RATE NET RATE/POSI-
NUMBER (MOLE-CM* ¥3/GM* *2/SEC) TIVE DIR RATE (
. oo 5.01789E-02 2.07587E-01 -
2 1.4237TE+00 2.05389E-01
3 4,08241E-03 7.630U4E-01
. 4 1.68954E+03 8.32971E-02
5 ) 3.11062E403 7.62743E-01 . =
6 1.105835E+00 1.00000E+00
N '8.99358E-02 2.05320E-01 *
8 2.388T0E=-01 2.08590E-01
9 N - 2.93654E-0M 5.60504E-04 .
. 10 ,-8.30860E-0D3 3.41062E-03 .
1) 1.81254E+00 4,11413E-03
Iy oS
\ .
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DETAILED KINETIC CALCULAT PN

)

12
13
©14
15
16

17

18

" 19
20

21

22
\23
21
.25
26

27

28

29
30

O =02 NN EE=2TWNDENNOWW

.5TO17E-01 .
.63012E-07
. 14975E400
.10517E-03
.95027E-01
.63827TE-02
U4T7526E~02
.05968E~02
.35912E-03
.14980E-03
.51853E-01
.79330§-01
.0608g§L01
.53212E-02
.19962E-01
. 1562 4E%05
.13673E+02
.60631E+02
.30661E4+D0

e .

Vs

N VO IZ=NW00OROEOPOOW =N

.59734E-05
B5171E-03
.000DOE+00
.99500E-01
.99501E-01
+99503E~01
.38210E-01
.37556E-01
.37542E-01
.38005E-01
.38096E-01
.39442E-02
.02389E~02
.05926E-04
.32493E-03
.T6597E-03
.26603E-03
.02851E-0%
.99919E=01

195

~
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\

DETACLED KINET(CY CALCULAT(ON

)

14

TIME 1.11527E400 SEC AREA 4.12558E+01°SQ CM POSITION 3.34581E+01

]

|
PRESSURE, ATM

DENSITY, GM/CH%¥¥3 1

PTEMPERATURE, K 2103.20
ENTROPY, CAL/GM-K 2.2665
GAMMA Lol 1. 2687
ENTHALPY, CAL/GM . 1.55859E+02
GIBBS F E, CAL/GM -4.61111E+03

4

.62303E-04

0

SPECIES CONCENTRATION  MOLE FRACTION
(MOLES/ CM*%3)
CHY 4.61067E-20 7.99364E-15
CH3 5.73539E-20 9.94359E-15
H 2.63527E-10 4 ,5688U4E~-05
OH ,1.55971E-08 2.70411E-03
H20 . 6.01451E-07 1.04275E-01
co 3.53975E-09 6.13694E-04
0 2.48850E-09 4.31438E-04
co?2 3.01752E-07 5.23155E-02
02 5.40417E-07 ~9.36935E-02
CH20 4,63908E-19 8.0U4288E-11U
H2 1.19875E-09 2.07831E-04
HO?2 7.05339E-12 1.22286E-06
HCO 4,49035E-17 7.78503E-12
N2 . '4.30121E-06 . 7.457T12E-01-
REACTION  NET 'REACTION CONVERSION RATE
NUMBER EMOLE-CM¥*3/GM**2/SEC)
o1 5.00575E-09 '
2 1.40999E-07
3 3.03306F-04
y 1.21308E+02
5 2.24859E+02
6 1.09210E-08
7 . 9.14571E-09
"8 2.43993E-08
9 1.07321E-04
10 -3.98653E-04
11 3.47169E-02

[0, I T RIS K Vo RN, SR I

(MOLE/ CM**3/SEC)
-4.73080E-15
2.66870E-15
.7T1885E-08
6.13130E-07
.59T76E-07
.92330E~-06
2.17682E-07
5.92330E~06
LA972U4E-06
.16818E-16
2.45822E-08
6.84150E-11
.13012E-13

4]

NET RATE/POSI-
TIVE DIR RATE

.T0543E-01

.TO504E-01 |

LTOUNTE-01

.53192E-03

.70355E-01

99999E-01
.T0553E~01
.T0569E-01,,
.93796E-0N"
.51U455E-01
.B7963E-05

196

CM

NET SPECIEé PRODUCTION RATE



{

DETAILED KINETIC CALCULATIJON

_S s a NN IZWNOYOND

| | S
- - OO0 OV

.68298E-01
.12335E-09
.73600E-08
.T1693E-11
.46906E-09
.00291E-10
.01635E-07
.2UT91E-0T.
44227E-09
.34692E-08
.62922E-06
.78076E=-02
43766E-02
.30514E-03
.09656E-02
.00608E-07
.0038UE+02
.26128E+01
.09188E-07

e

\

=L LW OOUI NI =N a0 iD= SN -

.133975-03
.23169E-0
.99999E-01
.T6458E-0U
.63117E-04
J45222E-04
. 484 85E-05
.97347E-04
.60533E-05
.62940E-05

.67506E-04
.44971E-03,
.+ 16899E-03 .

.26646E-05
.6U820E-04

.
.

71057E-04

1.11110E-04
' 2.82179E-04

4.50176E-04

197

e et e e e
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DETAILED KINETIC CALCULATION . A ¢ . | T 198

L]
a -
v o~ .
{

TIME 1.11543E+00 SEC AREA 4.12645E+01 SQ CM POSITION-3.34629E+01 CM

PRESSURE, ATM 1.00000

DENSITY, GM/CM*¥*3 " 1,62269E-0U4 : {
TEMPERATURE, K- 2103.72, ~ . . J—
ENTROPY, CAL/GM-K . .2.2665 , : o

GAMMA 1.2686 S | ..
ENTHALPY, CAL/GM  1.55859E+02 - ‘

GIBBS F E, CAL/GM -4.61230E+03 ' IS

4

.SPECIES CONCENTRATI&N MOLE FRACTION NET SPECIES PRODUCTION RATE °

(MOLES/CM%%3) (MOLE7 CM* %3 /SEC)
CHYU 1.83111E-24 - 3.17544E-19 : -1.08505E-19
CH3 5.53992E-24 9.60708E~19 -9.0U4078E-30 :
H *  2.6U531E-10 4 .58738E~05 4.29099E-09 \
OH 1.5646U4E-08 2.71333E-03, 1.29393E-07
H20 6.01295E-07 1.04274E~01 -7.17891E-08 . =
B ofo) 3.06580E-09 5.3165TE~0U . =1.17823E-06
"0 2.50183E-09 4.33857E-04 3.62103E-08 :
c02 3.02161E-07 5:23995E-02 . 1.17823E-06
02’ 5.40048E-07 9.36527TE~02 ’ -6.36037E-07
CH20 N,02247E-19 .6.97560E-114 -1.58282E-16
H2 1.20048E-09 2.08181E-04 : 4.94071E-09
.HO2 " 7.05709E-12 1.22381E-06 ©1.31049E-11
HCO 3.90083E-17 - 6.76465E-12 . -1.61793E~14
N2 4.30031E-06 T.45TUQE-01. : 0. ,

REACT [ON NéT REACTION CONVERSION RATE NET RATE/POSI-

NUMBER (MOLE-CM**3/GM* %2 /SEC) TIVE-DIR RATE :
1 1.15901E-13 4., H3251E-01 .
2 © " 3.2337UE~12 4 43238E-01 N
3 6.04485E-05 3.90093E-02".
4 2.N1124E+01 - 1.09597E-03 .
5 4. N7TUGEE+O1 3.89880E-02
6 1.04887E~12 9.93982E-01
(o 2.10089E~13 B, 43256E-01 @
8 5.61035E-13 4.43263E-01 ©
, 9 2.14010E-05 3.85204E=05
10 s =T7.83105E-05 2.96106E-05
AR " 1.32956E-05

6.76315E-03

/‘0



_DETAILED KINETIC CALCULATION.

18 v,

25’:: —

. =
e
i
{

)

' —1.94U479E-01

1.29813E-09
:6.50538E-12
1.90060E-12
-5.02446E-11
3.30189E-11:
*2.61010E208
=1.00529E-07
-5 T0994E-11
-4 ,29470E-09
6.93218E-07
9.51765EL03
' 2.86122E~03
-6.56396E-04
-1.21198E-02 '
4 .5B89BE-07
2.02412E+01
-2.52265E4+00
6.03407E-09

/\

plg

<

4.26397E-05

"8.91003E~06

9.93976E-~01
3.82606E-05

4.37933E-06

. 5.15556E-05

1.25671E~05
4.33682E-05

7.28513E~07

9.63854E-06
2.88821E-05
1.07967E-03

“. 1.02379E~03

1.63153E~05
7.22491E-05
3.37300E-05
2.22055E-05

- 5.59348E-05

2.86223E~05

A
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DETAIDEE KINETIC CALCULATION

200

TIME 1.11600E+00 SEC AREA 4.12668E+401 SQ CM  POSITION 3.34800E+01 CM

"PRESSURE, ATM

v DENSITY, GM/CM**3

Y TEMPERATURE, K

ENTROPY, CAL/GM-K
GAMMA ’
ENTHALPY,

CAL/GM

1.00000 .

1.62260E-04

2103.85
2.2665
1.2686

1.55859E402

GIBBS F E, CAL/GM -4.61261E+403

SPECIES

CONCENTRATION

-

J

\

NET SPECIES PRODUCTION RAfE
(MOLE/CM* ¥3/SEC)

-4, 93054E-24
-5.6338BE-23
-1.18811E-10
-6.79037E-09
3.71020E-09
6.08685E-08
.~1.76629E-09
~-6.08685E-08
3.28582E-08
7.85474E~18
~2 .55276E~10
-6 .58010E~13
7.43022E~16
0.

4

NET RATE/POSI- ~

--3.49598E—0

MOLE FRACTION
(MOLES/ CM¥*¥3) \
CHY . 6.2U585E-27 1.08320E-21
CH3 . 3.37612E-26 5.85510E-21 -
" H 2.64793E~10 - 1.59222E~05
OH " 1.56593E-08 2.71573E-03
H20 6.01254E~07 1.08274E-01
co 2.94259E-09 5.10323E-04
0 2.50530E-09 . 34U8YE-0Y
CO2 ' - " 3.02268E-07 5.24213E-02
02 5.39952E-07 9,36421E-02
CH20 3.86227E-19 6.69820E~14
H2 1.20093E-09 2.08273E-04"
HO2 7.05805E-12 1.22406E-06
HCO 3.74702E-17 ' 6.49833E-12
N2 %.30007E-06 T.45747E-01
" REACTION  NET REACTION CONVERSION RATE
NUMBER (MOLE-CM¥¥3 /GM¥**2/SEC)
1 5.26746E-18
2 . 1.46957E-16
3 -3.12438E-06
y -1.24735E400
5 -2.31190E+00
6 3.22411E-16
7 & 9.54THTE-18
8  2.54992E-17
. 9 © -1.10656E-06
10" " 4,04361E-06
. 11

2,09220E-03
.01318E-02
5.89715E-03
5.89647E-03,

- 1.99005E-06

1.52707E-06 ' ' -

©6.858L6E-07
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DETAILED KINETIC CALCULATION,/ )

4

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

-1
-1

-4
-1

-1

\\
Y

/

s

-

1.00U95E-02
.00472E-15
-9,
.63450E-12 _
.6B63TE-12 -
. 13660E-09
.16467E-09
.82010E-12
.48327E-10
-3.
.91785E-04
.47831E-04
.38991E-05
.25907E-0Ql
8.
.04970E+00
.30393E-01
-2.

75853E-11
80012E~-14-

25068E-08

19869E-09

98186E-10

.\-

o

S SWRUIMT_UT=NVNIN~-~0N &N

.20042E-06
.62981E-07
.01855E-02
.05218E-06
.48236E-07
.73802E-06

.68822E-07,
.31744E-06

< 17024E-07

.80004E-0Q7-

-U41005E-06

.57138E-05

.28277E-05

<U41228E-07 |

.T2TU9E-06

.T3TU4UE-06

14883E~06

2°.88626E-06
1.47218E-06

A

201
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N

DETAILED KINET[C'CALCULATION

/7

202

7

TIME. 1.11633E+00 SEC AREA 4.32667E+01 35Q CM  POSITION 3.34900E+01 CM'

1.00000

PRESSURE, ATM

DENSITY, GM/CM*%*3 1,62260E-0U
TEMPERATURE, K 2103.85
ENTROPY, CAL/GM-K 2.2665
GAMMA 1.2686

ENTHALPY, CAL/GM  1.55859E4+02
GIBBS'F E, CAL/GM -4.61260E+03

]
SPECIES CONCENTRATION  MOLE FRACTION
‘ ’ (MOLES/ CM*¥3) .
CHY 5.968U48E-27 1.03509E-21
CH3 3.23385E-26 5.60835E-21
H 2.64786E-10 . 4.59208E-05
OH 1.56589E-08 .  2.71567E-03
H20 6.01256E-07 . 1.0U4274E-01
CO*- 2.94608E-09 ' 5.10927E-04
0 2.50521E-09 4,34469E-04
cOo2 3.02265E-07 5.24207E-02
02 5.39955E-07 9.36U24E-Q2
CH20 3.86681E-19 6.70606E-14
H2 1.20092E-09 2.08270E-04
HO? 7.05803E-12 1.22405E-06
HCO | 3.75138E-17 6.50588E-12
N2 4,30008E-06 . 7.45THTE-01
REACTION  NET REACTION CONVERSION RATE NET RATE/POSI-
NUMBER * (MOLE~-CM**3/CM* %2 /SEC)
1 . 3.00518E-18
.2 8.38357E-17
3 -1.32088E-06
4 -5.27362E-01
5 ~9,77405E-01
6 4, H4523BE-17
7 5.04713E-18
8 1.45485E-17
9 -4.67903E-07
10 1.70298E-06
11 =1.46787E-04

T

(WS VNI o~ S Ho - RUS RPN

8
6

S 2

NET SPECIES ,PRODUCTION RATE.-
(MOLE/ CM**3/SEC)
-2.81283E-24 /
~5.66409E-24
~3.N5844E-11
-2 .88785E~09
1.56962E-09
2.57335E-08
-7.31672E-10

1.38920E-08
3.27620E~-18
~1.08265E-10
-2.82053E-13
3.00863E-16 /-
0. -

\ o

.85052E-04

.39122E-05 -
.84566E-04 .
,22762E-03

.52101E-03

.52072E-03 '

/H1506E-0T.

.87986E-07

-

[VE DIR RATE
.52120E-03
.52191E-03



| )

DETAILED KINETIC CALCULATION

12

13 -
14
15
16
17
18

19

20

22
23
24
25
26.
27

28

- 29

30

4,.26058E-03

-2.8§9538E-11

2.7TTUL5E-16.
-1, 19265E-14
6.17822E-13
~7.18308E-13
-4 4UTUOE-10

" 2.22798E-09

y,g544TE-12
1.13167E-10
-1.33288E-08
-2.07923E-04
-6.25006E-05
1.43116E-05
2.64641E-0Y
3.46615E-09

‘=B yN3HGE-01
5.51544E~02

-1.2”29?@—10

»

ENa WUV NN T~ O

.3292%E—07

.25136E-03
.76955E-07
.59671E~08
. 16494E-06
.22325E-07
.98583E-07
.56608E-08;
.64014E~0T
TTU93E-0T
.35570E-05
.23361E-05
.55168E-07
.5T607E~06
.34569E-07
.B6340E-07
1.22091E-06

6.12941E~07

-98353E-07 .

st e

e .
e s A b s & e PRy | ot o



DETAILED KINETIC CALCULATION

TIME 1m11667E§§0 SEC

&>

PRESSURE, ATM 1.00000
DENSITY, GM/CM*%3 1.62260E-0K
TEMPERATURE, K . 2103.85 _
ENTROPY, CAL/GM~K 2.2665 &
GAMMA - 1.2686 3

" ENTHALPY, CAL/GM

1.55859E+402

GIBBS F E, CAL/QM -4.61260E+03

'MOLE FRACTION

’

NET SPECIE

(MOLE/CM**3/SEC)

-2,
=-2.
-1.
-2.
1
2.
-5.
=2,
1
2
-8.
-2.
2.
0.

3.28365E-03

'3.28125E-03

7.27386E-01

AREA 4.12667E+01 SQ CM POSITION 3.35000E+01 CM

Y

204

r“

S PRODUCTION RATE

61490E-24
34965E-24
80278E-11
38425E-09

.29030E-09

11491E-08
90927E-10
11491E-08

.14772E-08
.66078E-18

90407E-11
31084E-13
38032E-16

. TIVE DIR RATE

(/ ,

1.96526E-05-

7.26987E-01H
4,24019E-03
1.28348E-03

©3.28325E-03

6.91755E-07 -

5.28021E-07
2.36394E-07

SPECIES CONCENTRATION
. ‘ (MOLES/ CM**3)
CHY 5.95000E-27 1.03189E-21
CH3 3.22862Ee26 ' . 5.50234E-21
H 2.64785E-10 ' 4,5920TE-05
OH 1.56588E-08 2.71566E-03
~H20 6.01256E-07 1.0427U4E-01
co 2.94653E-09 5.11006E-04
0 ’2.50519E-09 4,34466E-04
co2 3.02264E-07 5.24206E-02
—02 5.39955E-07 9%, 3642UE-02
cH20 - 3.86T40E-19 " 6.70709E-14
H2 /1.20091E-09 2.08270E-04
_ HO2 7.05802E-12 1.22405E-06
‘HCO 3.75195E-17 6.50686E-12
N2 ~_ 4.30008E-06 7.45T4TE-01
N - s TN
.y
U
« REACTION  NET REACTION CONVERSION RATE NET RATE/POSI-
. NUMBER (MOLE-CM* ¥3 /GM**2 /SEC)
1 2.79377E-18
2 7.79360E-17
3 -1.08557E-06
I -4 .330116E-01 -
.5 -8.03281E-01
6 2.60N60E-17
7 5.06395E-18
8 1.35252E-17
9 -3.84636E-07
10 1.39812E-06
1 20490E-0U

-1.

-



e o 4w

. DETAILED K[NETIC'CALCULAT[ON

12
13
14

© 15

17
18
19
20

22
23
24
25
26
27

28

29
30

3.
"20

50382E-03
39003E-11

1.62517E-16

_3_
.42001E-13
3.9u2355-13
1.85950E-09
.98721E-12
.85250E-11
.06633E-08
.T0886E-0U
_5‘
.17511E-05
2.

" 2.
..3,
.53378E-02
.00872E-10

4
-5

4
9
c =1
-1

1

4

- -1

C s

U7713E-14

§0736E-10

13668E-05

17TU8SE-0Y
B4760E-09
65575E~01

7.67220E-07
1.63735E-07
4.25976E-03
T7.2T186E-07
4.00339E-08
9.63580E-07
1.70309E-07
8.33305E-07

-6.60849E-08

2.29819E-07
4 .61936E-07
1.93609E-05
1.83574E-05
2.91627E-07
1.29524E-06
6.0314858-07

.- 4.00128E-07

1.00361E-06
4.97367E-07

e S

205




4

DETAILED KINETIC CALCULATION

!
-

TIME 1.11700E+00 SEC_ AREA 4.12667E+01 SQ CM POSITION 3.3%100E+

‘ \
PRESSURE, ATM |\ 1.00000
DENSITY, GM/CM¥*¥3% 1.62260E-04

-1.54710E-05

' TEMPERATURE, K « 2103.85
) ENTROPY, CAL/GM-K 2.2665
- GAMMA A 1.2686
ENTHALPY, CAL/GM  9.55859E+02
GIBBS F E, CAL/GM - v61259a+03
SPECIES CONCENTRATION  MOLE FRACTION
(MOLES/ CM*#*3) :
CHY 5.90351E-27" 1.02382E-21
CH3 3.21032E-26" 5.56750E-21
H - 2.64781E-10 4.59199E-05
N OH 1.56587E-08 2.71562E-03
N H20 6.01256E-07 1.0U274E~01
\\‘\,gg 2.94836E-09 . 5.11324E-04
_ 2.50514E-09 | ~ 4.34457E-04
02 3.02263E-07 5.24203E-02
0?2 ~ 5.39956E-07 9.36426E-02
CH20 3.86978E-19 6.71121E-114
H2 1.20091E-09 2..08269E=04
HO2 7.05801E-12 1.22404E-06
HCO 3.75U23E-17 6.21083E—12
N2 . 4.30008E-06 7. 5747E-6\
A
\\
REACTION  NET REACTION CONVERSION, RATE
NUMBER (MOLE-CM**3/GM**2/SE()
-1 -1.06568E-19
2 -2.97051E-18 \
3 "-1.38895E-07 «
. y -5.50536E-02 ‘
5 -1.02778E-01 \
6 . ~4.79317E-18 \
7 -1.93205E-19 \
8 -5.16187E-19 '
g9 -4, 92U452E08
10 1.78972E-07
1M

-

3

9.96919E-26
8.077T73E-25
8.20389E-13
-3.08237E-10
1.65104E-10
2.70598E-09
~7.23970E=11

=2.70598E-09 -

1.46078E-09
3.30391E-19
-1.13807E~-11
-2.,92435E~14
2.75897E-17
0.

NET RATE/POSI-
TIVE DIR RATE

O =t = =IO NV D o

6
3

.26228E-04
.26151E~-04
.30699E-05
.51454E-06
.30186E-05
.83172E-04
.26249E-04 .
.26279E-0U~
.85672E-08
.75928E-08
.03542E-08

\

206

01 CM

NET SPECIES PRODUCTION RATE
(MOLE/ CM* *3/SEC)
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DETAILED KINETIC

A d

12
- 13
14

15

16 -

17
18
19

.21
22

23

24 .
25 .

26
27
28
29
30

CALCULATrQN

\

4.47908E-04
-3.06155E-12
-2,96THOE-17
-4 .54560E-15 =

3.39388E-14
¢ ~7-T355HE-14
-3.58764E-11
2.46751E-10
9.38799E-13
1.43303E-11
-1.27410E-09
-2.186U7E-05

. -6.57228E-06 °

" 1.50050E-06
2.78177E-05
3.63814E-10
-4 .68945E-02
5.80178E-03
 =1.25009E-11

[

9.80791E-08

" 2.09745E-08

7.80660E-04
9.50071E=08
3.07213E-09
1.25361E-07

. 1.79214E-08
1.10512E-0T |

1,20325E-08
3 934068E-08
5.51603E-08
2. 4T730E-06
2.34887TF-06
3.72387E-08
1.65672E-07
7.7T1044E~08
5.13286E~08
1.28433E-07
6.16004E~08

t
;
7
i
i
{

H



DETAILED KINETIC CALCULATION R S 208
TIME 1.11733E+00 SEC AREA 4.12667E+01°SQ CM POSITION 3.35200E+01 CM

¢

<

.98033E-08

PRESSURE, ATM .1.00000
DENSITY, GM/CM*¥*3 1.62260E-0U ‘ i}
TEMPERATURE, K 2103.85
ENTROPY, CAL/GM-K 2.2665 ! : /
\GAMMA 1.2686 e .- o
ENTHALPY, CAL/GM ¥755859E402 ' N
.GIBBS F‘E, CAL/GM =4.61259E+03 , -
)
SPECIES . CONCENTRATION ~ MOLE FRACTIQN _jNET SPECIES PRODUCTION -RATE
(MOLES/ CM**3) : (MOLE/ CM* #3/SEC)
CHY 5.89969E-27 1.02316E-21 2.26128E-25
CH3 3.20875E-26 5.56482E-21 1.35166E-214
H 2.64780E-10 1.59198E-05 8.92399E-12
ol 1.56586E-08 2.71562E-03 ~9.23377E-12
H20 6.01256E-07 1.04274E-01 1.64957E-13
. €O 2.94863E-09 5.11370E-04 2.82171E-13
0 2.50513E-09 4. 34056E-00 9.02417E~12
co2 3.02263E-07 5.24203E-02 ~2.82163E-13
02 5.39957E-07 9.36426E-02 1.62659E-13
CH20 3.87013E-19  * 6.71182E-14 -2.78620E-20
H2 1.20091E-09 2.08268E-0W ~1.04320E-14
HO2 7.05801E-12 1.22404E-06 7.44506E-16
HCO 3.7545TE-17 6.51141E-12 ' *"&\03198E 18
N2 i.30008E-06 7.45747E=01
- —’\-/\\/
REACTION NET REACTION CONVERSION RATE NET RATE/POSI-
NUM%&R (MOLE—CM**3/GM**2/SEC) TIVE DIR RATE
—2.4162UE-19 . 2.863UOE-0U
2 -6.7392UE~18 2.86340E-04 -
3 -1.50355E-11 1.00749E-08
4 - ~6.20098E-06 2.81185E-10
5 . =1.07170E-05 9.69945E-09
6 * -8.31076E-18 1.35781E-03
T -4 .37986E-19 2.86301E-01 |
8 -1.16989E-18 2.86341E-0U
9 ~9.08735E-11 1.63136E-10
10 ~  _4.58087E-10 . 1.73008E-10
11 -1 3,8B544E-11



Ld

DETAILED KRINETIC CALCULATION

12 4,15574E-07
13 . - -4.91303E-14
14 S -5.16165E-17
15 -2.68257E-16 -
16 o " -6.09352E-14 .
17 . -3.48365E-15
--18. “ 2.15U95E-11
19 . - 2.43253E-11
20 : . 8.15788E-13
21 4,.77866E~12"
22 2.53535E-10
. 23 - ' -4.35119E-09
24 . -1.01696E-09
25 . - » . -8.52538E-09
26 ' -1.37634E-08
. 27 -1.15980E-12.
28 -3.U43063E~04
29 : ) 5.86U454E-06
30 . , 1.12288E-12
)
Y
./ ‘ c
; Ty

e

9.
3.
.
5.
5.
5-
1.

_;wmmr\)‘_:_s_ku_n_\

!

09990E-11
36591E-10
35781E-03
60631E-09
51534E-09
64506E-09

07638E-08 *
.08935E-08
.08026E-08
.11390E-08
.09754E~08
.93000E-10
.63452E-10
.11580E-10
. 19699E-11
.45802E-10
.T5503E-10
.29823E-~10
5.

53267E-09

7

RSPy

s Ao s ¢ e N
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~

~

)

DETATLED KINETIC CALCULATION

. \ ; )
TIME 1.11800E+00 SEC AREA H.12667E%01 SQ CM POSITION

)

« PRESSURE,

DENSITY, GM/CM*%*3
TEMPERATURE, K ~

ATM

7

1.62

ENTROPY, CAL/GM-K

GAMMA
ENTHALPY,

CAL/GM

1.55

1.00000
260E-04
2103.85
2.2665
1.2686
859E+02

GIBBS F E, CAL/GM--4.61259E+03

SPECIES

CHY
CH3
H
OH
H20
Cco
0
co2
02
CH20
H2
HO2
HCO
N2

©

CONCENTRATION  MOLE FRACTION
(MOLES/ CM*¥3) .
5.89612E-27 1.02254E-21
3.20728E-26 5.56225E-21
2.64780E-10 . 4.59197E-05
1.56586E-08 2.71561E-03
6.01257E-07 1.04274E-01
2.94888E-09 5.11413E-04
2.50513E-09 I . 3U45L4E-0Y
3.02262E-07 5.24202E-02
5.39957E-07 9.36426E-02
3.87046E-19  <.6.71238BE-14
1.20090E-09 2.0826BE-04
7.05801E-12 1.2240U4E-06
3.75488E-1T 6.51195E-12
4.30008E-06 7.4574TE-01

N

)

¥
v
N

NET SPECIES PRODUCTION

(MOLE/ CM**3/SEC)

3.
.86591E-24
.67203E-11
2.

1
1

-1.
=2.
8.

2.
-1.

. =3,
1

2.
-,
0.

41962E-25

69181E-10
53551E-10
52138E-09
51543E-11
52138E-09
36111E-09
6248UE-19

L 05862E~11

87176E-14
T4427E-17

¢~ REACTION  NET REACTION CONVERSION RAT@' NET RATE/POSI-
(MOLE-CM**3/GM**2/SEC)

' - NUMBER

=200V --IO0VI W -

—

. -3
-1.
-1

5.
9.
~1
~6.
-1
y
-1
!

65354E-~19
01920E-17

291 19E-07
16698E-02

57663E-02

.16173E-17

62239E-19

.T6876E-18
.57T180E-08
.67697E-07
.43800E-05

TIVE DIR RATE

=DM I =

—
-—

RNV &

.33168E~04
.33241E-0H
.67133E-05
.31298E-06
.66662E-05
.89787E-03
.33150E-014
.33121E-04
.22238E-08

.33352E-~08.

.82138E-08

On,

. 210

’

3.35400E+01 cH .

RATE
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DETAILED KINETIC CALCULATION S ‘ ‘ 211

s

12

-l . 16631E-04

9.12308E-08
13 2.75703E-12 1.88885E-08
14 -T.22416E-17 1.90021E-03
15 3.71167E-15 7.75641E-08
16 -1.51007E=13 1.36668E-08
17 6.5282U4E-14 1.05778E-07
18 7.56304E-11 . 3.77736E-08
- 19 -1.-82387E-~10 8,16712E-08
20 . 7.21976E-~13 9.55953E-09
21 ‘=l ,00256E-12 9.32913E-~-09
22 1.68402E-09 7.28947E-08
23 2.03690E-05 2.30786E-06
24 6.12328E-06 2, 188U2E-06
25 -1.41516E-06 . 3.51212E-08
26 - -2,59528E-05 1.54566E<07
27 -3.41343E-10 7.23U25E-08
28 I ,30328E-02 4.71023E-08
29 ~5.39568E-03 1.19445E-07
30 * 1.38497E-11. 6.82350E-08 -
\ S L >
- \ N\ y



' DETA [LEDy KINETIC CAICUIATION

\ 212

% ' . o
. B . ! .

: \ . . : P
TIME 1.11867E+00 SEC- AREA 4,12667E+01 SQ CM POSITION 3.35600E%01

-~

PRESSURE, ATM 1.00000 : T '
DENSITY, GM/CM**3° 7 §2260E-0U4 . Co
TEMPERATURE, X 2103.85 .
ENTROPY, CAL/GM-K 2.2665 | - . '
GAMMA . 1.2686 I k
ENTHALPY, CAL/GM. 1.55859E+02 . .~

GIBBS F E, .CAL/GM -4.61259E+03

SPECIES .

CHU
. GH3
H
OH
H20
' CO
0
co2
02
CH20
H2
HO2
HCO
N2

[

REACT LON

NUMBER
1 Car
2/

aao\oordchu1::i

)
b —

&
1

NET REACTLON CONVERSION RATE

S N

o .
‘ 12

NET RATE/POSI-~

(MOLE-CM¥**3/GM**2/SEC) TIVE DIR RATE
~7.73929E-20 9.16181E-05 .
-2.15949E-18 . %, 9.16558E-p5"

6.77T114E-08 4.53699E-05
.2.70337E-02 1.22585E-06 .
5.01043E-02 4.53450E-05
_-2.04421E-18 3.33968E-01
© " -1.H0273E-19 9.16080E-05
-3.TH617E-19 9.15932E-05
© .2.39T43E-08 It,31177E-68
'-8.74265E-08 ' 3.30188E-08

7.5337HE-06

1.47813E-08

CM

— ///
CONCENTRATION  MOLE FRACTION  NET SPECIES PRODUCTION RATE
CMOLES/ CM**3) (MOLE/ CM**3/SEC)

. 5.90714E-27 1.024U45E-21 T.2HH99E-26 -

" 3.21218E-26 5.5T076E-21 '3.16869E-25
2.64780E-10 4,59198E-05 3.05132E-12
1.56586E-08 2.71561E-03 ¢ 1.46709E-10
6.01257E~07 1 .ou27ua-%} " -8.04B26E-11
2.94876E-09 5.11393E,0% -¥.31917E-09
2.50513E-09 4,34455E-04 3.87900E-1]
3.02263E-07 5.24202E-02, 1.31917E-09
5.39957E-07  ° 9.36426E-02 | -7.12133E-10
3.87030E-19 6.71211E-14  \___~  =1.71854E-19 ’
1.20091E-09  2.08268E-04 5.54501E-12
7.05801E~12 1.2240UE~06 1.45499E-14

. 3.75473E-17  _ 6.51169E-12 : -1.65560E-17 - X
14 .30008E-06 T USTUTE-O1 0.




.
g Vo §os e s
S -
4

S e
uh ﬂ ’13‘
. 14
v ; R .15
E' ' 16
. S 17
Rl 18
o I, - 19
CEEV R 20
| - 21
~. 22.
SR . 23
A" - 21‘
: ) 5
‘ 26
T, 27
.28
.29
30
C '
N,
':E . s
-1 .
" §
.y
P
RN
?"
? L
S o
L

A ]

A

. =2.18230E-04

1. 4THOUE-12

-1.27428E-17,

2.11276E-15

-4 ,01502E-14

3.63706E-14

.. 2.58186E-11

~1.10923E-10
-1.42401E-13

~5.14162E-12 ~
T7.19214E-10

1.06583E-05

3.20388E-06%

~7.3U856E-07
-1.35678E-05
-1.77829E-10
2.27303E~02
-2.82638E-03
6.2?896E-12

N

——

- B.7T864E-08

1.00986E-08
3.35193E~-04
4.41528E-08

3.63391E-09

5.89341E-08

~ 1.48956E-08
uc 722E'08 '

1-885585—09
1.19845E-08
3.11332E-08
1.20761E-06
1. 14504E-06
1.82374E-08
8.08053E-08

3.76881E-08.

2.48798E-08
6.25676E~08

3021683E-08

U S S



v 4

DETAILED KINETIC CALCULATION

»

PRESSURE, ATM

1.00000 / :
DENSITY, GM/CM**3 1,62260E-0U . >
TEMPERATURE, X 2103..85
ENTROPY, CAL/GM- 2.2665 - .
GAMMA : 1.2686 ‘

ENTHALPY, CAL/GM u
GIBBS F E, CAL/GM -U.61253E+03

1.55859E+02,

.'15?

214

LS

TIME 1.11933E+00 SEC AREA 4.12667E+01 SQ CM POSITION 3.35800E+071 .CM

E
SPECIES CONCENTRATION MOLE FRACTION NET SPECIES PRODUCTION RATE
(MOLES/ CM* ¥3) (MOLE/CM* %3 /SEC)
CHY 5.90855E-27 1.02470E-21 e 3.04605E-26
CH3 3.21277E-26 5.57179E~21 1.24263E-25
H 2.6U47BOE-10 4 .59198E-05 1.94101E-12 o
OH 1.56586E-08 2.71561E-03 ",,/ 8.97725E-11
H20 6.01256E-07 *1.04274E-01 -4 .92568E-11 .
co - . 2.94871E-09 5.11384E-04 -8 .07892E-10
0. 2.50513E-09 UL 3BUSSE-OY 2.38283E-11
€02 3.02263E-07 5.24202E-02 . 8.07892E-10
02 5.39957E-07 9.36426E-02 =4.36127E-10
CH20 3.87024E-19 6.71200E-14 -1.0547TE=-19
H2 - 1.20091E-09 2.08268E-04 3.39563E~12
HO2 7.05801E-12 1.2240U4E-06 . 8.91532E-15
HCO 3.75467E-17 ~ 6.51158E-12 ‘' -1.02060E-1T.
N2 y 7.45T4TE-D1 0.

.30008E-06

a

a

.
1y

RHgCTIONW NET REACFION CONVEﬁSION RATE NET RATE/POSI-

NUMBER ° (MOLE-CM¥*%3/GM**2 /SEC) TIVE DIR RATE A '
1 .+ =3.25346E-20 3.8507UE-05
2 -9.,07980E-19 3.85305E-05
3 4.14681E-08 2.77861E-05
y 1.65560E~02 - 7.50737E~-07
—~ 5. 3.06851E-02 2.77708E-05
6 -8.11023E-19 1.32501E-04
T T -5.8965PE-20 3.85012E-05"
8 . ~1.5Th62E=-19 © 3.84922E-05
9 1.46817E-08 2.61051E-08 - -
10 ~-5.35486E-08 2.02240E-08 C
A 4.61416E-06 9.05306E-09 '



1

DETAILED KINETIC CALCULAT [ON

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

( .

~1.33640E-04
* 9.02179E~13

-5:06564E-18
1.29166E-15
-2.50782E-14
2.22U56E-11
1.59910E-11

-6.77269E-11
28.05120E-14
-3.10902E-12 -

4.42567E-10
6.52736E-06
1.96213E-06
-4.50116E-07
-8.30932E-06

-1.08974E-10

1.39179E-02
~1.73087E-03
4 007T4E-12

2.§2634E-08
6.18081E-09

+ 1.33252E-04

2.69938E-08
2.26981E-09
3.60469E-08
7.98713E-09
3.03292E-08

1.06610E-09
7.2U689E-09

1.91581E-08
7.39566E-07
7.01250E-07
1.11708E-08
4,948TUE-08
2.30827E-08
1.52340E-08
3.83164E-08
1.97U465E-08

- 415




)

Vv TIME 1.12000E+00 SEC

N

. DETAILED KINETIC CALCULATION

216°

« v (A4 .

AREA 4.12667E+01 SQ CM POSITION 3.36000E+01 CM

WD WL = NI W W

(MOLE/ CM*¥3/SEC)
2.6B104E-26
1; 04065E-25
1Y98770E-12 \,
'9.22982E~11
5.06383E~11
-8.30551E-10
2.54884E-11

. 8.30551E-10

. -4 .48359E-10
-1.08416E-19
3.49082E-12
9.16524E-15

( -1.04868E-17
0. -

NET RATE/POSI- .
TIVE DIR RATE L
.38900E-05

.39137E-05

.8565U4E-05

TY793E-07

.85U9TE-05

L11961E=04  + 4 ~
.38836E-05

.38TU43E-05

.71458E-08

.07916E-08 -

.30732E-09 . .

v

PRESSURE, ATM 1.00000
DENSITY, GM/CM**3 1.62260E-04
TEMPERATURE K . ©2103.85
ENTROPY, CAL/GM-K 2.2665
GAMMA _ - 1.2686
ENTHALPY, CAL/GM  '1.55859E+02
. GIBBS F E, CAL/GM -4.61259E+03
\/) B
SPECIES CONCENTRATION  MOLE FRACTION °
(MOLES/ CM¥#3)
CHY 5.90870E-27 T2Eg21
CH3 3.2128UE:26 5 91E-21
H - 2.64T7T80E-M0 4.59i198E-05
OH 1.56586E-08 2.7T1561E-03
. H20 6.01256E-07» - 1.042TUE-01
co - 2.94872E-09 5.11384E-04
0 2.50513E-09 4. 34U55E-04
ca2 3.02263E=07 5.24202E-02
02 5.39957E-07 9.36U426E-02
CH20 . 3.87024E-19 6.71201E-14
H2 ", 1.20091E-09- 2.,08268E-04
HO2 7.05801E-12 1.22404E-06
HCO /3. T546TE-117 .6.51159E-12
N2 4,30008E406 7.45T4TE-01
REACTION  NET REACTION CONVERSION -RATE
NUMBER (MOLE-CM**3/GM**%2/SEC)
1 . -2.86340E-20
2 v -T7.99202E-19
3 ‘ 4.26311E~08
Y 1.70204E-02
5 ©3.15457E-02
6 -6.85299E-19
7 ~5.18944E-20
8 " ~1.38575E-~19
9 1.50936E-08
, -0 -5.50516E-08
11 4,74375E-06
/

-\

]

NET SPECIES PRdDUCTION RATE



DETAILEDdKINETIC CALCULATION

-1.37386E-04
9.27477E-13
-4 ,28560E-18
1.32806E-15
-2.57375E-14
2.287T19E-14
1.64251E-11
-6.96436E-11
-8.33426E-14
-3.19956E~12
4 .54809E-10
6.7T1044E=-06
2.01716E-06
-4 .62738E~07
-8.54237E-06
-1.11969E~10
1.43085E-02
-1.77942E-03
4.11936E-12

&
3.00838E-08
6.35"13E-8?
1.712732E-0%
2.7T7544E-08
2.32948F-09
3.70618E-08
8.20398E-09
3.11875L-08
1.10358E-09
7T.45793E-09
1.96880E~08
7.60309E-07

7.20917E-07"

1.14841E-08

~5.08754E-08

2.37300E-08

‘1.56616E-08

3.93911E-08
2.02965E-08

Ll

|

»
A e ¢ B e § e
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} ’ DETAILED KINETIC CALCULATION ' ‘ T 218

o

[

TIME 1.12667E+00 SEC AREA 4.12667E+01 SQ CM POSITION 3.38000E+01 CM

PRESSURE, ATM 1.00000 ~
DENSITY, GM/CM%*3 1.62260E-0U ' .
: TEMPERATURE, K 2103.85
. ENTROPY, CAL/GM-K 2.2665 ; -
Q@ cammn 1.2686 ' ' ,

ENTHALPY, CAL/GM 1.55859E+02
GIBBS F E, CAL/GM -4.61259E+03

Y

\

SPECIES - CONCENTRATION MOLE FRACTION NET SPECIES PRODUCTION RATE

(MOLES/ CM*#3) , " (MOLE/ CM**3/SEC)
CHY 5.90957E-27 1.02487E-21 . -5.25883E-27
CH3 3.21319E-26 5.57251E-21 , =2.32312E-26
H o 2.64780E-10 4.,59198E-05 -1.55483E-13 |
OH 1.56586E-08 2.71562E-03 ~8,40952E-12 \ |
H20 . 6.01256E-07 1.04274E-01 "4.60001E~-12 |
co ' 2.94863E-09 5.11369E-04 7.54321E-11 - -
0o 2.50513E-09 4. 34456E-0K -2.19829E-12
.c02 3.02263E-07 5.2U203E-02 *=7.54321E~11
: 02 5.39957E-07 9.36426E-02 4.07208E-11
/ CH20 3.87012E-19 6.71180E-14 9.76604E-21
. H2 1.2009 1E-09 2.08268E-04 -3.17099E-13
HO2 - 7.05801E-12, 1.22404E-06 -8.30738E-16 .
HCO 3.75456E-17 6.51139E-12 9.28434E-19
N2 4.30008E-06 7 :

A5THTE-01 - 0. , ) . {

LN

o

REACTION NET REACTION CONVERSION RATE NET RATE/POSI-.

. NUMBER (MOLE-CM* %3 /GM¥%¥2/SEC) TIVE-DIR RATE
1 . 5.61796E-21 6.6U8U3E-06
2 1.567H4E~19 " 6.65058E~06
3 -3.87184E-09 2.59443E-06
Y. -1.54582E-03 7.00956E-08
5 ~-2.8650U4E-03 2.59300E-06 : f
Y 1.49697E-19 2.44569E-05
7 1.01827E-20 6.61785E-06
8 2.71950E-20 6.64700E-06
9 -1.37091E-09 2.46558E-09
i 10 4.99847E-09' . 1.88779E-09
11 -4 .,30909E-07 8.45450E-10

- . .
. -
R )
.



/
DETAILED KINETIC CALCULATION

12
13
14

.16
17
" 18
19
20

~

21

. 22
23
24
25
26
27
28
29
30

-
,

%

1.24799E-05

- =8.43797E=14

9.32405E-19
-1.21418E-16
2.15778E-15
-2.08760E=-15

© =1,42707E-12 .

6.39773E-12
3.04653E~13
-4 .05489E-11

-6.09460E-0T
-1.83203E-07 .
4.20057E-08

7.75800E-07
1.01660E-11
~1.30047E-03
1.61648E-0L
-3.70879E-13

N o W e YN YL R

2.73275E-09
5.78084F-10
2.45270E-05
2.53753E-09

“1.95305E<10 _

3.38286E-09
7.12808E-10

2.86509E-09

.32382E-10
.10143E-10"
.75535E-09
.90532E-08
.54752E-08
.04248E-09
.62039E-09
2.15452E-09
1.42345E~09
3.57831E-09
1.82T41E-09
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DETATLED KINETIC CALCULATION
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220

‘TIME 1.13333E+00 SEC AREA 1, 12667E+01 5Q CM POSITION:3.40000E+01. CM.

PRESSURE, ATM

1.00000
DENSITY, GM/CM**3" 1,62260E-04
TEMPERATURE, K 2103.85
ENTROPY, CAL/GM-K 2.2665
GAMMA 1.2686

ENTHALPY, CAL/GM  1.55859E+02
GIBBS F E, CAL/GM -4.61259E+03

CONCENTRATION

MOLE FRACTION

NET SPECIES PRODUCTION RATE
( MOLE/ CM* *3/SEC)

SPECIES
‘ (MOLES/ CM¥*%3)
CHY 5.90960E-27 1.02488E-21
CH3 3.21320E-26 5.57252E-21
H 2.6U4780E-10 4.59198E-05
OH 1.56586E-08 2.71562E-03
H20 6.01256E-07 "1.042TUE-01
co 2.94862E-09 .5.11368E-0U
0 2.50513E-09 4,34456E-04
co2 3.02263E-07 5.24203E-02
02 5.39957E-07 9.36426E-02
CH20 3,87012E-19 _6.T1180E-14
H? 1.20091E-09 2.08268E-04 -
HO2 7.05801E-12 1.22404E-06
HCO 3.75456E-~17 ‘6.51138E-12
N2 4.30008E~06 T.457T4T7E-01
REACTION  NET REACTION CONVERSION RATE
NUMBER (MOLE-CM**3/GM**2 /SEC)
‘ 1 6.55285E-21
2 1.82837E-19
3 ~5.23300E-09
Ay -2.08926E-03
5 ~3.87226E-03
6 1.74171E-19
7 ] - 1.18770E-20
8 ’ 3.17195E-20
9 -1.85281E-09
10 6.75666E-09 -
11 -

-5,

82428E-07

-6.13417E-27

~2.
~2.
-1.
6.

]
-2.
-1.
5.

1.
-,
K -1.
/ 1
: 0.

NET RATE/POS
TIVE DIR RA
T.754T6E-06
7.75768E-06
3.50651E-06

T0269E-26
16225E-13
13588E-11
21661E-12

.01951E-10

9TTH6E~12
01951E-10
50362E-11
32110E~-20
28517E-13

12222E-15 -

I- .
TE

9.47379E-08 "

. 3.50459E-06

2.84553E-05
7.756398E-06
T7.75284E-06
3.33227E-09
2.55182E-09

1.14273E-00*

N N\

—




DETAILED KINETIC

12
13/

14

15

— 16

17

~ 18

19 ‘

22
23
24
25
. 26
27
28
29
30

CALCULATION

.68650E-05
. 13964E=-13
.08535E-18
.63956E-16
QUU21E-15
.81973E-15
.93967E-12
.634U5E-12
.31145E-1Y4
.09421E-13
.49332E-11
.23716E-07
.47609E-07
.6TT84E-08
.04851E-06
.37403E-11
.75T43E-03
. 18452E-01
.01737E-13

‘

3.69296E-09
2.85500E-05

"3.42654E-09

2.66486E-10
4,56923E-09
9.68850E-10
3.8667HE-09
1.73661E-10
9.54856E-10
2.37805E-09
9.33289E-08
8.84933E-08
1.40911E-09
6.24453E-09
2.91205E-09
1.92362E-09
4,83587E-09
2.17218E-09
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'

TIME 1,16667E+00 SEC AREA 4.12667E+01 SQ CM POSITION 3.50000E+01 CM

- DETAILED KINETIC CALCULATION

—

b

PRESSURE, ATM 1.00000
DENSITY, GM/CM**3 1.62P260E-04
TEMPERATURE, K 2103.85
ENTROPY, CAL/GM-K 2.2665
GAMMA " 1.2686
ENTHALPY, CAL/GM 1.55859E+02
GIBBS F E, CAL/GM -4.61259E+03
2
SPECIES CONCENTRATION  MOLE FRACTION
( MOLES/ CM**3)
CHY 5.90940E-27 1.02485E-21
CH3 - 3.21312E-26 5.57238E-21
H 2.64780E-10 4.59198E-05
OH 1.56586E-08 2.71562E-03
H20 6.01256E-07 1.08274E-01
co 2.94863E-09 5.11370E-04
0. 2.50513E-09 4.34456E-0U
co2 3.02263E-07 5.24203E-02
02 5.39957E-07 9.36U426E-02
CH20 3.87013E-1 6.71182E-14
H2 1.20091E-0 2.08268E-0U4
HO?2 7.05801E-12 1.22404E-06
HCO 3.75457E-17 6.51141E-12
N2 4 .30008E-06 7 .45747E-01
\ l u
, REACTION  NET REACTION CONVERSION RATE
% NUMBER (MOLE-CM*¥3/GM**2/SEC)
S | -1.03007E-23
2 -2.87589E-22
3 . 2.26021E-11
4 9.02661E-06
5 1.67245E-05
6 -2.61042E-22
7 -1.86660E-23
8 ~-§ .98379E-23
9 8.38816E-12
10 -2.85070E-11
11

v 2.42289E-09

<

<

(MOL
9.
4

-6
. 5.
-2
-
5
]
-2
-5
1
5
-5
0.

NET SPECIES PRODUCTION RATE
E/CM®*3/SEC)

6465TE-30

.03216E-29
.294G3E~15

60348E-14

.67551E-14
.40331E-13
-USTTR~15
LU40331E-13
L37TT8UE-13
.6U870E-23
.88252E-15
.30845E-18
.U8750E-21

NET RATE/POSI-
TIVE DIR RATE

1
1

L

P SO N P 3

.21904E-08
.22026E-08
.51451E-08
.09314E-10
J51365E-08
.26488E-08

.21866E-08
.21817E-08
.50B61E-11
.07T664E-11
.T5375E-12



DETALILED KINETIC CALCULATION

12
13
14
15
16
17
18
19
20
21
22

24
25

27
28
29
30

FE

.39528E-08
.40160E-16
.63684E-21
.17649E-19
+11673E-17
.23260E-17
.96505E-15
.T0537E-14
.07913E-17
.92989E-15
.38476E-13
.55908E-09
.06901E-09
.43290E-10
.54929E-09
.B9U5TE-14
.86087E-06
.38773E-07
.14360E-15

DM NN VW LE = 550 2T a2 o) -

.61936E-11
.T0063E-12
.30581E-08
.49982E-11
.01077E-12
.99737E-11
J47796E-12
.65937E-11
.077358-13
149855E-12
.03236E=11
.03252E-10
.82056E-10
.03788E-12
.TO9Y40E~11
.24926E-11%
.60421E-12
.07816E-11
.05620E-11

223
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pETAILED KINETIC CALCULATION , u 224

" TIME 1.20000E+00 SEC .AREA 4.12667E+01 SQ CM POSITION 3.60000E+01 CM
) , , :

/

PRESSURE, ATM 1.00000

DENSITY, GM/CM*¥*3 1,62260E-04

TEMPERATURE, K 2103.85

ENTROPY, CAL/GM-K © 2.2665 - )
GAMMA 1.2686

ENTHALPY, CAL/GM 1.55859E+02

GIBBS F E, CAL/GM -U4.61259E+03

“ )

NET SPECIES PRODUCTION RATE

)

8-922215*1”

SPECIES CONCENTRATION  MOLE FRACTION
(MOLES/CM®*3) - (MOLE/CM**3/SEC)
CHY 5.90941E-27 1.02485E-21 3.18567E-32
CH3 3.21312E-26 5.57238E-21 1.13746E-31
H 2. 64T780E-10 4.59198E-05 g ~-1.08296E-14 |
OH 1.56586E-08 2.71562E-03 1.19596E-14
H20 6.01256E-07 1:042T4E-01 -6 4NUYBUE-16
.'co 2.9U4863E-09 5.11370E-04 -9.72919E-15 J
0 2.50513E-09 4.34456E-04 -1.03296E-14
co2 3.02263E-07 5.24203E-02 9.72919E-15
02 5.39957E-07 9.36426E-02 -5.35759E-15
CH20 3.87013E-19 6.71182E-1U -6.37000E-25
H2 1.20091E-09 2.08268E-0N 7.93481E-17
HO?2 7.05801E-12 1.2240U4E-06 2.27335E-19
HCO 3.7545TE-17 6.51141E-12 -2. 737u95 22
N2 4.30008E-06 7.45T47E-01 0.
)
. REACTION  NET REACTION CONVERSION RATE NET RATE/POSI-
NUMBER (MOLE CM* *3/GM**#2/SEC) TIVE DIR RATE
a ~-3.41172E-26 4,03763E-11
o2 -9.52187E-25 4,04021E-11
3 5.00168E-13 3.35151E-10
4 2.03378E-07 9,22220E-12
5 3.69531E-07 3.34UNUE-10
6 -7.18002E-25 1.17307E-10
7 -6.10263E-26 3.98427E-11
8 ~-1.626U44E-25 3.975U6E-11 3
9 3.67855E-13 6.61585E-13
10 -2.8U217E-13 1.073U42E-13
1 -4 54T4TE-11



-

- DETAILED
/

-

12
RESE

14

15
16

' 7

- 18

19

20

21

_ 22
23
.2k
.25

' : 26
: 27
- 28
29

30

ame e v v

KINETIC CALCULATION

-2.96859E-09
7.93197E-17
. =U4.81223E-24
. 2.60U463E-20

-1,13841E-18

3.96411E-19
4.,16334E-16

» =1,11022E-16
2.94903E-17
-1.52084E-16
1.02141E-14

.O4334E-11

8

2.39169E-11
B, SHTUTE-13
1.12777E-10
5. 45405E-16
5.74362E~07
. ~2.1420HE-08
2.49103E-17

6.50039E-13 ° -
s 5.43417E-13 .

" 1.26589E-10 : ;
S.44343E-13 : o %
1.03040E-13 ~ . L.
6.42363E-13 ° ‘ SR

© 2.07955E-13 o . ﬂ

. 4.,97189E-11 . . : : §

3.90507E-13

. 3.54505E-13
B.42163E-13 .
9.11329E-12
8.54770E-12 .
1.12858E-14

6.71662E-13. ° » .
1.15590E-13 ~ -
6.2867UE-13 s
4.TU1BUE-13 ,y

1.22739E-13



‘ﬁETAILED KINETIC CALCULATION

TIME.1.33333E+00 SEC AREA H4.1266TE+01 SQ CM

. 1.00000

PRESSURE, ATM

DENSITY, GM/CM**3- 1.62260E-0U4
TEMPERATURE, K . - 2103.85
ENTROPY, CAL/GM-K , 2.2665
“GAMMA , 1.2686
ENTHALPY, CAL/AGM  1.55859E+02

GIBBS F E, CAL/GM -4.61259E+03

\

4

SPECIES

CHY
CH3
ct

. OH
H20

* o
O o
co2-
02
CH20
H2
HO2
HCO
N2

REXCTION
NUMBER

-— b - ’
SoVENOVEWN o

-y

CONCENTRATION
(MOLES/ CM**3)

5.9Q094 1E-27
3,21312E-26
2.64780E-10
.56586E-08
.01256E-07
.94863E-09
.50513E-09
.02263E-07
-39957E-07
.87013E-19
.20091E-09
.05801E-12
TSUSTE-1T

FW_=2WJTWNHN o

‘NET REACTION CONVERSION RATE NET

.30008E-06

k

MOLE FRACTION’

1.02»85@131
5.57238E-21
4.59198E-05
2.71562E-03
1.04274E-01
5.11370E-04
U.34U56E-0U
5.2U203E-02
9.36U26E-02
6.71182E-114
2.08268E-0U
1.22404E-06
6.51141E-12
T.45TUTE=D1

(MOLE-CM* *3/GM**2/SEC)

£

o

r

226

-~

.\ -
POSITION 4.00000E+01 CM

NET SPECIES PRODUCTION RATE

LA7
t

-1.95555E-28
6.26040E-27
8.07619E-16

-3.49246E-10
2.11003E-10

-1.0097WE-28
1.26218E-29
1..51461E-28
2.38971E-13

-9.94760E-14
2.18279E-11

!
o

4.28266E-14

'(MOLEﬁCM**3J$EC)
~1.63998E-31
2.83630E-34
-5 .40U09U4E-15
}.,12908E-15
7.04374E-16
-5.55529E-18
© =l ,85T52E-15
5.55539E-18
1.07306E-17
-4 .29680E~25
-6.57093E-17T -
-1.47566E-18
~-1.01871E-22
0. '
EYPOSI-
TIVE QIR RATE
2.31431E-13
2.656\E-13
5.4116pE~13
1.58366E~14
1.90968E-13
1.64971E-11 ‘
L, 8.20048E-15 . T
3.70212E-<14
§,29789E-13
3.75695E-14



\ N 12

DETAILED KINETIC CALCULATION

13
14
15
16
17 .
18
19
20
21
22

23

-y
25
26

27
28

29
30 -

2.47383E-09

2,.42548E-17 -

=4, 4U286E-27

! \ Y
PR
SO OVITUVIN DWW - DN O

.39287E-20
.13152E-18
.98156E-19
.91434E-16
LU5T717E-15
“03577E-18 '
.43970E-17
.22045E-15
LBU317E-12 -
.6843UE-13
.91172E-12
ASTH1E-11
.13966E-15
.083U47E-0T
LU214UE-08
.86641E-18

]

‘5 .41699E-13

1.66169E-13
1.16872E:13
5.00087E-13.
7.35997E-13

§,.83145E-13 °

1.45568E-13
6 .52560E-13
4,01992E-11
2 .20038E-13
9.61225E-14
3.22025E-13
2.03154E-13
1.46715E-13
3.84581E-13
4 ,53468E-13
2.280U8E-13
5.36034E-13
3.87596E-14

’ -

st

227.
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