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PURPOSE AND SCOPE

The objective of this work was to determine the conditions under
which fuel sulfur inhibits the formation of nitrogen oxides in
flames. The importance of this project lies in the need to de-
termine whether fuel desulfurization might have an adverse effect

on nitrogen oxide emissions.

The study consisted of three phases. In Phase I we examined
through controlled laboratory experiments, the effect of fuel
sulfur on nitrogen oxide formation by atmospheric fixation
(Thermal NO). 1In these experiments fuel sulfur was simulated by
addition of sulfur dioxide and hydrogen sulfide to a nitrogen free
gaseous fuel which was then mixed with air to burn in a premixed
laminar flat flame. The ensuing interactions between sulfur and
thermal NO formation mechanisms were then examined in some detail,
and conclusive results were obtained. In Phase I1II, we examined,
using the same apparatus, the effect of fuel sulfur on nitrogen
oxide formation by fuel nitrogen conversion (Fuel NO). Fuel
nitrogen compounds were simulated by addition of NO itself and of
cyanogen, C,N,. Results of this phase were not conclusive, and
should be regarded as preliminary. In a contiguous Phase III
effort we focused our attention of sulfur dioxide-thermal NO
interactions and developed a mathematical model that describes
quantitatively the effects measured experimentally in Phase I.
The model involves a computer simulation of a flat flame and is
described in detail. The model was developed so that observed
effects could be interpreted and explained in the light of
fundamental principles. The computer code developed was supplied
to EPA.



CONCLUSIONS

It was found that both sulfur dioxide and hydrogen sulfide, when
added to a gaseous fuel, had a significant inhibition effect on
thermal NOx emissions. The presence of sulfur to make about 6800
ppm SO, in the exhaust lowered NOyx emissions by up to 36%. Al-
though it should be noted that these results are valid for pre-
mixed gaseous flames, they do imply that fuel desulfurization may
lead to increased (thermal) NOx emissions from combustion

processes.

It appears to make very little difference whether the fuel sulfur
is introduced into the fuel as S0, or H,S, except under fuel rich
conditions where conversion of H,S to SO, is not rapid. This
indicates that the inhibition of NO formation by fuel sulfur

occurs through mechanisms involving SO,.

The data on the effect of fuel sulfur on fuel NO emissions are
inconclusive, due to previously unreported phenomena occurring in
guartz sampling probes under fuel rich conditions. However, pre-
liminary indications are that although the effect of fuel sulfur
on fuel NO emissions is not significant under fuel lean conditions,
it may under fuel rich conditions have a marked influence on the

rate at which fuel NO is formed.

A preliminary analytical model of a premixed flat flame showed
that the inhibition effect of fuel sulfur on "Thermal NO" could
be explained by the homogeneous catalysis of free radical recom-
bination rates by sulfur dioxide. This mechanism lowers the

oxygen atom concentration, when this concentration is above the
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equilibrium value, and, for a given radiative heat loss, lowers
NO formation rates. The effect of lower oxygen atom concentra-
tions is greater than the ensuing (coupled) temperature increase.
Under conditions where the temperature was fixed as an independent
variable the theoretically predicted inhibitory effect of SO, on
thermal NOx emissions was even larger. Observations involving
inhibition of NO formation by SO, might therefore be used to
arrive at conclusions concerning the role of superequilibrium
oxygen atoms. This is true even when the primary NO formation
mechanism does not involve oxygen atoms directly, since the
concentrations of other important atoms and free radicals are in-
timately related and coupled to that of the oxygen atom. Since
inhibition was observed under fuel rich and fuel lean conditions
it appears that superequilibrium oxygen atoms and other free rad-
icals play an important role in both regimes. The effect of SO,
was especially pronounced on "prompt" NO formation, and this sup-
ports theories that superequilibrium concentrations of oxygen
atoms and other radicals are a factor in the rapid formation of
NO early in the flame. In addition, the experimental results on
the thermal NO showed that "prompt" NO accounted for essentially
all the NOx emission under fuel rich conditions and that it was
not a strong function of mixture preheat. This implies that NOx
formation mechanisms other than those of Zeldovich are controlling

early in the flame.



RECOMMENDATIONS

Future work should concentrate on three areas in order to iden-~ '
tify the practical aspects of the results of the research re-
ported here. First, the effect of fuel sulfur on NOx emissions
from 0il and coal diffusion flames should be investigated, in
order to determine if fuel desulfurization in general will have
an adverse effect on NOx emissions from combustion units of
practical interest. Second, the more fundamental aspects of
fuel sulfur and fuel nitrogen interactions during the combustion
process should be examined further, since an understanding of
these phenomena will aid in the interprétation of new data, and
in the identification of future potential environmental problems
associated with fuel desulfurization. Third, theoretical tools
should be developed in order to allow effects observed from
laboratory scale premixed flame experiments to be extrapolated
with some confidence to 0il and coal diffusion flames in practi-
cal combustion units. Laboratory experiments, such as are re-
ported here are relatively fast and inexpensive, and it would be
useful to be able to deduce the correct practical implications
of observed phenomena without having to resort to expensive and
difficult full scale tests.



BACKGROUND

The combustion of many fossil fuels gives rise to emissions of
both sulfur oxides and nitrogen oxides. Sulfur oxide pollution
may be abated by either fuel desulfurization or stack gas scrubb-
ing. The choice of abatement method is usually dictated by
economic considerations. However, in calculating‘the cost effec-
tiveness of various sulfur oxide abatement strategies it is im-
portant to determine the extent to which the technology used has
an adverse effect on other pollutanté, such as NOyx. Should sul-
fur compounds in the flame front have an inhibition influence on
the formation of NOx this would indicate that fuel desulfuriza-
tion might require additional NOy abatement methods to bé imple-
mented, and that this would involve additional costs which would
not occur with stack gas scrubbing where the sulfur species are

removed after the combustion process.

That sulfur and nitrogen oxides interact at low temperatures is
not new(*r?). This interaction results in the catalysis, by NO,
of the oxidation of SO, to SO3. At higher temperatures, under
combustion conditions, the situation is quite different and a
clear distinction should be drawn between low temperature and
high temperature interactions. At high temperatures under com-
bustion conditions, free radicals are produced in superequilib-
rium amounts and this fact has been shown to be important in
explaining high NO production rates (3+*) where the NO is formed
by atmospheric fixation (Thermal NO). Since it has been

shown (®,8) that sulfur dioxide is an effective catalyst in re-
ducing superequilibrium free radical concentrations, it is

reasonable to expect that sulfur dioxide and possibly other fuel



sulfur compounds, inhibit the formation of NO in flames. 1In
order to explore this possibility further, it is necessary to
focus on certain fundamental aspects of NO formation mechanisms.
In spite of much research in this area, there is even now no
general agreement on the kinetic mechanisms of thermal NO pro-
duction. Most widely recognized as being important is the

mechanism proposed by Zeldovich (7) :

N, + 0 + NO + N (1)

N + 02 - NO + O (2)
with the modification

N + OH - NO + H (3)

and with the free radicals necessary for these reactions being
produced through the combustion process. It should be noted that”
the free radicals so produced can have concentrations many fold
in excess of those determined by equilibrium and that the decay
of these radicals towards equilibrium is relatively slow and
occurs downstream from the flame front. Under fuel lean con-
ditions, it is in this region of free radical decay that a sub-
stantial portion of the NO is formed through reactions (1)
through (3). Thompson and Beer (3) have shown that indeed,
superequilibrium concentrations of oxygen atoms are responsible
for high rates of NO formed in their apparatus and their con-
clusion was corroborated by other workers, (/%) especially as
regards NO formation in the fuel lean regime. In the fuel rich
regime, however, it appears that for hydrocarbon flames, an NO
formation mechanism involving cyanide compounds as intermediates
may be applicable(“'g), and under these conditions the role of
superequilibrium atom and radical concentrations is unclear. It
is generally recognized, however, that high rates of NO forma-
tion can result from superequilibrium atom concentrations, and
it would therefore appear that catalysts and other impurities,

6



such as S0,, that have been shown to decrease radical concentra-

tions, should tend to lower thermal NO formation rates.

In order to determine the effect of fuel sulfur on thermal NO it
is necessary to devise a well defined laboratory experiment to
answer the following questions:

* Does SO2 have an inhibitory effect on thermal NO

emissions?

* Under which conditions is any inhibtion of NO

formation by SO; most significant?

* Does S50, affect the formation of "prompt NO" and
if so what conclusions can be drawn about the role
of superequilibrium atom concentrations and "prompt
NO"?

s With H;S in the fuel, is conversion of the fuel sul-
fur to SO, sufficiently rapid to allow the S0,
formed to have the same effect as when added
directly to the fuel?

Literature on flame interactions between species derived from
fuel sulfur and fuel nitrogen in the flame front is quite meager.
Yet the problem of fuel sulfur effects on fuel NO emissions is of
substantial practical interest since most fuels that contain fuel
sulfur contain appreciable amounts of chemically bound nitrogen.
Desulfurization of a fuel does not necessarily lead to a propor-

tional decrease in the fuel nitrogen content.

Since the mechanisms of fuel nitrogen oxidation are presently
quite imperfectly understood, and since the role of superequiiib—
rium oxygen atoms in these mechanisms is unclear, speculation on
the effect of fuel sulfur is at this point somewhat premature.
Preliminary experimental results are first required to help
orient our thinking on this question. However, recent work of
Flagan et al.(1%) jindicates that superequilibrium concentrations
of atoms and free radicals may play a role and this might lead us
7



tentatively to speculate that sulfur dioxide may have an inhibi-
tory effect similar to that hypothesized for thermal NO. More-
over, according to Flagan et af.(!°) it makes little difference
in what form fuel nitrogen is introduced.and so even NO itself
could be considered a fuel nitrogen compound. It is therefore
instructive to simulate fuel nitrogen by both NO and by an
equivalent amount of cyanogen (C;N,). Although ammonia has
often been used as a representative fuel nitrogen compound(a'IO),
it is not suitable for this study since it reacts with both SO,
and H2S to form solid sulfite and bisulfite salts before com-

bustion is initiated.

In order for laboratory results to be extrapolated to other con-
ditions, it is also necessary to develop theoretical mathematical
models that describe the appropriate kinetic mechanisms, and that
can be used to determine the significance of the results in
other, more practical combustion environments. In particular,
mathematical models will give insight into fundamental questions
such as '

*» Can the observed effect be explained by catalysis of

atom and radical recombination rates by S0,?

¢+ What can be expected under different time temperature

histories?

* What can be expected in real furnace flames?



EXPERIMENTAL APPARATUS

COMBUSTION RIG

A schematic of the premixed combustion rig and supporting equip-
ment used is shown in Figure 1 and a diagram of the burner itself
in Figure 2. Meted amounts of methane (Matheson, C.P.), pre-
heated house air, and when applicable, SO, or H,S (Matheson,
C.P.), were allowed to mix, then preheated further before being
fed into a modified Meker burner. The temperature of the gas
mixture entering the burner was controlled. The Meker burner

was modified so that an approximately flat flame could be sup-
ported above the burner grid. The burner was at atmospheric

pressure and enclosed in a pyrex glass chimney.

The combustion rig was designed primarily for a large number of
input/output measurements rather than for detailed in-flame
probing. However, some detailed probing was successfully at-
tempted, and this showed that the flame could be considered

flat to within our experimental error.

Incomplete temperature profiles taken with an uncoated 0.001"
Pt-Pt/10% Rh thermocouple showed that the flame had temperatures
in excess of 2000°K, even with no air preheat. This means that
heat loss to the surroundings was not great, and might dis-

tinguish this flat flame from others(!!/!2),

SAMPLING AND ANALYSIS TRAIN
A schematic of the sampling and analysis train is shown in
Figure 3. The sample was drawn through a 'mm diameter orifice

into a émm OD, uncooled, gquartz sampling tube. Preliminary
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experiments in which the sampling rate was varied by a factor of
four showed that our data did not depend on sampling rate and
this, tcgether with data from other experimentalists(!?) indi-
cates that all reactions were effectively rapidly quenched and
no further reaction took place in the tube. The height of the
sampling tube could be positioned accurately to within 0.03 mm.

Quartz and teflon tubing were used throughout the sampling and
analysis train since stainless steel tubing has been shown to
interfere with NO analysis under rich conditions. A cooled
knockout pot removed moisture in the burned gas sample. The
analysis train had the following features:

* NO/NOx analysis by Thermo Electron Chemiluminescence

Analyzer with stainless steel convertor

« O, analysis by Beckman Model 715 (Electrochemical)

0O, Monitor
*+ CO analysis by chromatograph with Porapak Q columh-

¢ S0, analysis by Theta Sensors SO, (Electrochemical)

Monitor

The chemiluminescence analyzer worked perfectly and showed no
interference by S0,, O, or CO. This confirmed previous re-
sults (%) which showed that SO, does not interfere with (Thermo

Electron) chemiluminescence measurements of NO.

For the Phase II results, the analysis train had the following
additional features
* Molybdenum converter for Thermo Electron NO/NOyx analyzer
* CO analysis by NDIR, Beckman Instruments
¢ S0, analysis by Thermo Electron Pulsed Fluorescent

S0, Analyzer

13



RESULTS

PREMIXED COMBUSTOR PERFORMANCE

Figure 4 and Figure 5 show results obtained with no SO, or H,S
added to the fuel. These are the base cases showing exhaust NO
emissions as functions of air fuel ratio, air preheat (Figure 4)
and NO concentration within the flame as a function of residence
time from the burner (Fiqure 5). Figure 4 shows that with no
preheat a maximum of 152 ppm (dry, reduced to 100% stoichio-
metric air NO was obtained at 104% stoichiometric air while with
240°C air preheat the maximum was 232 ppm. There is also a
strong dependence on air fuel ratio. Figure 5 shows that forma-
tion of NO was complete at 6 cm above the burner grid or after

a residence time of  approximately 20 milliseconds and that sam-
pling at that point was truly representative of exhaust NO
emissions. Figure 5 also shows that under fuel rich conditions
all the NO is formed very early in the flame and that this
"prompt NO" was not a strong function of air preheat and that
more "prompt NO" was formed under fuel rich conditions than under
fuel lean conditions. These results agree qualitatively with

those of Fenimore(?) .

The ppm NO measured, under no preheat conditions, is substan-
tially greater than that measured by other workers in flat
flames(12), This is probably due to the low heat loss rate in
our system, and by the resulting high temperatures. The exis-
tence of temperatures well above 2000°K was confirmed by (in-

complete) temperature measurements (!°),

At each point (Figure 5) under fuel lean conditions both NO and

14
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NOyx were measured by the chemiluminescent anaiyzer. At most 3
ppm NO, were observed, and then only under very fuel lean
conditions. We thus did not observe any appreciable early NO:

formation as reported by Merryman and Levy(18),

Additional runs were also made to investigate whether the
addition of a fuel additive, such as S0;, would lower NO emis-
sions significantly by virtue of dilution alone. With molecular
N, as the fuel diluent at iero preheat, 104% stoichiqmetric air,
it was found that 10% N, in the fuel led to a reduction of less
than 7 ppm NO in the exhaust. This means that any effect
(larger than this) due to addition of up to 5% SO, to the fuel
is due to kinetic interactions and not just simple dilution and

temperature reduction.

PHASE I. EFFECT OF SO, ON THERMAL NOyxy EMISSIONS

The effect of SO, as an additive in the fuel on the exhaust emis-
sions of nitrogen oxide is shown in Figures 6 and 7. In Figure

6 the ppm NO (dry, reduced to stoichiometric) in the exhaust is
shown in the absence of air preheat with and without 4.9 percent

by volume SO, in the fuel. 4.9 percent by volume SO; in methane

leads to approximately 6800 SO, in the exhaust. This sulfur
level is considerably higher than that resulting from typical
fossil fuels, and corresponds roughly to that for coal containing
eight percent sulfur by weight. It can be seen that at approxi-
mately 101% stoichiometric air, 4.9% SO, in the fuel lowers NO
exhaust emissions by 50 ppm or by about 36%. At other air/fuel
ratios the percent reduction is somewhat less as shown on Table
1. At a preheat of 240°C (Figure 7) and at 101.% stoichiometric
air the addition of 4.9% of SO, in the fuel lowers NOx emissions
by about 60 ppm or 30%. Conversely, looking at the effect of
removal of SO; from the fuel one can say in this case, fuel
desulfurization caused increases in thermal NOx emissions of up

to 55%.

Further details are shown in Table 1 in which results from two

17
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Table 1. REDUCTION IN THERMAL NOx EMISSIONS BY SO, ADDITION TO FUEL

Percent Reduction in NO, Emissions
Stoichiometric
Air '
2.5% SO, in Fuel 4.9% SO, in Fuel
no preheat 240°C preheat no preheat 240°C preheat
ppm 2 ppm % ppm % ppm .
80.1 7 12.6 6.0 10.7 6.0 16.0 13.0 24.6
90.0 , - - - - 5.0 17.3 15.0 23.1
101.3 22,0 14.0 21.0 10.7 50.0 35.7 60.0 30.9
103.0 -- -- -- - 40.0 26.0 68.0 30.4
110.0 - - - —— 27.0 24.5 60.0 26.4
117.4 12.0 11.7 37.0 27.4 l16.0 13.9 22.0 21.6

0c




different flames are presented. (Flame 1 has slightly lower base
case NO emissions). These results clearly show that as the SO
level in the fuel decreases so does reduction in NOy emissions.
With less than 1% SO; in the fuel any inhibition effect was not

significant.

Figure 8 shows the results of probing within the flame‘(118.5%
stoichiometric air, 4.9% SO; in the Fuel) and clearly demon-
strates that at both preheats the effect of SO, is to quench the
formation of NO fairly early in the flame:. This data give in-

sight into a probable kinetic mechanism as described later.

In Figure 9 the effect of 2.5% and 4.9% SO2 on the formation of
"prompt NO" is shown, where "prompt NO" is defined in this case
as that formed within 0.3 cm of the burner grid. It should be
noted that our definition of "prompt NO" differs from that of
Fenimore, in that he defined it as the intercept of a linear
extrapolation of the NO concentration profile back to zero
residence time. It can be seen that at both preheats and at all
air fuel ratios, the effect of increasing SO, is to decrease
"prompt NO" formation. This indicates that superequilibrium
concentrations of atoms and free radicals might be important

under all air/fuel ratio conditions.

PHASE I. EFFECT OF H2S ON THERMAL NOx EMISSIONS

In Fossil fuels, sulfur is normally present in the reduced state.
Thus, some experiments were completed with H,S as the fuel
additive, in order to determine whether fuel sulfur in this form

has an effect on thermal NOyx formation.

Figures 10 and 11 show the effect of H;S addition at two levels
of mixture preheat. Since H,S is a fuel, addition of this com-
pound changes the air fuel ratio, and this has been taken into
account in labeling the abscissa axis. In Figure 10 it is clear
that both 2.6% and 5.0% H,S in the fuel, with no mixture pre-

heat, inhibit the formation of NOyx. NOx emissions were reduced
' 21
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up to 31.6% under fuel lean conditions as shown on Table 2. With
250°C mixture preheat, H,S inhibits NOx formation on the average

by an even greater extent as shown on Figure 11 and Table 2.

Iigure 12 shows the effect of H,;S on "prompt NO", and indicates
that under fuel lean conditions the presence of H,;S does lower
"prompt NO" formation rates. Under fuel rich conditions, where
conversion of H;S to SO, is not complete, there is little effect
of H,S on "prompt NO".

The foregoing indicates that H,S must be converted to SO before
inhibition of NO is important, and that this occurs rapidly under
fuel lean conditions. This is confirmed in Figures 13 and 14 in
which SO3, NO, and O; concentrations are plotted as functions of
time fotr zero preheat. At 98% stoichiometric air (Figure 13) H,S
conversion to SO; is essentially complete when NO has attained 70%
of its final value; at 113.5% stoichiometric air the conversion of
H,S to SO, is essentially complete when the NO has attained only
34% of its final value. Since H;S has a greater inhibiting effect
in the fuel lean case, it would appear that inhibition of NO for-
mation occurs through the rapid conversion of H;S to SO:; and by
the subsequent inhibiting effect of SO;. Thus, under fuel lean
conditions, a kinetic model simulating fuel sulfur as SO:, rather

than as H:S, would be adequate.

PHASE 1I. EFFECT OF FUEL SULFUR ON FUEL NOyxy EMISSIONS

In this phase of the research, the effect of the presence of sul-
fur compounds in a gaseous fuel on the formation of nitrogen
oxides arising from fuel nitrogen oxidation was examined. The
problem is important because removal of sulfur from a fossil fuel

does- not necessarily lead to the removal of an equivalent amount

of fuel nitrogen.

Unfortunately, our results are somewhat contradictory and some
further work is required to reconcile some of the discrepancies

discussed below. Experimental difficulties were encountered in
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Table 2. REDUCTION IN NOx EMISSIONS BY H S ADDITION TO FUEL

Percent ' Reduction in NOyx Emissions
Stoichiometric
Air
2.6% H,S in Fuel 5.0% H,S in Fuel
no preheat 240°C preheat no preheat 240°C preheat
ppm % ppm 3. ppm % ppm 3
80 | 5.0 11.4 7.0 13.2 5.0 11.4 13.0  24.6
90 - 8.0 14.6 10.0 15.4 8.0 14.6 20.0 30.8
100 28.0 23.3 26.0  17.1 28.0 23.2 42.0 27.7
103 - 17.0 11.4 50.0 22.8 28.0 18.9 75.0 34.0
110 15.0 11.1 44.0 19.1 26.0 19.4 63.0- 28.0
115 15.0 15.8 23.0 14.1 30.0 31.6 48.0 29.4
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reproducing exact same fuel nitrogen additive flow rates from one:
day to the next, although within any one experimental run,
additive flow rates were maintained constant. Nitrogen oxide
emission are, of course, very sensitive to the quantity of fuel
nitrogen added to the flame. It should be emphasized, therefore,
that the results from Phase II, are preliminary in nature. They
are reported here because they appeared to indicate the presence
of new, interesting and reproducible phenomena, when both fuel
sulfur and fuel nitrogen are present in a flame. When Viewéd in
this light, the resultS“afe valuable, since they provide impetus

for further investigation.

The research can be divided into two separate expefimental trials.
In the first trial the concentration of nitric oxide (NO) was
‘measured as a function of distance from the burner grid for
various air fuel ratios with and without sulfur dioxide added to
the fuel. The fuel was doped with NO to simulate fuel nitrogen.
'In this trial the flame was detached from the burned grid and
this allowed probing well into the flame front.

In the second trial, the combustor was modified to allow greater
case of operation. The modifications caused the flame to burn
partially upstréam of the grid surface, thus preventing any
probing well into the flame front. This difference in flame be-
havior between the first and second trials, might explain
apparent discrepancies between results from these trials. In the
second trial, NO, NOx, SOz and CO were measured in all runs. A
Molybdenum converter was used to convert NO; to NO under fuel
rich conditions. The fuel was doped with both NO and with C:N,

to simulate fuel nitrogen.

PHASE II. TRIAL 1

Concentration profiles of NO are shown for three stoichiometric

ratios on Figures 15 through 17. Fuel nitrogen was simulated_by

addition of NO in the fuel. Since some NO oxidized to NO: be-

fore reaching the burner grid the inlet values of NO and NOx are
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those measured leaving the grid in the absence of a flame.

Figure 15 shows results under fuel lean conditions. The pres-
ence of SO, in the fuel had essentially no effect on the NO pro- -
file. Figure 16 shows the concentration profile of NO under

fuel rich conditions. A rapid decline in apparent NO concentra-
tions was followed by a very slow increase. This was unex-
pected, and so the sampling rate through the uncooled quartz
probe was varied in order to determine if probe effects were
controlling.- Results on Figure 16 indicate that under our con-
ditions reactions in the probe were apparently destroying NO,

but that these reactions do not occur when the sample is with-
drawn far from the flame front. Figure 17 shows NO concentration
profiles under fuel rich conditions, with and without SO, present
(3.5% SO, in the fuel) and at high and low sampling rates. The
following observations can be made. First, in the absence of
SO,, the same basic trends as shown in the previous figure were
observed. Second, SO, markedly affected the apparent NO profile,
although exhaust values did not change significantly. Third,
with S0, présent there appeared to be little effect of sampling
rate. However, it should be noted that neither the presence of

S0, nor sample rate had an effect on exhaust values of NO.

PHASE 1II: TRIAL 2
Trial 2 was completed after substantial modifications to the
burner had been made. These modifications were necessary be-
cause of wear and tear on the original combustor. It was hoped
to explore the results of Trial 1 in more detail; however, it
became quickly apparent that the combustor performance in Trial
2 was quite different and that this led to significant qualita-
tive differences between results of the two Trials. An important
difference between the two combustors was that in the latter
trial, the stable flame was seated in and below the grid, while be-
fore it was lifted several millimeters above the grid. The results
of the trials should therefore be viewed as results from different
combustors. In Trial 2 both NO and cyanogen were added to the
fuel and both NO and NOyx were measured. The effects of SO, and
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sampling rate were investigated. Results are shown in Figures
18 through 21,

Figure 18 shows concentration profiles for NO addition with and
without SO, addition under fuel lean conditions. Sample rates
were not changed. Essentially no significant effect was observed,
and these data are in agreement with those from Trial 1. The
small decrease in NO due to the presence of SO, is probably due

to thermal fixation effects investigated in Phase 1.

In Figure 19 the concentration profiles are shown for the case
where cyanogen was used to simulate the fuel nitrogen compound.
Conversion of cyanogen to NO was close to 100%. These data agree
with those of DeSoete(!?). No effect of sampling rate was

observed.

Figures 20 (NO addition) and 21 (C,N, addition) show concentration
profiles of NO and NOx under fuel rich conditions. It is
immediately clear that these data differ substantially from those
of Trial 1, in that exhaust values of NO and NOy are achieved much
more rapidly. Indeed, in Trial 2, the rapid decrease of NO to
very‘low values, in the flame front, was observed only with
difficulty. This was because the flame front extended to behind
the grid. From Figure 20 (NO addition) one can deduce that, in
the flame front region, the apparent values of both NO and NOx did
depend on sampling rate, while with SO, present, they did not.
Exhaust values were essentially unaffected. With C,N, as the fuel
nitrogen additive, the data (Figure 21) show that sampling rate
did have an effect on NO and NOx in the flame front both with and
without SO,. In addition, SO, tended to decrease the exhaust
emissions of NOy by about 400 ppm. This is a new phenomenon, and

should be examined further.

Reproducibility of data shown. in Figures 18 through 21 was good,

and many overlapping points have not been shown in order to im-
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prove clarity. In each case SO, concentrations were measured,
and showed that under fuel rich conditions SO, was reduced
slightly in the flame front, and then restored back to its
original value. It should be noted that inlet values of NO and
NOyx were measured in the absence of combustion, and therefore in
the absence of water vapor. The actual inlet values of NO and
NOx during combustion would be somewhat higher. The species
concentrations reported are on a dry basis and reduced to
stoichiometric conditions. For the purposes of this calculation
it was assumed that all unburned fuel was in the form of CO. A
logarithmic abscissa scale was used in Figures 18 through 21 in

order to allow an expanded scale in the flame front region.
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MATHEMATICAL MODELING

In order to model the kinetic mechanisms of the sulfur-nitrogen
oxide interactions experimentally observed it is first necessary
to model the physical environment of a flat flame in which the
reaction chemistry occurs. In a flat fiame the physical pro-
cesses of convection and diffusion are important and simple plug
flow models are inadequate. Indeed a substantial amount of back
diffusion into the unburned gases is crucial in allowing a stable
flame front to be maintained, and in allowing ignition to occur.
Simple models that impose a specified time temperature~history on
the kinetics environment caﬁ be misleading, especially in the
case examined here, where temperature, free radical concentra-
tions and nitrogen oxide kinetics are intimately coupled. For
example, high superequilibrium concentrations of atoms and free
radicals necessarily lead to significantly lower temperatures
because of the enthalpy of disassociation of oxygen, hydrogren
and water molecules. Thus a substance that catalyzes atom recom-
bination rates and lowers free radical concentrations, will also
raise the flame temperature at that point and this rise in tem-
perature may offset, in some degree, the effect of lower oxygen
atom concentrations as regards NO formation. Thus any reasonable
model describing the observed effects must

a) calculate the resulting temperature from a

heat balance and

b) properly take account of diffusion in the flame

front

Unfortunately, no model of a flat flame is generally available
and so it was necessary to develop a very approximate simulation
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to be used in this study. It is recognized that substantial im-
provements in such a simulation are desirable; however, our

model is an improvement on others that take no account of dif-
fusion in the flame front. The approach used here was to develop
a simplified premixed flat flame model that takes account of
diffusion, then to calibrate this model against

a) literature data on free radical concentrations and

b) our own base case of NO formation without sulfur

present

It should be noted that the model therefore used only two unknown
parameters, one of which was obtained from the open literature,
the other of which uses our own base case data. This model was
then used to test kinetic mechanisms of sulfur oxide - nitrogen
oxide interactions, and the resulting mechanism was then used to
determine the effect of different environments and different heat

loss rates corresponding to those likely in a furnace.

PREMIXED FLAT FLAME MODEL

The salient features of our preliminary flat flame model is that
the diffusion in the ignition zone is assumed to be such that it
can be simulated by a well stirred stage or pointwise calculation.
This simulation is exact(!®) only when the true profiles are
parabolic and since this is seldom the case, thé model should be
éonsidered only an approximate representation of our flat flame.
The ignition zone is then followed by a plug flow calculation.
The volume of the (hypothetical) well stirred stage is determined
by that which allows a certain fraction of a species (designated
"fuel") to be destroyed. The physical assumption is, that for a
given fuel, the correct scaling parameter is a quantity related
to the flame thickness, and that this length can be determined

by the concentration profile of the species designated as "fuel".
The model, at this stage, is largely intuitive, and should be re-
garded merely as a mathematical device to simulate ignition. A

rigorous mathematical justification of this approach is outside
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the scope of this phase of the project. Here we will merely
demonstrate that' the model does predict atom concentrations of
the correct order as those measured('?) and this gives us some
confidence Lhat the model can describe the pheomena of interest

here.

The basic tool used was computer program REKINET which inte-

grates the conservation equations for well stirred and plug flow
reactors both with and without a heat balance. 1In addition, this
program allows the volume of the well stirred stage to vary until

a specified fraction of a specified species is converted.

The basic approach used to model the flat flame investigated here
consisted of the following steps:

e choose a kinetic mechanism for CH,/air combustion

+ determine which value of percent CHy consumed (denoted by
x) during pointwise calculation led to measured oxygen

atom concentrations of Peeters and Mahnen(!?)

+ use this value of y to simulate our flat flame and
calibrate the heat loss parameters in the model until

the predicted and measured base case NO profiles matched

e investigate changes due to SO, addition, assuming atom
recombination catalysis with mechanisms and rates pro-
posed by Halstead and Jenkins(®) and Merryman and Levy(2°).

No other parameters should be altered in this phase.

KINETIC MECHANISM
The methane air reactions used were those suggested by Waldman
et al.{*) in an EPA sponsored investigation of kinetic mechanisms
of methane/air combustion with pollutant formation. A list of
reactions is shown on Table 3. The reactions name ULT36 through
ULT143 denote the reactions numbered 36 through 143 in Table 7.5
of Reference (4). Special consideration is made of catalysis of
atom recombination rates through 0,, forming HO, as an inter-
mediate - see reactions ULT10l and ULT85.
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Table 3.

METHANE COMBUSTION

MECHANISM

ULT36
ULT77
ULT84
ULT99

ULT101

ULT140
ULT44
ULT46
ULT47
ULT52
ULT59
ULT63
ULT65
ULT66
ULT70
ULT83
ULT85
ULT88
ULT91
ULT98
ULT100
ULT117
ULT125
ULT133
ULT135
ULT143
JOHN11

CHO
co2

‘H20

H
N20
CHO
CH20
CHO
CHO
CH3
CH4
CH4
CH4
co

H
OH
OH

OH
OH

N20
CHO
02

+M
+M
+M
+0
+02
+M
+H

+0OH
+0
+0
+0
+H
+0OH
+0OH
+0OH
+HO2
+H2
+N
+N20
+0
+0OH
+NO
+02
+0
+02
+M

It

(6(0)
CoO

+M =0H
+M =HO2

=CHO

=CH20
=CH3
=CH3
=CH3
- =co2

+H
+0
+H
+M
+M
+0
+H2
+OH
+H20
+0OH

+0OH
+H2
+H20
+H
+0
+0OH
+H20
+NO
+N2
+02
+0
+0
+0
+NO
+HO2
+0

+M
+M
+M

+M
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In addition, for the runs simulating sulfur addition, the atom

recombination catalysis is described by reations shown in Table

4. Those reactions named MERL/ and MERL3A are reactions numbered

1 and 3A by Merryman and Levy(?°) while those labeled JENKI are
5)

from Halstead and Jenkins( . Reaction JOHNJ! is from Johnston's

review of O atom kinetics(21),

These reactions demonstrate the catalysis of O atom recombination
by SO, via SO; as an intermediate as well as the catalysis of H
atom and OH radical recombination to form H,0, with HSO, as an
intermediate. No adjustment of rate coefficient values from
those Suggested by the original authors was made and it was as-

sumed throughout that:

Kt x, = Kequil

An important result obtained from this kinetic model is to deter-
mine whether this atom recombination catalysis is sufficient to

account for the drop in NO emissions caused by SO, addition. 1In
addition, a kinetic calculation of this type allows the separate
effects of temperature profile changes and radical concentration
changes to be investigated. This should lead to greater insight

into the salient features involved.

CALIBRATION OF FLAT FLAME SIMULATION WITH DATA OF PEETERS

In our simulation of a flat flame the ignition zone is simulated
by a well stirred stage or pointwise calculation where the hypo-
thetical volume'is determined by that volume which will convert
a certain fraction yx, of the primary fuel. This is followed by
a plug flow heat balanced calculation. We settled on a value of
X, of the primary fuel. This is followed by a plug flow heat
balanced calculation. We settled on a value of x by calibrating
our simulation with the data of Peeters and Mahnen(!®). Heat
loss in the ignitidn zone was assumed to be negligible. A value

of
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Table 4. SO, CATALYZED RECOMBINATION OF ATOMS AND RADICALS

MERL1

MERL3A
JENKI1
JENKIZ2

S02
SO3

HSO2

+0
+0
+502
+0OH

=503
=502
=HS02
=H20

+M
+02

+502
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x = 0.98

was chosen because, as shown in Table 5:
* the maximum CH, consumption rate was then similar to

that measured

« the peak O atom mole fraction (0.048) was of the same
order as that measured (0.025) compared to the equilib-
rium O, mole fraction which was two orders of magnitude

lower

+ the temperature of the hypothetical well stirred stage

matched that measured at the maximum CH, consumption rate.

The simulation did over predict the atom concentration by a fac-
tor of two and also tended to under predict the rate of tempera-
ture increase. Obviously the simulation does not give a true
picture of the flat flame at this stage, and the discrepancies
are probably due to inaccuracies in both the model and the kinet-
ic mechanism. Nevertheless, the simulation was considered suf-
ficiently adequate to investigate the kinetic mechanism appro-

priate to SO, inhibition of nitrogen oxides.

This calculation also demonstrated that the kinetic mechanism of
methane combustion proposed by Waldman(*) did contain the salient
features observed by Peeters and Mahnen(!7), For example, the
predicted formaldehyde, hydroxyl and carbon monoxide profiles
were reasonably close to those measured. This gives both the

kinetic mechanism and the simulation some credence.

CALIBRATION WITH BASE CASE NO MEASURED

The base cases used to test the kinetic model were those with
104% stoichiometric air at both zero and 240°C mixture preheat.
We restricted our investigation to the fuel lean regime because
the dominant NO formation kinetics are there better understood.
Using the value of x = 0.98 determined previously and the kinetic

mechanism for methane combustion shown on Table 3 it was found
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Table 5. SIMULATION OF FLAME OF PEETERS et al. (1973)

Simulation Experiment

Temperature at 1569 1550

Ignition Zone Exit, °K
Max. Rate of CH,

Consumption, moles/cc sec 5.53 x 1073 8.4 x 10795
Ignition Zone Exit,

Mole Fractions

co 0.0336 0.042

0 0.0343 _ 0.011

OH ' 0.0173 ' 0.015

CH,0 0.00126 0.001
Max. O Atom

Mole Fraction 0.0474 0.025
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that the NO measurements in our flat flame could be matched by

the simulation with a radiative heat loss coefficient
o = 3.45 x 10" cal/sec cm® °K"

for the case with no preheat, and with
o =8.0 x 10-'* cal/sec cm?® °k*
for the case with 240°C mixture preheat.

The discrepancy between these two values indicate shortcomings in
our model. However, since the purpose of our model is to predict
the chahge in NO due to SO? addition, it is reasonable to cali-
brate against both the zero and high preheat base cases indi-
vidually. Obviously an improved model should be able to predict

the effect of mixture preheat, without additional calibration.

EFFECT OF SO, IN FUEL
With 4.9% SO: in the fuel the simulation showed a drop of 49 ppm

NO in the exhaust for the case with no preheat. This compares
with a measured drop of 40 ppm as shown in Table 6. At 240°C
preheat the simulation predicted a drop of 51 ppm NO compared to
a measured reduction of 70 ppm. Given the inaccuracies of the
physical model, and the kinetic rate coefficients, the simulation
predicts the correct effect of S0; addition with remarkable
accuracy, especially for the no preheat case. The discrepancy
between theory and experiment in the high preheat case may be due
to an inaccurate simulation of the heat loss under that condition.
It is clear, therefore, that the SO, catalysis of atoms and free
radicals as described by Reactions MERL! through JENKI2 on Table 4

can explain the observed inhibition NO formation by SO;.

ANALYSIS OF SIMULATION AND APPLICATION
Calculated profiles of oxygen atom concentration, NO concentration
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Table 6. EFFECT OF SO, ON NOx EMITTED: SIMULATION AND MEASURED VALUES

Simulation Measured
Base case, 104% stoich. air, zéro preheat, NO ppm 148 150 .
4.9% SO, in fuel, NO PPM 99 110
Reduction in NO ppm 49 40
Percent reduction in NO 33 27
Base case, 104% stoich. air, 240°C preheat, NO ppm 232 232
4.9% SO, in fuel, NO ppm 181 160
Reduction in NO ppm 51 72
Percent reduction in NO 22 30




and temperature are shown on Figure 22 for the zero preheat case.
It is clear that the addition of SO: to the fuel changes both the
oxygen atom and the temperature profiles (assuming that the radia-
- tive heat transfer coefficient remains unchanged). 1In the pres-
sence of SO, the higher temperature at early times is intimately
coupled with the drop in atom concentration, which is significant.
This indicates that before 10~" seconds the NO formation rate is
actually slightly higher with SO, than with no SO,. However,
during the time when most of the NO is being formed and when
radiative. heat loss is important, the drop in O atom concentration
dominates, and the resultant NO formed is significantly lower. It
is clear, therefore, that the reason behind the observed effect is
that the présence of SO, catalyzes the recombination of oxygen
atoms, and that the drop in 6xygen atom concentration is suffi-

cient to lower the NO formation rate.

There is, however, a qualitative discrepancy between the predicted
profile of NO shown on Figure 22 and that measured (at a different
air/fuel ratio) and shown on Figure 8. 1In general, the measured
profile showed a more rapid formation of prompt NO than that
predicted. This qualitative discrepancy is probably due to un-
known features in the mechanism of prompt NO formation. It is
felt, however, thaﬁ this discrepancy is not serious and does not
detract from the point that O atom recombination catalysis by SO
can explain the drop in exhaust NO measured, with no adjustment to
known rate coefficients being necessary. Further details of the
results from the model are shown on Table 7 for the no preheat
case and Table 8 for the high preheat case. These tables show the-
early formation of superequilibrium concentrations of SOz} which
is an intermediate species in the recombination catalysis scheme,
followed by a decline to relatively low values, corresponding to
approximately 1% conversion of SO, to SO;. Surprisingly, the
calculations also indicate that the addition of SO, also appears
to hasten the CO burnout rate, although low CO levels were ob-

tained in all cases.
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Table 7.

SIMULATION DETAILS - NO PREHEAT

Time (sec)

0% SO, in Fuel

Ignition Zone

Exit
0.11 x 1073
0.125 x 107"
0.482 x 10~*
0.133 x 10-3
0.329 x 1073
0.780 x 1073
0.140 x 10-2
0.365 x 10-2
0.996 x 10~2
0.280 x 107!
0.425 x 101

4.9% SO, in Fuel

Ignition Zone

Exit
0.104 x
0.118 x
0.347
0.298
0.723
0.123
0.303
0.835
0.123
0.256
0.372

XOX XX X% X OX %

10-°
10~"
10~"
10-3
1073
10”2
10~2
10-2
10-1!
107!
1071}

Mole Fractions

0.479E-7

0.488E-7
0.720E-7
0.253E-6
0.112E-5
0.404E-5
0.118E-4
0.223E-4
0.537E-4
0.103E-3
0.140E-3
0.145E-3

0.622E-7

0.632E-7
0.883E~7
0.204E~6
0.388E-5
0.106E~4
0.178E~4
0.377E-4
0.701E~-4
0.819E~4
0.956E-4
0.978E-4

0.458E-2

0.484E-2
0.555E-2
0.465E-2
0.343E-2
0.236E-2
0.158E-2
0.119E-2
0.749E-3
0.454E-3
0.197E-3

0.119E-3

0.396E-2

0.415E-2
0.466E-2
0.386E-2
0.158E-2
0.994E-3
0.755E-3
0.480E-3
0.282E-3
0.212E-3
0.903E-4
0.457E-4

S04

0.384E-3

0.387E-3
0.325E-3
0.221E-3
0.321E-4
0.136E-4
0.887E-5
0.519E-5
0.425E-5
0.438E-5
0.534E-5
0.650E-5

CoO

0.408E-1

0.414E-1
0.364E-1
0.267E-1
0.216E-1
0.183E-1
0.151E-<1
0.129E-1
0.979E-2
0.686E-2
0.338E-2
0.208E-2

0.400E-1

0.406E-1
0.362E-3
0.286E~-1
0.154E-1

0.118E-1

0.100E-1
0.704E-2
0.494E-2
0.389E-2
0.180E-2
0.916E-3

1659

1678
1754
1850
1935
2003
2055
2081
2099
2064
1939
1852

1686

1704
1783
1864
2046
2094
2113

2123

2090
2058
1959
1882
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8‘

Table SIMULATION DETAILS - 240°C PREHEAT
Mole Fractions Temp.

Time (sec) NO 0 SO3 co T°K
0% SO,;in Fuel
Ignition Zones  0.129E-6  0.610E-2  -- 0.440E-1 1745

Ex1it
0.4 x 107°® ~ 0.131E-6 0.618E-2  -- 0.443E-1 1754
0.11 x 10~* 0.196E-6  0.721E-2  -- 0.394E-1 1836
0.4 x 1073 0.168E-4  0.271E-2  -- 0.208E-1 2124
0.158 x 1072 0.748E-4  0.149E-2  -- 0.154E-1 2175
0.47 x 1072 '0.164E-3  0.891E-3  -- 0.111E-1 2133
0.16 x 107! 0.226E~3  0.315E-3  -- 0.491E-2 1947
0.22 x 107! 0.230E-3  0.202E-3  -- 0.325E-2 1858
4.9% SO, in Fuel
Ignition Zone 0.169E-6  0.539E-2  0.306E-3 0.432E-1 1773

Exit »
0.5 x 10756 0.171E-6  0.549E-2  0.307E-3 0.436E-1 1785
0.11 x 107" 0.260E-6 0.613E-2  0.237E-3 0.384E-1 1875
0.3 x 1073 0.128E-4  0.220E-2 0.175E-4 0.191E-1 2147
0.179 x 1072 0.769E-4  0.982E-3  0.528E-5 0.122E-1 2199
0.59 x 1072 0.151E-3  0.497E-3  0.503E-5 0.764E-2 2130
0.156 x 107! '0.180E-3  0.131E-3 0.783E-5 0.251E-2 1957
0.216 x 1071 0.182E~3  0.643E-4 0.106E-4 0.217E-2 1869
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1000}

Temperature

Oxygen Atom x 10-'

PPM

10t
0% S02 in fuel
- — 4.9%S03 in fuel
@ Measured NO
No preheat, radiation
heat loss

|0- | 10-3 |o"2
TIME (SECONDS)

FIGURE 22, SO, ADDITION AFFECTS BOTH OXYGEN ATOM
AND TEMPERATURE PROFILES, BUT LOWERS NO
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It is instructive to examine the effect of SO2 in the fuel on NO
formation rates when there is zero radiative heat loss, i.e.
under adiabatic conditions. This is shown in Figure 23 where it
1s apparent that under adiabatic conditions the presence of SO,
causes NO to reach its equilibrium value more slowly. This simu-
lation also indicated that SO, causes a change in the time
temperature history, but that the primary effect was due to lower

O atom concentrations,

In order to separate out kihetic and temperature effects it is
useful to determine the role of SO, under a specified time-tem~
perature history. 1In this case there is no attempt made to
satisfy the heat baiance, but rather it is assumed that the
temperature and heat transfer are controlled by the furnace con-
figuration. A realistic temperature history is one with an ex-
ponential temperature drop from 2100°K to 1050°K in one second.
This time-temperature history is roughly representative of that
felt by a labeled volume of premixed gas and fuel as it combusts
and moves through the convection section of a furnace. Thus
this simulation can give some indication of what might happen in
a utility boiler,vunder conditions where fuel and air mixing is
very rapid. Results are shown on Table 9, and indicate that
under such conditions fuel sulfur is likely to inhibit the

formation of NOx. .
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1000}
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TIME (SECONDS)

FIGURE 23. UNDER ADIABATIC CONDITIONS 5042 DELAYS NO FORMATION
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Table 9. FURNACE SIMULATION PREMIXED MIXTURE, SPECIFIED
TEMPERATURE FALLING FROM 2100°K to 1050°K IN
ONE SECOND. APPROXIMATELY 4% EXCESS AIR

NO ppm

With sulfur
Approximate Time Without sulfur (4.9% SO, Fuel)
0.4 m sec . 33.6 24.5
1l m sec 63.0 38.8
2.5 m sec 218.0 125.0
Exhaust 339.0 189.0
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APPENDIX A. DESCRIPTION OF COMPUTER PROGRAM REKINET FOR INTE-
GRATING STIFF DIFFERENTIAL EQUATIONS ARISING IN
KINETICS PROBLEMS

SUMMARY

A computer program, REKINET, for integrating sets of differen-
tial equations arising from kinetics problems is described.

This program, which uses "a cantilevered implicit method” is
especially suitable for systems of "stiff" equations such as re-
sult from problems with great disparity in characteristic re-
action times, as for example, in combustion problems. Use of
free format and internal tables of thermochemical and rate con-
étant data make the program especially easy to use. Either well
mixed stages or plug flow reactors or combinations of these
types can be simulated with specified temperature histories or
under heat balanced conditions. The integration method, TYSON,
can be used independently of the chemical reaction features for

difficult-to-integrate problems.

PURPOSE AND SCOPE

Program REKINET integrates the conservation equations for indi-
vidual chemical species for a stirred-tank or plug-flow reactor.
Temperature and pressure may be specified as functions of resi-
dence time in the reactor or a heat-balanced solution may be ob-
tained. Up to 35 species may be handled. The reactions (up to
70 in number) may be unimolecular, biomolecular or thermolecular

provided they can be represented by
A+B+C=D+EH+F

where ‘A, B, C, D, E, F represents a molecule or molecular frag-
ment. One or two of the reactants or products can be missing.
If a species is mentioned on both sides of the = sign it is
taken to represent a non-reacting third body. The species name
"M" represents a generalized third body. The program treats all

species as ideal gases; however, 1liquid phase reactions can be
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can be simulated by use of a (large) effective pressure.

The method integration used is based on the paper "An Implicit
Integration Procedure for Chemical Kinetics", by T.J. Tyson and
J.R. Kliegel, Paper No. 68-180, AIAA 6th Aerospace Sciences
Meeting, (1968). This method of integration, which we call a
"cantilevered implicit method" is especially suited to the inte-
gration of "stiff" equations such as arise when some of the
species réact very much faster than some other species as, for
example, in combustion. No special precautions need be taken
when formulating the equations to eliminate nearly equilibrated
reactions as must be done, for example, when using explicit
(predictor-corrector or Runge Kutta) methods. For reaction
systems which are not "stiff" the program described is somewhat
slower than explicit methods but it will often be found useful
because of its convenient input and its general reliability.
Since it is an implicit method, the program must calculate the
partial derivatives of the rate expressions with respect to
temperatures and the concentrations. This is done "analytically"
under the assumption that the reactions are of integral order as
implied by the way in which they are written and that the re-

action rates can be calculated from

_ nf _
r. = ag T “exp Ef/Ré] Ca Cb Cc

L

_ nr _
r_ = a_ T “exp Er/Ré] Cd Ce Cf

If less than three reactants or products are involved, the
corresponding concentration in these equations are replaced by

unity.

OUTPUT GENERATED

After printing out the input data the program calculates, prints
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the temperature, pressuré, gas density and species mole frace’
tions as a function of residence time. A time step of variable
size is used in the integration to reduce calculation time. The
program also prints out the forward and reverse rates for each
of the reactions considered at a number of time steps. This
permits one to readily assess the importance of particular re-

actions and to determine which reactions are at equilibrium.

SAMPLE PROBLEM

A sample problem has been supplied to EPA. This problem is the
base case simulation of the flat flame with the results shown
in Table 7. »

PROBLEM SETUP

The user will go through five phases in setting up a problem to
be run on REKINET. First he must specify the type and size of
reactor, whether plug flow, series of well mixed stages, or a
well mixed stage followed by a plug flow reactor. Second, he
must specify the kinetic mechanism, components and reactions

with their rate constants. Third, he must specify amount and
type of output. Fourth, he may wish to alter the normal accuracy
criterion and other integration control parameters. The last

phase is program execution,

This program uses a "free-format with control word" type of data
card. Columns 1-6 of each card contain a control word (for
example: VOLUME, EXECUT....) which functions as a machine in-
struction, directing the setting of a set of data or the use of a
particular option. Card order in the data deck is immaterial
(with certain minor and obvious exception, e.g., the EXECUT card
is the last in each data deck). Below we describe briefly the
function of each type of data card under the five phases of data
preparation. Precise examples of the format of each type of card

are given in Appendix II in which a sample data deck is exhibited.
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Phase I. Reactor Configuration and Size

WELLSTIRRED

PLUGFLOW

VOLUME

TIMEIN AND
TIMOUT

FLAMEM

FDTEMP

TEMPST

DILUEN

HTLOSS

HEATBALANCE

PDECAY

TDECAY

Calls for a well stirred reactor calculation

Calls for a plug flow reactor following the

well stirrcd stages

Determines the reciprocal space velocity) of

the well stirred stage

Sets the range of the independent variable
(time or reciprocal space velocity) for the
plug flow reactor

Selects option to allow volume to be adjusted
so that a given fraction X of a species
designated "fuel" is converted, e.g., the
card "FLAMEM, CH,, 0.02........" designates
that the volume of the well stirred stage
should be such that the flow of CH, out is

| equal to 2% of the flow of CH, into the
stage.

Designates feed temperature, i.e., "FDTEMP,
298.0,..."

Designates first guess at outlet temperature
for WSS

Specifies that an unnamed diluent is present
Determines the factors governing heat loss

Selects a heat balanced case as contrasted with

specified temperature and pressure
Sets the pressure or pressure-time profile

Sets the temperature-time profile

Phase II. Defines the Reacting System in Terms of Species and

Reactions

SPECIE

Defines a chemical species and sets its mole

fraction in the feed and estimate of mole
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fraction in product

ENTHAL Feeds in heat of formation, and specific
heat data

STOICH Defines an elementary chemical reaction

FRATCO . . Feeds in Arrhenius rate parameters for the

forward direction of a reaction

RRATCO Feeds in Arrhenius rate parameters for the

reverse direction of a reaction

For certain species and reactions the THERMO cards .are not
needed. Internally stored data will be used. A reaction rate
library supplies STOICH, FRATCO, and RRATCO cards for a large

number of reactions.

Phase III. Output Control

NPRINT Determines the frequency of detailed output
for plug flow options. Suggested value 10.

PPRINT Determines the frequency of detailed output
for plug flow options.

TYDBUG Determines degree of debug printout called

for. For normal printout omit this card.

LEVEL Determines extent of printout at .each
iteration.
RITEDATA Determines whether diagnostic printout of free

format interpreting routines is desired.

Phase IV. Integration Control

If not placed in the data deck, standard values for these para-

‘meters will be used.
SSCONT Sets a parameter controlling step size

STEPIN Gives an initial step size. 1If a value greater
than 1000.0 is given the program calculates

step size automatically.
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MAXIT Gives the maximum allowed number of iterations

WTFACT Gives weighting factor for integration of the

heat balanced WSS reactor.

VOLWTF Gives weighting factor for the case where

reactor volume is adjusted.

Phase V. The Execute Card

EXECUT Turns control over to the machine to solve the

problem and prints out the answer.

Generdl Comments on Data Cards -

¢ Columns 1-6 are ordinarily for an indentifier word"***#*%*,
TYDBUG, SSCONT, STEPIN, TIMEIN, TIMOUT, TDECAY, PDECAY,
FRATCO, RRATCO, STOICH, SPECIE, FLAMEM, PLUGFL, WELLST,
VOLUME, NPRINT, PPRINT, LEVEL, WTFACT, VOLWTF, ENTHAL,
MAXIT, HEATBA, or EXECUT"

* The card is punched free format with.fields delimited by
commas (or in the case of STOICH cards by + and = also)f
Blanks are not significant. Decimal points need not be
punched. Large (or small numbers) may be represented by a

magnitude multiplied by a power of 10., e.g., 123.4E-7.

» Card order ‘is not significant except for the following
point. The EXECUT card must be the last in the deck for

that run.

» (Certain "default"” variables are built into the program. If
the user does not insert a card certain cards are "under-
stood" to be present. ' The user should check the program

listing for the default values used.

e Certain identifer cards will cancel out previously desired
options - e.g., NOWELL stirred, NOPLUG flow, NOHEAT balance,
NOFLAME. Thus for several runs using the same deck, the
pertinent identifier word is applicable. Built in default
values set all options to FALSE at the beginning of the

program.
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* The program has built-in libraries of thermochemical con-
stants derived from JANAF tables. Data cards ENTHAL have
precedence over the internall% stored  data.

¢ Species names are left adjustéd using the first 6 charac-
ters only and filling in on the right with blanks if'there
are fewer than 6 characters. The program does this auto-
matically. '

« Reactions are written with, + and = signs to delimit
fields; the = siéh separates the reactants from the pro-

ducts. By convention M represents a general gaseous third
body.

General Comments on Conversion to Other Computer Systems - RE-
KINET is written for a CDC 6400 computer, although versions com-
patible with UNIVAC 1110 systems are available. Conversion to
other computer systems require changes in ENCODE and DECODE
statements in sub—programs DESTOIC and DECIP. The CDC computer
system uses wdrds consisting of 10 éharacters. Conversion to
systems with words consisting of 6 characters is simple since no
names used need be longer than 6 characters. Conversion to sys-
tems with 4 characters per word (such as IBMA360) will be more

difficult. REKINET is documented internally within the program
listing.

APPENDIX B. SAMPLE DATA DECK

A computer listing of a sample data deck is shown on the follow-
ing pages. This sample problem was run and the complete listing
of REKINET and the output produced was sent to EPA. The sample
problem is that of simulating nitrogen oxide formation from a
flat flame. |

69



SAMPLE PROBLEM INVOLVING FLAME MODEL AND PLUG FLOW HEAT BALANCED

L Y X Y Yy Y R Ry TR YIS YY
FRBRIHILRED

SIMULATION OF EKMANNS FLAY FLAME MAX NO GCONDITION

BHEBYVFVEOVERD

T Y Y Y IR YT VY PP YT Y Y FPT Y Ty

PLUGFLOW
HEATBALANCEDOPTION

WELLSTIRRED STAGE

VOLUME,1000.0,

VOLWTF41,0,

FLAMEM,CH4,0.02,
SPECIE.CH4,0.1826€E~-02,0.0913,
SPECIE,02,0.403E-01,0.1908,
SPECIEWN2,0.718,0.718,
SPECIE.CO,0.426E-01,
SPECIEWH2,0.139E-01,
SPECIEO,y0.4772E-02,
SPECTEWCHO,0,292E-04,
SPECIE4H,0.130E-01,
SPECIE,C02,0.459E-01,
SPECIE,H20,0.153E+00,
SPECIE,OH,0.816E-02,
SPECIE.HO02,0.,977E-07,
SPECIEWN20,0.916E~-07,
SPECIE,CH20+0.484LE-03,
SPECIE,CH3,0.477E-03,
SPECIEsN,0.615E-09,
SPECIE4NO,0.499E-07,

PPRINT,S,

NPRINTL20,

FDTEMP,298.0,

TEMPST,17 44 664, '
ULTRASYSTEMS SET OF METHANE COMBUSTYION KINETICS AFTER ADJUSTMENT
STOICH,ULT 36, CHO M = CO + H + M,
FRATCO,ULT 36, 2.50E¢204,~-1.5,16.8,
RRATCO,ULT36, 3.23E¢20,~-1.5,-11.251,
STOICH,ULT?77,C02¢M=CO+0+M,
FRATCO'ULI77' 1.00€+15,0.4100.0,
RRATCO,ULT77,2.4785E+7,1.0,-27,.7955,
STOICHsUL T84, H20+M=0H+HM,
FRATCO,ULTB4,3,00E+15,0.0+105.0,
RRATCOULTBL4y15,756E+13,0.04~14.628,
STOICH,ULTOG, H+0+M=0H N,
FRATCO,ULT99,8.00E+15,0.0,0.0,
RRATCO,ULT99,2.404E+214-1.0,105.1481,
STOICH,ULT101,H#02¢N=HO2 M,
FRATCO,ULT101,1.506¢15,0.041.0,
RRATCO,ULT101,1.7573E+16,0.0,16.115,
STOICH,ULT140,N20+M=N2+0+M,
FRATCO,ULT140,1.006+14%,0.0,50.0,
RRATCO,ULT140,2,351E+12,040,12,789, .
STOICH,ULTUL4, CHO+H=CO+H2,
FRATCO,ULTLL,3.00E+10,1.040.0,
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RRATCO.ULT44,15,963E+10,1.0,76.,3058,
STOICH,ULT464CH204¢0=CHO4+0H,
FRATCO,ULT46,2.0E#+11,1.0,4.400,
RRATCO ULTLO,+7.1865E49,1.0,30.478,
STOICH,ULYL7,CHO+OH=CO+H20,
FRATCO,ULT47,3.00E¢105,1.040.0,
RRATCO.ULYLT7,7.3837E+411,1.0,91.577,
STOICH,ULTS2,CHO+0=CO%0H,
FRATCO,ULT52,3.00E+11,1.0,0.5, .
RRATCO,ULYS52,7.126€E+11,1.0,74.895
STOICH,ULT59,CH3+0=CH20+H, '
FRATYCO,ULT59,2.00E4¢1240¢5+=0.3,
RRATCO,ULT59,2.497E+13,0.5466.711,
STOICHsULT63,CH&+0=CH3I+0H,
FRATCO'ULT63' 1-00E*109 100'800'
RRATCO4ULTE341.634E+8s 1.0+8.0,

" STOICH,ULTES yCHU ¢H=CH3 +H2,
FRATCO,ULT65,5.00E+10,1.0,10.0,
RRATCOyULTBES418+783E+8+¢1.0412.0456,
STOICH,ULT66,CHL+0OH=CHI+H20,
FRATCO,ULT6693.00E+13406+5.0,
RRATCO,ULT66,5.08E¢+12,0.0,22.182,
STOICH4ULT70,CO¢+0H=C024%H,
FRATCO,ULY?70,5.60E+11,0.0,1.080,
RRATCOQULT?O'7.32E*130000’23.‘023'
STOICH,ULTB3,H¢OH=H2+0,
FRATCO,ULYB3,8.00E+09,41.0,7.0,
RRATCO,ULT83,183439E49,1.0,9.046,
STOICH,ULT85,HtHO2=0H+0H,
FRATCO,ULT85,2.50E+14,4,0.0,+1.9,
RRATCO,ULT85,23.,436+12,0.0,58.607,
STOICH,ULT88,0H#H2=H+H20,
FRATCO,ULTB88,2,50E+13,0.0,5,200,
RRATCO,ULT88,11.276€+13,0.0,20.336,
STOICH,ULTO31,0H#N=H+NO,
FRATCO,ULTS1,6.00E+11,0.5,8.0,
RRATCO.ULTI1,164794E+11,0.5456.104,
STOICHoULT98,H+N20=0H+N2,
FRATCO,ULT98,8.00E+13,0.0,15.00,
RRATCO,ULTI8,354557E4+1140.0480,235,
STOICH,ULT100, OH#0=H#*02,
FRATCO,ULT100,2.50E+43,0.0,0.0,
RRATCO,ULT100,3,303E+414,0.0,16.,067,
STOICH,ULT117,0H40K=H2040,
FRATCO,ULT117,6.,00E¢+12,0.0,1.00,
RRATCO,ULT117,6.,2186+13,40.,0,18.182,
STOICH,ULT125,N¢NO=N2¢0,
FRATCO,ULT125+6¢31E#11+40e540.0,
RRATCO,ULT125,28.105E+11,0.5,75., 190,
STOICH,ULT133,N+02=N0+0,
FRATCO,ULT133,6,00E+09,1.0,6.300,
RRATCO,ULT133,12.51E+8,1.0,38.198,
STOICH,ULT135,N20¢#0=N0O#NO,
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FRATCO4ULT135,1.00E¢144+0.+28.0,
RRATCO,ULT135,0402579E414,0.0,66.011,
STOICH,ULT143,CHO+02=CO+H02,
FRATCC,ULT143,8,006¢12,0.0,0.0,
RRATCO,ULT143,15.34E+12,0.0,18.720,
ULVYRASYSTEMS METHANE REACTION SET WITHOUT CYANIDE ETC END
STOICH,  JOHNi1, 02#M=0¢0+M,
FRATCO, JOHNi1, 51.19€18, 1.0, 118.7,
RRATCO,  JOHN11, 25.63E17, -1.0,  0.340,
ENTHAL, CHO,-+2900E+01 , .979512E¢00, .109102E+01,
| . . +3433B0E-02,-.790833E-06,
ENTHAL, CH20,-.2770E+402 ,-.112187E402, «311974E+01,
TINOUTA0.1, «5B82149E-024-4147996E~05,

HTLOSSQB.‘.SE‘!."'OOO' 2980 01
EXECUTE
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APPENDIX C. REACTION RATE LIBRARY

The following pages show a computer listing of the reaction rate
library which can be used with program REKINET. The‘reaétion
names are mnemonics derived from literature sources. Thus names
LDSA, LDSB, LDSC etc. denote reactions from the Leeds University
Reports Numbered 1, 2, 3 respectively. A complete bibliography
of the reaction rate coefficient literature used in compiling
this library can be found elsewhere (Sternling and Wendt, 1972).

A copy of the reaction rate library, in punéhed computer card
form has been sent to EPA.
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LISVING

OF REACTION RATF LIBRARY Je Le WENDT JuULY 10, 1973,
STOICH, ARCULl. NO2  +S02 =NO +S03,
FRATCO, ARCULL, 6.31FE¢12, Oos 27.0,
RRATCO, ARCUL1 IR.2UE+12, | P 35,980,
STOICH, BROK1s - OH#H2=H20#%H,
FRATCO, BROKL, 2.3E13, 0.0y 5.2,
STOICH, BROK2, H+02=0H+¢0,
FRATCOv BROKZ' ZQG‘OEIOQ 0.01 16.50'
STOICH, BROK3, O+H2=0H#H,
FRATCO, BROK3, 4., 0E13, 0.0, 102y
STOICH, BROKL H+02 +M=HO2 M,
FRI\VCO. BROK‘Q' 1.0F15' 0009 "1.3y
RRATCO.8ROKb4, 1.4B3E#15, 0.0, 45,471,
FEQUILK,BROKUy 0,671y 0.0, “46,771, PAGE 79
STOICH, BROKGA, He02+¢H20=H02#H20,
FRA‘CO' BROK‘OA' 30.0E"150 0.0' ‘1.39
RRATCO, BROKLA, 4,4503E+16, 0.0, LS5.4T1,
EQUILK,BROK4A,  0.6741, 00, ~46.771, PAGE 79
STOICH, BROK5 4 CO+0H=CO02¢H,
FRATCO, BRCKS 6.HE1L, 0.0, 1.03,
STOICH, BROK6 s H+HO02=0H40H,
FRATCOy BROKG 7.0E13, 0.0, 0.0
RRATCOy BROK6 4 0.6623E13, 0.0, 39.62,
STOICH, BRCK7 4 OH+#HO2=H20#+C(C2,
FRATCO, BROK7 He0EL2y 0.0, 0.0,
RRATCO, BROK7y 7.702E+13, 0.0, 72.857,
EQUILKy BROK7 ¢ 0.7790€-01, 0.0, ~72.857, PAGE 57
STOICH, BROKB,y - O+HO2=0H#02,
FRA‘CO’ BROKB' 6.0E121 0.0’ 000'
STOICH, BROKY, 0+H20=0H+0OH,
FRAYCO, BROKI, 8.LE13, 0.0, 18.0,
STOICH, BROK1O, H+HO2=H2¢02,
FRATCO, BROK10, 2.3613, 0.0, 0.0,
STOICH, AROK11, HO2+¢H2=HOOH®#H,
FRATCO, BROK11, 1.66E1, 0.0, 25.0,
STOICH, BROK12, HOOH+M=OH*OH&M,
FRATCO, BROK12, 3.19€17, 0«04 47.0,
STOICH, BROK13, HO2+HO2=HOOH#02,
FRATCO, BROK13, 1.8E12, 0.0 0.0,
STOICH, BROK1&L, H+HOOH=H20%0H,
FRATCO, BROKI‘Gv l’oiﬁEl‘.! 000' 9-00’
STOICH, BROK15, 0+HOOH=0H#+HO2,
FRATCO, BROK1S, 3.0E13, 0.0, 1.00,
STOICH, BROK16, OH+HOOH=H2C+HO02, _
FPATCO, BROK16, 3.6E12, 0.0, 0.0
STOICH, BRCK1T7, CO0+02=C0240,
FRATCOv BRQK1’Q 2.5E12’ 000' "‘800’
STCICH, BROK18, H2+M=HtHeN,
FRATCO, BROK18 1.12F13, 0.5 92.64
STOICH, AROK19, H+OH+M=H20 #M, '
FRATCO, BROKiq' 1'0E199 ’1.0' 0.09
STOICH, BROK20, O+O¢M=024¢M,
FRATCO, BROK20, 8.15E18, -1.22, 0.0
STOICH, NO#+HO02=NO2#0H '

BROK?21,
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FRATCOQ,
STCICH,
FRAYCO,
STOICH,
FRAYCO,
STOICH,
FRATCO,
STOICH,
FRAYCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STCICH,
FRATCO,
STOICH,
FRATYCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STCICH,
FRATCO,
STOICH,
FRAYCO,
STOICH,
FRAYCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STOICH,
FRATCQ,
STOICH,
" FRATCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
STOICH,
FRAYCO,
STOICH,
FRATCO,
STOICH,
FRATYCO,
STOICH,

BROKZ21,
ARQK?22,
RROK?22,
OROK? 3,
BRCK?23,
AROK 24
BROK 24,
BROK?S,
BROK?S5,
BROKZ26,
BROKZ6 o
BROK27,
BROK27 ,
BROK?28,
BROK28,
BROK?29,
BROK29,
CBOW1,
CBOKi,
CBCW2Z,
CBQOW2,
CBOW3,
CBOKW3,
CBOWuL,
CBOWaL,
CBONWS,
CBOHWS,
CBOW6H,
CBOWb
CBORW7,
CBOW7,
CBONW8,
CBOW8,
CBOK9,
CBOW9,
CBOW10,
CBOW10,
CBOWL1,
CBCW1LL,
‘CBOW12,
CBOW1Z2,
CBOW13,
CBOWL3,
CBOWiL,
CBOW1L,
DAVIL,
DAVIL,
DAVIZ2,
BAVIZ,
DAVI3,
DAVI3,
FENJ3,
FENJ3,
GUTM1,

1.0€E13,
NO2+H=NO+OH,
7.2€ 14,
0¢NO2=NO*0?2,
1.9€13,
HENO*M=HNO#® M,
ke 0ELS, 0.0,
H+HNO=H? #NO,
5.0E13,
DH*HNO=H20 +NO,
3.6E13,
O+HNO=OH#*NOC,
3.0€13,
HO2¢NO=HNN#02,
1.0€E13,
O+NO+M=NO2+M,
I uE1l,

H2 + 02 =

- 2.5E12,

H +
2.2E14L,
0 +
1.7€13,
H 2
3.4E173,
0 .
5.8E13,
Y + H +
1.0€18,
H * H +
1.5€£18,
0 + 0 +
x00€17'
0 + 0 &+
4,0EL7,
H +
0.20E20,
H +
0.40E20,
H +
4,0E20,
H +
1.6€15,
H +
3.0E15,
0 + HCN
S«2E12,
0 + CLCN
1.5€E12,
0 +
1.4E13,
N20 + 0=
1.02€14,
N2O- *

02 =

H2 =

OH *

OH +

OH +

02 +

02 *

NO

ARGQON=
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RRCA =

0.0,
OH +
0.0,
OH  «
0.0,
OH +
0.0,

H2 +
0.0,

OH +
0.0,
ARGON=
’1.0’

N2=
"1.09
ARGON=
'1.09
N2=
‘1009
ARGON=
'1.09
N2 =
"1.01
H20
'1.0'
ARGON
0.0,
N2
0.0,
NCO *
0.0, 8
NCO +
0.0,
NCO
0000
+ NO
0.0,
N2

H2

02

0.0,

"1.93'
OH
19.65,
Os
BelsSy
He
Lo.7¢,
CH,
1001'A
OH,
9007'
H2 +
0.0,
L g N2,
0.0,
02 +
0.0,
L J NZ'
0.0,
H20
000'
H20
Cels
= H2 +
0.0,
= HOo?2 +
0050"9
HO?2 +
0.504,
He
ol
CL.,
6.9,
+ BR,
907’
’
2800'
* 0 +

ARGON,
ARGON,
+ ARGON,
HZOo

ARGON,

N2,

ARGON,



FRATCO,
STOICH,
FRATCO,
STOICH,
FRATCO,
RRATCO,
SYOICH,
FRATCO,
RRATCO,
STOQICH,
FRATCO,
RRAYCO,
STYOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCC,
RRATCO,
STOICH,
FRATCO,
RRATYCO,
STOICH,
FRATCO.
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATGQO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,

GUTMY,
GUTMZ,
GUTM2,
HOMERY,
HOMERY,
HOMER],
HOMER2,
HOMERZ ,
HOMER2,
JENKI1,
JENKIL,
JENKI1,
JENKIZ,
JENKIZ,
JENKIZ2,
JOHN1,
JOHN1,
JOHN1,
JOHNZ,
JOHNZ,
JOHNZ,
JOHN3,
JOHNZ3,
JOHN3,
JOHNU,
JOHNG,
JOHNG,
JOHNS,
JOHNS,
JOHNS,
JOHNG
JOHNG,
JOHNbD,
JOHNT7
JOHNT,
JOHNT7,
JOHNSB,
JOHNS,

JOHNR,

JOHNI,
JOHNIG

" JOHNG,

JOHNL1O,
JOHN10,
JOHN10,
JOHN11,
JOHN1Y,
JOHN11,
JOHN1Z,
JOHN12,
JOHN12,
LANGY,

LANG1,

LANG1L,

* 'Q.SQ. 6000’
N20 ¢ 0 =N2 ¢ 02,
0.85E14, 8.0y 28.0,
He OHe H20=  H20%  H20
1.5E+25, =269 g.
28.“35*25' '2.6' 119.63'
H+ OH+ M= H20¢ M
7.56423, ~2.64 0.
1.L4215E+25, =246y 119.63,
H  +S02 #M  =HS02 _ #M
7.256E+16, 0.0, 0.0
7.990E+16, 0.0, 46e3y
HS02 +0H =H20 +502
0.6789E+14, 0.0 1.760
0.1169E¢+16, 0.0, 75.09
N2+02=0+0¢02,
2?.52618’ -100' 118.7'
13078E17Q '1.09 0.3“0'
02+ARGON=0+0¢+ARGON,
2.5“8E180 -1.0y 118.7o
1.276E17, -1.0y 0,340,
N3+03=0402+03,
9.,938E14, 0.0, 22472
16.79E129 0.0, -2.10,
0+03=02%02,
12.0u6E12, 0.0, he79,
12.77E12, 0.0, 100.6,
03+02=0+02¢02,
4o 373E14L, 0.0, 22472y
7.388E12' 0.0 ‘20109
N3+HE=0+02¢+HE,
3.379E14, 0.0, 22724
5.709E129 0.0, -2.10,
03¢ARGON=0+02+ARGON,
2.485E14, 0.0 22472
“.198E12’ 0000 '2.10’
034N2=0+02+N2,
3.876E14, 0.0, 22720
SQSQBEIZQ BeOo ‘2.109
N3+C02=0402¢C0O2,
9,540E1bL, 0«0 22472,
16412612, 0.0, -2.10,
034H20=0¢02+H20y
3B8.16E 14, 0.0, 22.72
6“.“85129 0.0’ -2010'
02’M=0’0*M'
51.19€18, ~1.00 118.7,
25.63E17' ‘100’ 003“0’
03+M=0+02+M,
762332614, 0.0, 22.72,
12.22€12, 0.0, -2.10,
N2 & 0= NO ¢ N,
60685139 000’ 75.230’
1.0E139 0.05 0.0’
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STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STQICH,
FRAYCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATYCOQ,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
‘STCICH,
FRATCO,
RRATCO,

STOICH, -

FRATCO,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STOICH,
FRATCO,
RRAYCO,
STOICH,
FRATCO,
RRATCO,

STOICH,.

FRATCO,
RRATCO,
STOICH,
FRATCOC,
RRATCO,
STOICH,
FRATCO,
RRATCO,
STCICH,
FRAYCO,
RRATCO,

LANG2,
LANG?2,
LANG?2,
LANG3,
LANG3,
LANG3,
LANGL,
LANGL,
LANGUL,
LANGS,
LANGS,
LANGS,
LANGH,
LANGbH
LANGH
LANG7 o
LANG7,
LANG?7,
LANGS,.
LANGS,
LANGA,
LANGY9,
LANG9,
LANGS,
LANG10,
LANG10O,
LANG1O,
LANG11,
LANG11,
LANG11,
LANG12,
LANG12,
LANG12,

LANG13,

LANG13,
LANG13,
LANG1G,
LANG1G,
LANG1G,
LANG1S,
LANG1S,
LANG1S,
LANG16,
LANG16,
LANG16,
LANG17,
LANG17,
LANG17,
LANG18,
LANG18,
LANG18,
LANG1GD,
LANG19,
LANG19,

N2 ¢ HO2 = NO+ HNO,
7.9€10, 0.5,
9.59E11, 0.0,
N2 ¢« 0 #+ M = N20 & M,
1.62E11, 0.0,
7T.25€12, 0.0,
N2 + OH = N20 #+ H,
1.18€12, 0.0,
3.0E13, 0.0,
N2 & 02 = N20 & Oy
2.88E1kv 0009
Se3E1Ly 0.0,
N2 ¢ NO2 = N20 + NO,
LoeSELL, 0.0y 8443,
2.5E1L, 0.0,
N # 02 = NO # O,
1.41E13, 0.0,
2.95F12, 0.0,
N & OH = NO ¢ H,
5.3E11, 0.5,
9.53€13, 0.0,
N20 + 0 = NO & NO,
be3EL1UL, 0.0,
1.61E13, 0.0,
N20 # 02 = NO & NO2,
6.061".9 -105'
2.0E8, 0.0,
N ¢ OH = NH & Oy
1.29E14, De0
1.0E12, 0.5,
N & H2 = NH # Hy
1.32€E15, 0.0,
1.0€12 0.68,
N ¢ H20 = NH & OH,
3.59E15, 0.0,
1.6€E12, 0.560
NH & OH = NO & H2,
1.6E12, 0.56,
2.22€15, 0.1,
NH ¢« O = NO & H,
5.0E11' 0059
1.84E80, 0.0,
NH + OH = HNO #+ H,
6.u404E11, 0.0,
2.0E11, 0.5,
NH + 02 = HNO & O,
Le38E12, 0.0,
1.0E11, 0.5,
HNC ¢ M = H # NO & M,
1.9€16, 0.0,
3.1E1g' 0.0'
HNO ¢ OH = NO #+ H20,
2.1€12, 05y
LelE1ll, 0.5,
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Li.8,
2.5010

3.180,
L07

7589
10.77,

107.8,
267,
50.0'

7.9,

39.9,

5.629
5540

2647,
64.5,

9.9,
3.22,

18.0,
0.1,

223
1099

3€Eabo
1.5,

1.5,
69.64

S0,
71.0,

29y
13.0,

13.0,
Te0¢

S50.0,
0.7'

0.0,
715,



STOICH, LANG20, HNO ¢ H = NO
FRATCO, LANG20, 1.4E13,
RRAYCO, LANGZ20, 9.5E12,
STOICH, L ANG?21, HNO ¢+ 0 = NO
FRAYCO, LANG21, 5.0E11,
RRATCOC, LANG21, 9,3E12,
STOICH, L0sA 1, COo+ OH=
FRATCO, tosa 1, 5.6E+11,
RRATCO, LDSA 1, 7T+29E+13,
STOICH,LDSB 1, H2 +0
FRATCO,LDSB 1, 1.7 F£+13,
RRATCO,LD0SB 1, 7.3E¢12, 0,00,
STOICH,LDSB 3, H2 *+0OH
FRATGCO,LDSE 3, 219 F#13,
RRATCO,LDSB 3, Rl Er13,
STOICH,LDSB 5, H20 +0
FRATCO,LDS8 5, 5.75 E+13,
RRATCO,L0OSB 5, 5.75 E*+12,
STOICH,L0S8 7, H20 +M
FRATCO,LDSB 7, 3.4 E+05,
RRATCO,LDSB 7, 1,17 Fe17,
STOICH,LOSC 1, 02  *H
FRATCO,LDSC 1, 2.24 E¥+1llL,
RRATCQ,LDSC 1, 1.3 E#+13,
STOICH,LDSGC 3, 02 +H
FRATCO,LDSC 3, 1.59 E+15,
RRATCO,LDSC 3, 2.4 E*15,
STOICH'LDSC Sy H202 *H
FRATCO,LOSC 5, 2.34 E#13,
RRATCO,LDSC 5, 9.6 E+12,
STOICH,,LDSC 7, H202 +H
FRATCO.LOSC 7, 3.18 E+14,
RRATCO,LOSC 7, 5.6 E#+13,
STOICH,LDSC 9, H202 +0H
FRATCO,1L.DSC 9, 1.00 E+13,
RRATCO,LOSC 9, 2.8 E+13,
SYOICH,LDSC11, H202 *M
FRATCO,LDSC11, 1.17 €+17,
RRAYCO,LDSC11, 8.4 E¢14,
STCICH,LDSD 1, NQ #N
FRATCO,LDSD 1, 3.10 E+13,
RRATCO,LDSOD 1, 1.36 E+i4,
STOICH,LDSOD 3, 02 +N
FRATCO,LDSD 3, 6.43 E+09,
RRATCO,LDSD 3, 1.55 E+09,
STOICH,LDSD 5, N +0
FRATCO,L,LDSD 5, 3.9 E+15,
RRATCC,LDSO S5, FERRVE4RE,
STOICH,LDSO 7, N2 +02
FRATCO,LDSD 7, FIVETE LA,
RRATCQO4LLDSD 7, FRERIE 4NN,
STOICH,LDSD 9, N20 +0
FRATCO,LDSO 9, 6.0 E+14,
RRATCO,LDSD 9, 1.0 F+lb,
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¢ H2,
0.0, 3.0,
0.0, 5840,
+ OH,
0.5’ 0.0’
0.0, 54.5,
Co2+ H
0.0" 1-080'
0.0, 23.410,
=H ¢0H
0.00,9.45 ’
7.3 '
=H20 *H
0.00,5.15 ’
0.00,20.1 ’
=0H +0H
0.00,18.0 ’
0.00+.78 )
=H +0H
0.00,0.0 oy
0.00,0.0 v’
=0 +0H
0.00’16.8 A
0600'0000 9
M =H0?2
0.00,1.0 ’
0.00"0509 *
=H?2 ~ #HO?2
0.009902 v
0.0002‘0.0  J
=H20 +0H
0.00,9.0 ’
0.00’77.9 ]
=H20 +HO2
0.00,1.8 ’
0.00,32.7 ’
=0H +0H
0.00,45.5 "’
0.00,5.3 '
=N2 +0
0¢00’o33l’ L ]
0.00+75.4 ’
=NO +0
1.00,6.25 N
1000’38.6“ ')
+M =NO

0.00’ !l!'l#l##,
0.00,%2%%0888s
=NO +NO
0.00 ’ !l!#!#'!i'
0,00, %*sx52¥8se,

=NO +NO
0.00’2607 L)
0.00476,0 v

+M

+M

+N

M



NO2 N

STOICH,LDSD1, =NO #NO
FRATCO,1LDSO011, 1.1 E+13, 0.00,0.0 ’
RRATCO,LDSD11, 1.0 E+10, 0.00,88.0 ’
STOICH,.LDSE 1, NOZ2 +0 =NO +02
FRATCO.LDSE 1, 1.0 E+13, 0.00446 ’
RRATYGCOLLDSE 1, 1.0 E+12, 0.00,45.5 )
STOICH,.LDSE 3, NO2 +M =NO +0 M
FRATCOLLOSE 3, 1.1 E#16, 0.00+65.0 ’
RRATYCO,.LODSE 3, 1.05 E+15, 0.00,1.87 ’
STOICHLLDSE S, NO +C =NO2 +HV
FRATCO.LDSE 5, FEREIE LY, 0.00,%F0eroREN,
STOICH+LOSE 6, : NO «NO +02 =N0Q2 +NO2
FRAYCO,LDSE 6, 2.4 E+09, 0.00,-1.05 ’
RRATCOLLDSE 6, ‘ Le.) E+12, 0.00426.,9 ’
STOICH, MERL1, 502 + 0 + M = S03 ¢ Ny
FRATCOQO, MERL1, 2.4E17, 0.0, 250,
RRATCO, MERL1L 11.538E+19, 0.0, 83.090,
STOICH, MERL 3A, S03 * 0 = S02 * 02,
FRATCO, MERL 3A, 248E1L, 9.0, 12.0,
RRATCO, MERL 3A, 14,18E¢12, 0.0, 49,930,
STOICH, NEWH1L, H20+M=0H+H+M, SYMCA-1969-12-604
FRATCO, NEWH1, S.LEL1T, 0.0,123.6,

RRATCO, NEWH1, 1.5E16, 0.0, 6.0,
STOICH, NEWH2, H2+M=H+HeM, SYMCA-1969-12-604,
FRATCC' NENHZ' 301E15' 009' 11000’
RRATCO, NEWH2, T.0€17, -1.0, 0.0,
STOICH, NEWH3, NO+M=N+0+M, SYMCA-1969-12<-604,
FRATCO, NEWH3 ¢ 3.989¢€20, =25y 150.0,
RRATCO,  NEWH3, 0,9E15, 0.0, 6.0,
STOICH, NEWHG, N2+M=N+N&M, SYMCA-1969-12-604,
FRATCO, NEWHY 4,754LE17, -1.5, 224.9,
RQATCOQ NE“H‘Q' 6-1E1‘0' 000' 0.0’
STOICH, NEWHS, N20+M=N2+0¢¥M, SYMCA-1969-12-604,
FRA‘COO NENHq' 1.0E150 0.0' 61.0'
RRAYCQ, NEWHS, 1.82¢F13, 0.0, 2l.4,
STOICGH, NE WHA NO2#¢M=NQ+0O#M, SYMCA-1969-12-604,
FRATCO, NEWHG, S.L€21, -1.0, Tha0,
RRATCO, NEWHG 2.0E16, 0.0, 0.0,
STQICH, NEWK7 4 024+M=0¢0%¢N, SYNCA-1969-12-604,
FRAYCO, NEWHT7, 3.563E118, -1.0, 114.0,
RRATCO, NEWH7 ¢ 1.0E14, 0.0, 0.0,
STOICH, NEWHB, OH*+H=H2+0, SYMCA-1969-12-604,
FRAYCOQ, NEWHS, 1.4E12, 0.0, 6e0,
RRATCO' NENH8, 303E12’ 0.01 8.00’
STOICH,NEWHI, OH+0=024H, SYMCA-1969-12-€04,
FRATCO, NEWHD, 5«5E13, 0.0, 1.0,
RRATYCO, NEWHO, 7.2E14, 0.0, 169y
STOICH, NEWH10, OH#H2=H20 ¢+ H, SYMCA-1969-12~604,
FRATCO, NEWH1O, 6.2E13, 8.0, 6e0,y
RRATYCO, NEWH10, 3.2E14, 0.0, 21.1,
STOICH, NEWH11, OH+0H=H20+0, SYNCA~-1969~-12~604,
FRAYCO, NEWH11, 7.7€12, 8.0, 1.00,
RRATCO, NEWH1L, 8.3E13, 0.0, 18.1,
STOICH, NEWH12, CO+0H=CO2+H, SYMCA-1969-12-604,
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FRATCO,  NEWH12, 7.1E12, 0.0y 7.7y
RRATYCO, NEWH12, bo7E1L, 0.0, 27.25,
STQICH, NEWH13, NQe¢0=02¢N, SYMCA-1969-12-604,
FRATCO' NEHHlS' 3.269' 100' 39.100
RRATCO, NEWH13, 13.3€9, 1.0, 7.08,
STOICH, NEWH1L, NO+N=N2+0, SYMCA-19369-12-604,
FRATCO,, NEWHLG , 1.55E13, 0.0, 0.8,
RRATCO, NEWH14, 7.0€13, 0.0, 75450,
STOICH, NEWH1S, NO+02=N02+0, SYMCA-1969-12-604,
FRATCO, NEWH1S, 0.18€£11, 054 47.0,
RRAYCO, NEWH15, D.58E11, 0.5, 0.0,
STOICH, NEWH16, NO#NC=N20+0, SYMCA-1969-12-604,
FRAYCO, NEWH16, 2.6E12, 0.0, 63.8,
RRATCOQO, NEWH16, 1e42€14, 0.0, 28.0,

" STOICHy NEWH17, HeE0Z+M=HO2¢M, SYMCA-19369=-12-604,
FRAYCO4 NFNH’.?. 1.3F15, 0.0, 0.0,
STOICHy PATT1, CN+¢CN=C2+N2, JCPSA-1962-36-1146
FRATCO, PATTL, 1.6E15, 0.0, 43.0
STOICKH, PATTYL, CN+CN=C2¢N2, JCPSA-1962-36-1146
FRAT(CO, PATTL, 1.6€E15, 0.0, 43.0
STOICH, PYDY16, NO +02 ™ =N03 *M,
FRATCO, PYDY1i6, 3.697E+08, Oeo Le220,
RRATCO, PYDY16, 2.26E%+11, oo Y.420,
STOICHy PYDY29, NO3 +NO =N02 +NO2
FRAT(GO, PYDY29, 9.216E+11, B.0y =0.6,
RRATCO, PYDY29, ‘3.9E¢11, Oes 23.9,
STOICH,SBOW 1,CHU#M=CHI+HEM ,

FRATCO,SBOW 141.5E¢19, 0.¢999,59,
RRATCO,SBOW 1,13,34E+16, Dev=2.846,
STOICH,SBOW 2,CH4L+(C2=CH3I+HO2,
FRATCO,SBOW 241.0E%14, Deg o946,
RRATCO,SBOW 2,1.32E%12, Oerv=-10.724L,
STOICH,SBOW 3,02+M=0+0+M,

FRATCO'SBON 393.6E"’18v ’100'117.612'
RRATCO,SBOW 3,14.78E+16, -1.0,~-0.918,
STOICH,SBOW 4 ,CH4*0=CH3I+0H,

FRATCO,SBOW 4,1.7E#1S, 0.08.672,
RRAYCO,SBOW Le2.8E¢11, 0e98.692,
STOICH,SBOW S,CH4#H=CH3I+HZ,
FRATCO.SBOW S4.6¢3E+13, 0ev12.573,
RRATCO,5SB0OW 5,23.56E+11, Dev1%.623,
STOICH,SB0W 6,CHL+0OH=CH34+HZ20,
FRATCO,SBOW 642.8E¢13, Dey%.950,
RRATCC,SBOK 6.4e72E+12, 0.+22.140,
STOICH,SBOW 7 ,CH3+0=HCHO+H,

FRATCO+SBOW 74140€E+14, ) JPR | I
RRATCO,SBOW 7,41.255E¢15, 0e+67.020,
STOICH,SBOW B8,CH3¢02=HCHO#QH,
FRATCO,SO0W 8,1.0E¢12, Dasey
RRATCO,SBOW B8+93455E¢+11, 0.»%0.950,
STOICH,SBOW 9,HCHO+0OH=CHQ+H20,
FRATCO,SBOW Q41.0E¢1k, DesDey
RRATCQO,SBOW 9,3.69E+#13, 0.,43.260,

STOICH,SBOW10,CHO+CH=CO¢H20,
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FRATCO,SBOW10,1.0E¢1bk,y .
RRATCO,SBOWN10,2.45E¢15,

STOICH,SBOW11,C0+0H=C02¢H,

FRATCO,SBOW11,3.1E+11,
RRATCO,SBOW11,4.04E*13,
STOICH,SBOW12,H¢02=0%0H,
FRATCO+SBOW1242.2E+14,
RRATCO,SBOW12,0.167E¢ 14,
STOICH,SBOW13,04H2=H+0H,
FRATCO,SBOW13, e 0E*LG,
RRATCO,SBOW13,1.762E %14,

STOICH,SBOWiLy0#H20=0H40H

FRATCO,SBOWi4 8. 4E*1l,

RRATCO,SBOWi4,0.820€E+14,
STOICH,SBOW154H*H20=H240H,

FRATCO,SBOW1541.0E+14,
RRATCO,SBOW15,0,22€E+1 4,

| P P
0.+21.54G0,

0ey0.594,

0e922.924,

009160“5“'
0e90.384,

0.49.365,
Be9s74 335,
*

0.,18,058,
D.,0.888,

0.+420.196,
00'50056’

STOICH,SBOW16 HEOHEM=H20+M,
FRATCO,SBOW16,2.,00E+19, «1.0+0,
RRATGCO,SBONW164+3.79E+20, ~1.0+119.630,
STOICH,SBOW18 yCHO+M=H+CO M,

FRATCO,SBOW18,2.0E+13,

RRATCO,SBOW18,2.5BE+13,
STOICH, - SEMNO3, NO3 #3502 =503
FRATCO, SEMNO3Z3,
RRATCO, SEMNO3,

STOICH,WILD
FRATCOLWILD
RRATCO,NWILD
STOICHLWILD
FRATCOLWILD
RRATCO,WILD
STOIGCH,WILD
FRATCOLWILO
RRATCO,WILD

0.5325E+13,
0.13€5E+¢+14,
1 osH2#NC=HNO#+H,
1,1.4E+13,
1,7.0E413,
3yOH+H2=HZ20+H,
3’309E'131
3+1.8E+14,
SoN20#E=N2¢0H,
Se3s0E#13,
Ssle3E¢13,

0.0054.9,
0.0'300'

0.0'5.“99
0e0420e7

0.0,183.77,
0.0’76009

STOICH,WILD 6,4HNO#CH=NO+H20,
FRATCOWWILD 642.0E¢1k, 0.0y3.0,
RRATCOLWILD 6,6.2E¢14, 0.0,73.3%,

STOICH,WILD 7 ,H+NO¢M=HNO#*M,
FRATCO,WILD 7,3.2€E+19, -1,0,00,0
RRATCO,WILD 7,1.0F+19, ~1,044640,
STOICH,WILD 9,HNO#NO=N2040H,
FRATCO,WILD 9,2.0E+12, 0.0,26.0,
RRATCOLWILD 9,2,4E%13, 0e0s%1.13,

0,528,512,
0.590.472y

STOICH,WILD10 ,HNO*HNO=N20#H20,

FRATCO,WILD10,3.0E+114,
RRATCO,HILO10,1,1E¢13,

0.0¢3.5,
0.0488.94,

STOICH WILD11,N20¢M=N2+0+M,

FRATCO,WILO11,5.0E+14,
RRATCO,WILD11,1.2€6413,

STOICH,WILD12,NO+#NC=N2040,

FRATCO,WILD12,2.hE+12,
RRATCO,WILOD12,2,.0E+14,
STOICHyWILO13,0¢H2=0H4+H,

000'5800’
0.0+20.77,

0s04€348,
0.0’2800’

81

24050,
35.530,



FRATCO,WILD13,1.3E413, 0.009.4,

RRATCO,WILD13,1.5E+1L , 0.046.95,
STOICH,WIL0164,H2040=0H*0H,
FRATCO,WILD14,9.2E+13, 0.0,18.0,
RRATCO,WILD14,7.6E¢12, 0e041.0,

STOICH,WILD1S,H2¢M=H+HN,

FRATCO,WILO15,4.2E#+19, ~0.84y103.2,
RRATCO,WILO15,5.0€E+18, -1.040.0,
STOICHsWILD17 yH#+OH#M=H20¢M,
FRATCO.WILD17,4,1.8€E4+22, -1.5,0.0,
RRATCO,WILD17,1.0€E424, -1.34,118.0,
STOICH,WILD20,04NO=N¢02, '
FRATCO,WILD20,3.2E¢09, 1.0,39,.1,
RRATCO,NILD20y1.6E+10, 1.047.2,
STOICHWILO22,N#NO=N2#0,
FRATCO.WILDZ2241.5E413, 0.090.04
RRATCOoNIL022'6.9E013' 000’75.251
STOICHyWILD24,H#02=0H+0,
FRATCOJWILD24,9.5E¢13, 0.0y14a7,
RRATCOWWILD24 42 2E+12, 0.0+0.0,
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APPENDIX D. THERMOCHEMICAL LIBRARY

A listing of the thermochemical library~can be found on the fol-
lowing pages. These data are presently stored internally in
REKINET. A punched copy has been sent to EPA for their use.
Each card has the follbwing format:

ENTHAL, [name of species], [AHf], [AaCP], [BCP]
[CCP], [DCP].

where AHf js the standard heat of formation of the species and
the. specific heat of the species, Cp, has the following depen-

dence on temperature:

Cp = ACP + BCPelog T + CCPeT + DCPeT?
The coefficients ACP, BCP, CCP and DCP were derived from a
least squares fit through JANAF data. Errors of up to 8% in Cp

are possible, as a result of this, although in general the

errors are much smaller.
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ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,

THERMOCHF4ICAL LIARARY=mmee=a=-= NCT 2,1974 JOLW UNIV ARYIZ
BRya2F7UDIESD2 4.797G85E001 o-+6063095400,.161005E-02 o=, 293159E-06,

BR2,.73A709F¢01 ,.529175€+01 ,.6232h2E+00
1PN, .3005¢02 v=«J1GE+DL ve197E¢ 01
Co «17239RE¢03,.4705TLESDTL 4,.569794E-~01
CCL,.132000€E¢03 ,-.10NLBAF+01,.1A1698E+01
CCL20+=e526000€E402,-.2304RRE4N2,.67723LE+D1
COLU¢=4229400E¢02,~-,289423F+402,.916174E401
C2N24+738700E¢02 +~.110718F¢02,.435L70F+01
CH2,4.950000€+402 ,-,210R656¢01,.,149433E+01
CH2CL,.268F¢12 1=« 2756402 v+631E+01

ENTHAL ,CH2CL2,~+228300E+02,~,360501E402,.856319E+01

ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,

CH3,.319400E¢02 ,-.449517E401,.195038E+01

CHICL,~.206600€402,-.27551054024+.631455E+01

CHU 4y~ 17RIS0E#N2,-. A4S LAEF0L,.23L033E+01
CH30,.350E+131 1o 140ECD2 3.0
CH302,.670E+01 10160€¢02 v 0.0

ENTHAL,CH302H,-.313E+02 v+ 130E+02 +0.0

ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,

CNeo.111000E403 ,,501157€+01 ,.2A7818E+00
COy-e264170E+402,.780841E401 ,-.288039E¢00
COCL -+ 150000E+02,~,14R3K2E+01,.217928E+01
C02o-.9h05b0€002'--1“790“E002..b21328€001
CO0S+=e330R800E+02,-,1643695€402,.43955€E+01
CeR, 0.0 4,-.2093R2€E+N2,.41790SE+01
CSv«550000E+02 4 -,19U268E401,.162157€+01
CS2442793800E¢02 +-0133930€402,.0066771E401
CLy.289220€E402 ,.629998E¢00 ,.905357€+00
cLe, 0.0 vo3031R0E+N0 , .146094LE+01
CL20¢+210000E402 ,~-.94h865E401,4.391204E+01
CLO,.20L1920F¢02 ,-,313724E¢01,.137288E+01
CLO2,4250000E402 ,-.167319€+402,.492335€+01

~«69190RE-03,4124557€E-06
v-.lqﬁE-UZ '-2‘“5‘06 ]
+=+199938E-03,.673161FE-07 ,
v=+1539HhUE~02,.218327E-06 ,
v=e596h11E-02,4.738266F=-06 ,
-’.lﬂbSZSE-OI.'1578626-05 .
+v=«59AN51€-03,~.2022335-06,
14370539E-02 +-4840595E-06,
v¢393E-02 v1~e124E-05 .
++e226227€E-02+~.120776E-05,
+«705692E-02 ,~.160088E~05,
ve 332855€~-02 4-.123R556~05,
v¢119283F-01 +-.260493E-05,

20.0 +0.0 v
v0.0 +0.0 N
v0.0 +0.0

voll&QQQE-OZ v=-¢901735€- ﬁ7v
14259841€-02 4-.528510€-06.,
= +BLUELSE-03,-.4IAS53E-07,
+~+133861E-024~.273210€-07,
+-e262842€6-02,.247469€-05 ,
»~+310603€-02,.314913F-95
v=+809223€-03,.379349€E-07
~e37TLT60E-024.447614E-06
+~.187911£-02,.331785E~05
+=e171363€E-024.2R9674E-06
+=4B1263E-02,.688258E-06
+~¢195125€~02+.283567E-0H
~e453L77E~0244606019E-06

- o @ @ ¢ o 9+

Hy «521000E¢02,.4963R0€¢01 , .788R87E-03,-.150707€~05,.,297103E-09
HBR ,=,R71000E¢01,4110257E¢02 »=~+8874455400,,362143E-02 ,-.6152525-06+

HCL 4=, 220630E+12,.123366€402 +~,111960£+01
HCN,.312000E¢02 .-.P31k595001..ZIYOOEEOBI
HCDy=e29C000E4D1,.979512E400 ,.3109192E+01
HCOCL 4~ 4D1E¢02 ++891E¢ 01 v N0
H2, 0.0 1107652E402 4~.766202E+00

v+ 355006E-02 ,~-.59R930€-06,
++135531E-02 +-.456931E~06,
1e303380E-02 -790533E-86'
+0.0 .D 0

1019433LE-02 ,~-.163972€E~ 05v

H204=a577930F #02, . 1LUHBIESD2 +~.1645253E401,.644539E-02 '-.1021795—05c

H2024+-432%300E¢02,-.230056E¢02,.609937€¢01
H2S 4= 48ANINE ¢ 01,.739354E¢01 ,~.164L44L5E+00
H2S0U,~.177000F¢33,~,670808F+02, ,15737RE+02

ENTHAL +H230U ¢ s~ 19L5LAE*03,~.713213F¢02,,1974LA88E+02

ENTHAL,

HNO,+.238000E+02 4~.274305E¢01,.1799GRE+01

ENTHAL HND2.Co~.182400F¢(2,~,229669E402,.60051RF+01
ENTHAL HNO2 . T4-o18ALN0F¢02,~.228776E¢02,,.594514E+01

ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,

ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL
ENTHAL,
ENTHAL
ENTHAL
ENTHAL
ENTHAL,

HNO3 4= 321000€¢02+~.4630R88E¢02,.10RA12€+02
HOCL 4=~ 220N00E®*N24~.4E2196E401, ,237997F+01
HO2, «S0N00NF¢01,~.411792E¢01,.211312E+01
H502 y~e6A7E 02 10179E402 «0.0
HSOJ,~.L1EE*D2 v=e713E¢D?2 v«197E#+02
Ny «112965F+03 ,.439709€401 ,.139479E~-01
NCQ0,.225F¢02 y=1LOE+Q2 v W07ES QL
NH,.B810000E+02 ,.129091E+02 ,~-.121565E+01

+=¢52560LE-02,.1164LJ8E=-05 ,
20 576350E-02 4-.113534E-05.
1=e112761E-01,.133566F-05 ,
-+281095€E-01,.5152318-05 ,
+0233R0RE~02 +~-.A296A7E-06,
0=234361F-024.861385F-07 ,
=24 8079€~02,.135233F-06
+=.HL7514E-02,,59LADRE-D6 ,
e=e151512E-03,~-. 6LASLSE~-QT,
ve123401€~-02 4-.371379E-06,

+0.0 +0.0 ’
-«.281E-01 ++515E-05 v
~e347A94E~-QLy.9308619E-03 ,
"'17“F-03 '01166‘0’ ]

+0352206E-02 +-.55A300E~-06,

NHZ24.400700E¢02 ,,1223642E¢02 ,-.118KR08F¢01,.A73IH9RE=-02 ,=-.127138E£-05,

NH3,-0109700E+02,.207A94E+0L ,,713233E400

14 789556F~02 +~.150331€-05,

N2, 0.0 093987 2E+01 ,-.585490E400,,30073A€=02 +-.5A1LBBE-0H,
N2H,46LOFs02 vel23EeQ2 v0.9 90.0 v 0.0
N2H24.509000E+02 +=e132358E402,.362857E+¢01 ,.397769€-02 +=-.106273E~ 05v

N2H3,.365E+02 »«215E402 = 40,0
N2H4 4,227900E402 ,~.396174F#02,.,904839E+401

N20,.196100E+02 '-.lh?978E002..QZUBG‘EOOI
N202,.407E¢02 ve190E+02 v 0.0
N203+.198C00E¢02 ,~ .2°6303E90?'.815k?q5001
N2OW +o271000E¢D01 4-.53929AE¢02,,.131631E+02
N205++270000E401 ,-.729334E+02,,177761E¢02

NDe 2158075402 ,.665964F¢D1 ,=-.392199E-01

NOZ2+47Q1007€401 ,=,139207E+02, ,L0GAGIE0L

NN3..170000E#02 -, 486553E+02,.110652€+02
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+o765528€~03 '--603169E-06v
9= e1719N6E-02,.262810E-07
'000 'c.o v
9=e496116FE-D2,.371846E-06 ,
vy=+950293F=-02,.935437E-96
+-e185158E-014+,251510E-05
1021 4T7BSE-02 4= 0hUEILE-D6,
e= e LTLLITE-D24+.HISLLIAE-08
o= 10753UE=-01,, L4O360E-D5



ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,
ENTHAL,

s +999990E 02, 7543L9F 01 4-o4328F7E¢00,4515052E~-03 4~.7L9718F-07,
OHy «QU3200F+01+41L9599E402 ,=-.154237F¢01,,35U289E-02 4+-.510573<-Ch,

02, .0 +e722132E400 4 4138269E+¢01,.122101E-03 4~-.378675€£-07.,
S» 0.0 v+ 142501E402,.4420RFF 401 ,~,139737E£-01,.316915E-05 .,
SeC» 0.0 ve275552E401 o 1174056400 +.6H361TE-02 +.0L4H361E~07 ,

SHeoJLBDONE®D2 4o 17711RE#02 (=o1976PLE+DL o 453L2UE=02 4~.758321E-06,

SOy, 16L0N0E 01 ,~.297550€¢01,.184864LE¢01 ,~-.134415€-02,.161017E-06
SN2 4= 7094 70E402, - LSLABAESN?,,453A17E¢D1 ,-.320066E-02,4329743E-05
S03+-.945900E¢02,-.345590€402,.R53307€¢01 ,~.705317E-02,.799262E-N6

S2+.308400E402 +~e193496E+401+4230484E401 4-.197984F~-02,.29705AE-06
S20,-.135000E¢02,-.13110RFE¢02,.437259E¢01 ,-.4361756-02,.581790€~06

SR+ s 242000E402 +-.206525€4¢02,10912€E402 ,-.1365626-01..211204E-05

*
v’
’
*
.

A

CHO»~,29006E401 , ,979512E+00s .109102E¢N01, ,343380E-02,-.730833E-06,
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