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EFFECT OF FUEL NITROGEN AND HYDROGEN CONTENT ON EMISSIONS
IN HYDROCARBON COMBUST ION
by David A, Bittker and Gary Wolfbrandt

+ational Aeronauiics and Space Administration
: Lewis Research Center
Cieveland, Ohio 44135

INTRODUCTION

This paper presents the results of a study of
the effacts of operating conditions and fuel proper-
ties on emissions during the two-stage combustion of
hydrocarbon fuels, This work is part of a theoreti-
¢al and experimental basic research effort in sup-
port of a major Department of Energy program to
adapt ground-power gas turbines to use coal derived
liquid fuels {1).1 “The importance of this
S{ncrudE—burning capability to the development of
the gas turbine for ground power is discussed at
length in reference ?1) One of the important ques-
tions is how the emissinons of nitrogen oxides
gNOX) and carbon monoxide (CO) will be affected by

1) the increased content of low percentage hytrogen
aromatic hydrocarbons and (2) tne increased content
gf Iorganic nitrogen compounds in these coal-derived

uels.

The present work is part of the Critical ;
Research and Technology (CRT) project funded by the
Department of Energy at the Lewis Research Center
(DOE/NASA Interagency Agreement No,
DEAI~01-77ET10350). Its main purpose is to deter-
mine, theoretically and experimentally, the effect
of operating conditions on nitrogen oxides emissions
during syncrude combustion, Under normal combustion
conditions most of the chemically bound nitrogen in
hydrocarbon fuels will be converted to nitrogen
oxides (NOx) (2 and 3).  Two-stage combustion has

lyumbers in parentheses designate references at end
of paper.

been suggested by several investigators (4, b and b)
as a technique for reducing NOy emissions. The
control of NOy is achieved by rich primary burning
followed by vary lean secondary combustion, Lack of
oxygen in the rich primary zone reduces the forma-
tion of NOy while the fuel-bound nitrogen (FBN)
forms molecular nitrogen and other compounds., In
the very lean secondary zone thermal NOy formation
from N2 is limited by the reduced temperature,

while the gother nitrogen compounds present react
less rapidly to form NOx than the original FBN.
Therefore, a two-stage combustor model was used in a
parametric study to extend currant knowledge by
determining the relationship between operating con-
ditions, fuel properties and exhaust emissions.
Although NOy emissions are the main focus of this
work, effects of variables on CO emissions were also
investigated,

The preliminary analytical part of this study
was reported in referance (7) and the experimental
part of the work was reported in reference (8). The
present paper reports additional theoretical compu-
tations and gives comparisons of theoretical and
experimental results for a variety of conditions.
The operating conditions used in this work include a
primary equivalence ratio, éy, range of 0.6 to 1.8
and one secondary equivalence ratio, ¢¢, of 0.5,

The primary zone residence time ranged from 12 to

20 msec dand secondary residence times from 1 to

3 wsec. Fuel-bound nitrogen contents of 0.5 and

1,0 percent-were used and fuel hydrogen varied from
9 to 18 weight percent, Initial temperature and
pressure were not primary variables in this work.
Pressure was generally maintained at 5 atm. How-
ever, a limited number of computations was performed
at a pressure of 12 atm, Initial temperatures
ranged. from 600 to 650 K, depending upon composition.

ANALYTICAL COMBUSTOR MODEL AND- EXPERIMENTAL DETAILS
Two-stage combustion was studied experimentally

in a flame tube with secondary air injection. A
diagram of the apparatus is given in figure 1, Fuel
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mixtures of propang, toluene and pyridine were
blended to give a range of carbunslydrogen ratios
and fuel nitrogen contunts matching syncrude fuel
properties, Exhaust gases were sampled for emiss
stons of nitrogen oxides, carbon monoxide, carbon
dioxide and unbuened hydrogarbons, From these data
combustion efficiencies anyg percent conversion of
FBN to NO, weve computed, Complete details of the
experimental gpparatus anu procedure ara given in
reference {8).

The two=stage flame tube was modeled theoreli=-
cally by a two=stage, aviabatic well-stirved vesc.
tor, A deseripbion of the mathematical technique 1s
givan 10 veference £3),  This ighly back-mixeo,
tdealized systom was assumed Lo approximate the turs
bulent mixing 1o the flame tube,  The fuels used
wori propane, toluleng and one mixture of these two
fuels, Tne exhoust gasus from the pronary-stage
reagtor were assumed Lo be instantanecously diluted
with the requirved ampunt of ate and then enter the
second-stage veactor,  This assumption is one of the
major difterencus between the theoretical model and
the experimental flome tube, In the latter theve
are mixing inhomogenaities caused by the dilution
and mixing z00¢ between the ond of the primavy cons
bustion zone the start of secondary ¢ombustion,

A second difference between the idealized model and
the experimental flame tube 1s the heat trapsfer
losses for the experiment, which are not considered
in the analytical moedal,

A third difference bobween the theoratical
model ang the experinent 15 the method of adding
ghemically bound nitrogen to the fucl, In the
pxperinenl the argdnic compound pyridineg was blended
with the hydrocarbon fuels. For the computations,
FBN was added tn the form ot free nitvogen atoms,
The rationale for using this simple “model compoung®
to roprasent organic fuel bound niteogen is des
seribed in reforence {#),  Another ditfereace bo-
tween the experdiment and the computational mouel 1s
the fagt that the ghomical model does not take into
account smoke formation,  In the experimental study
(8) a Fow smoke measurements werg made,  The results
showed relatively high smokinog tendencies gven at
the relatively low pressures used, and with high
dilution in the secondary zone, Referenge (7)
showad that, in spite of these differences between
experiment angd analytical wodel, certain experiment=
al trends for propanesafr mixtures could bo theorat
ically predicted, In veferente {(7), comparisons
wore dong only for some preliminary experimental
data, In this voport & more extensive comparison is
given betwoen compuled vesults and experimestal data.

GHEMICAL MODEL

The chomistry of nitrogen oxide formation dure
ing lydrocarbon combustiom nas been studied exten-
sively [9 and 10).  For the cowputations of refers
ance (7), 4 rifty-saven veaction mpchanism was used
Tor the propangsair combustion system,  The impor=
tant nitric oxide foming rveactions arve, first of
ally the oxtended Zoldovich mechanismi

N+ 0z N0+ 0
O+ Nz 3 NO+ N
N+ OH 3 N0+

For rich mixtures, the direct reaction of hydro«
carbon fraguents with molegular nitrogens

L+ Np 3 HCN + N

has baen found to be wportant {10 and 11), This
roaction is followed b{ radical attagk on HCN and
further reagtions fnvolving the oxidation of CN, NCO
and NH species to NO, For the computations to be
repurted in this paper several roactions have been
added to the mechanism, - First of all, two reactions
ig;obving hydracarbor Fragments and NO bave been
added:

CH + NO 2 HON + 0
CH + NO 2 HEO + N

These reactions are fmportant for rich pramary mix«
tuees, In addition the following three radical
attacks on HOp radical have been added:

0+ H0p 2 OH + 0
B+ KO 2 0N+ ON
O+ HOy 2 1ol + 0

These reactions are fmportant mainly for lean and
stoichionetric grimany(mixtqres; The nitragen
oX1des ave mostly nitric oxige, NO, aspecially for
vich primay mixtures. For lean and stoichionetvic
mixtures some NO 1s converted to aitrogen dioxide,
ND2, by the veactions

HO2 + NO 2 OH + NOp
0 F NOp 2 ND + 02

Total NOg was always taken as the sum of the NO
and NQp concentrations, The complete mechanisw
used for propang-air combustion and NQy formation
is given in table 1. When tolulene is ingluded in
the fuel, additional veactions are needed in the
oxidation mechanism.  The vecent work of Melain,
Jachinowski and Wilson (12) has provided the first
datailed oxidation weehamism for tolugng, The addi-
tional reactions used in tha present computation,
whu? t?guene is in the fuel mixtuve, ara given 1o
table I,

RESULTS AND DISCUSSION

Effect of Fuel-Bound tritvogen on NO. Formation

CThe results of RIS sthdy are presented ror
thrae difforent fuelsy A, B and €. Fugl A contains
nominally 14 pevcent hydvogen by weignt, fuel § is
11 percant and fuel € contains ¥ percent hydrogen.
Fugl A is pure propane both for the computations and
thi experimental work.  Fuel B ¥s, for the computa-
tions, a mixture of .74 percent propane and 73.20
percent toluene by weight.  Nitrogen atoms are added
to give the appropriate awount of fuel bound nitro=
gen, Experimentally, fuel B is sither theé statey
mixture of propane and tolueng {for zero percent
FBN) ov the appropriate mixtuee of propane, tolueng
and pyridine when FBN is present. Fuel € is, com
putationally, pure telugne with nitrogen atoms added
for FBN, Experimentally, fuel € is a mixture of
gither toluene and propane or toluene, pyridine and
propane. , »

Figure 2(a) shows computad final {second-stage)

NOx congentration as a function ¢f primary aguivas
lence ratio, dy, for fuel A with 0, 0,5 and 1.0
percent fugl-bound nitrogen (FBN} contents, Tnese
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results are §)igntly different from those presented
in reference (7? bacause of the expanded chemical
model used here, However, the same trends ave
shown,  Minimum NOx formation occurs for a ép

value of about 1,8, Althou?h NOx emission in=
greases with FON content, the conversion of FBN to
NOx decreases as the amount of FBN increases.

This s shown by the curves' getting closer together
as FBN content ingreases, Computed NO, emissions
for fuel B are shown in figure 2(b}. Fhe general
trends with ¢, ‘and FBN content are similar to
those for fuel A, Although results could not be
obtained for rich ¢, values above 1.b, the

¢, values for mininbin NOx formation are de-
f?nite)y greater than 1.6 for all three nitrogen
contents,  For fuel €, the lowest hydrogen content
fuel, computed NOg concentration vs ¢, results
were obtained up to ép « 1.6, The p)gts in fig«
ure 2{c) show trends with ¢, and FON content ~
similar to the other fuels, ' However, it appears
that the ¢, value for minimum NOy amission is

now greater than 1.6,  Thus the computed results
indicate an increase in the 45  for mintmum NO

with decreasing hydrogen contéﬁt of the fuel, ?his
trend agrees with the experimental vesults previous-
Ty published (8), A full comparison of computed and
experimental NOx emission concentrations will be
given in the next section,

A detailed study of the computed vesults indi-
eates a possible explanation for the shift of the
#y  valug for mintmum NOy as the amount of aroe
mgtic hydweocarbon in the fuel increases, The
pyrolysis reactions of toluene {sce table I1) form
significant amounts of hydrocarbon fragments that
are not present during the pyroelysis ang oxidacion
of propane. The reactions of these fragments fom
CH radicals which destroy NO directly via reactions
58 and 59 of table I'. We nave detemined that the
jmpartance of these reactions increases significant-
1y as the percentage of toluene in the fuel fn=
¢reases,  This additional path for NO reaction in-
creasés the ratio between its destruction and its
formation by reactions such as the oxidation of
nitrogen atoms and HCN spegies by hydroxyl radical,
QH., Therefore, as more tolueng is added to the
fuel, the ninimum NOyx concentration occurs at inw
creasingly higher é, values,

We have shown erectly<the effect of ¢, on
percent FBN conversion to NOg in figure 3, whieh
gives this percent conversion plotted against ¢y
for all three fuels, Computed results for fuel A
arg shown i Figure 3{a), FON conversion 1s lowar
for the 1,0 poreent fuel nitrogen content than for
the 0.5 percent content, MNoveover, the gonversion
is smallest in the rich @, region of 1,4 to 1.5
where NOx emissfons are at thadr wintmwm, - No
flame tube experiments with added fuel nitrogen were
porformed for fuel A, $o0 -only computed results are
shown, - In Figure 3(b) Tt is seen that, for fuel B,
the computed difference in fuel nitrogen conversion
between 0.5 and 1.0 pergent FBN contents is quite
small, even though the 1,Q percent FBN values are
still lowar, Experimental flame tube data are also
plotted.  The two points that ¢an be compared with
the computed lines are ih axceliant agreement with
them, - A1V the axperimental data are consistent with
the computed trend of slightly lower FBN conversion
for the nigher FEN content fuel, A much better com-
parison of experimental and computed conversions is
shown in figure 3{c) for fuel €,  The chmputed re<
sults for &, values ¢ 1.1 indicate the convers
sion to NOg 05 significantly lower for 1.0 percent
FBN content then for 0.5 pereent FBN. However for

$, values greater than 1,1, the percents conver-
s?on are very close for the two FBN contents, The
experimental data points shown are in good qualita-
tive agreement with thase computed trends and alse
io good quantitative agreement with the computed
results for rich primary equivalence tatfos, It is
significant to note that FBN conversion rates of
Tess than 10 percent can be achieved with righ~lean,
two-stage combustion,

Effect of Hydrogen Content on NOy Formation

‘ e computed etfect of hydrogen content on
NOx emissions is shown {n {igure 4. The final
NOx concentration, plotted against primary equiva-
lence ratio for the three fuels usew, is shown in
figure 4{a) for no fuel bound nitrogen content,
For ¢, values up to about 1.5, NOy concentra-
tion ihcreases as the fuel hydrogén conteut de-
creases. However, at # = 1.6, the computed NOy
gsoncentration is the same for the 9 percent and the
18 percent hydrogen fuels, Similar situations can
be seen fr figures 4(b) and (¢) which show the sane
type of plot for the three fuels with 0.5 and 1,0
poercent FBN content, In these plobs two trends are
noticeable. - First, the effect of decreasing the
hydrogen content becomes smaller as the hydrogen
percentage decreases,  Second, the presence of fuel
nitrogen appears to lessen the Ny in¢rease caused
by Towering the fuel hydrogen content, Therefore,
the computatfons pradict that hydrogen content has a
small effect on NOy emissyon at rich equivalence
ratios In this two-stage combustion, The exparis
mental results agree with this predicted trend, as
ean be seen by examining the experimental data also
piotted in figures 4{a) to {c). For rich primary
mixtures these data indicate essentially the game
NOx emissions for tuels B and €, whose hydrogen
contents are 11 and 9 percent, Quantitatively, the
thgoratical model prediets too Vitble NOy for rich
primary mixtures and aver prediets NOy for lean
primavy mixtures, The lean s{de effoct is mainly
due to lack of hedat-loss corrections in the model.
This results in higher computed veaction tempera-
tures and thus too much thermal NOy formation,

For the rich primary mixtures defig¢iencies in the
gas=phase chemical mechantsm for the gonversion of
fuel nitrogen to N0y may explain a gooo part of

the discrepancies, In figure 4{e) we have also
shown experimental data (the filled<in diamond sym-
bols) for NOx emissions using an actual coa) syn-
crude fuelo  The fuel was made by the SRC-11 process
and 1sa-2,9:1 blend of middle and heavy dis«
tillates, The hydrogen content is 8,64 weight per-
gent and the bound nitrogen content i 0.9% per=
cent, ‘Detailed properties of this fuel are given in
table I of veference {8). It can be scen that tnere
¥s good agreement between measured NOy for the
dctudl synerude fuel and For the tolugne-propane~
pyridive simulated syncrude fuel.

Effect of Fuel Nitrouven and Hydrouei: Content
on GO Emission o

~ The eftect of both hydrogen and nitrogen con-
tent of the fual on CO emissian is shown in Figure
5, Final CO concentration is plotted against ¢
for the three aifferent fuels. In figure ${a) the
tuels contain no nitrogen. In figures 5{b} and {e)
the fuels eontain 0.5 and 1.0 percent FBN.  For all
nitrogen contents we see that the computed CQ con-
centration inereases significantly as hydrogen con<
tent of tha fuel decraases. . By comparing curves for
the same fuel in figures &{a) to (u? it can readily
be seen that computed CO concentration is independ-
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ant of fuel-bound nitrpgen content, Theoretically,
it would be expected tnat €O formation would ine
crease with de¢reasing lydrogen to carbon ratio of 3
hydeocarbon fugl from equilibrium thermgaynamic cone
sidarations, without any ¢nemical kinetics, There-
fore, the observed ingrease tn CO emissions witn
decreasing hydrogen content of our three fuels is
not surprising. Experimental verification of this
trond for two.stage combustion can be seen in figure
5(a). The data points plotted show considerable
scatter, However, they follow the trend of the come
puted curves with  ¢,, For tnis condition of no
added fuel bound nitrogen, the data indicate a gen=
grally increasing CO leve) as hydrogen content de-
creases.  The oxperimental data fn figures 5{b) and
{e¢) are insufficient to Jetemming any €0 trend with
hydrogen content, Howaver, they follow the computed
trend with @, and also verify the lock of: de-
pendence of G0 concentration on tuel bound nitrogen
content found theoretically.

Effect of Rosidance Times on NOy and €O Emissions

D

Previous theoretical computabtions (7) ror
fuel A showed that NOx and CO cmissions are {i
dependent of primavy-stoge rasidence time, The
experimental results (8) showed an increase of Nl
concentration with increasing primavy-zone residence
time for fuel £, These experimental results avg
shown in figure b along with tneoretical computa=
tions for fue) €.  The data shown are for a primary
equivalenge rakio of 1.b. The computations show the
same NOy independence of primary=zong volume
{i.e., residence time} as round for fuei A, The
experimental vesults show an increase of about
16 perecent in NOy formatien when the primavy-zone
residence time increases by aboub 1Y percent. The
failure of the wodel to prediet this trend is no
doubt due to its lack of heabt-loss corrections and
{mability to simulate the finite experimental mixing
of atr with the primavy combustion gases.

The theoretical computations {7) for fuel A
indicated some increase of NOyx fowuation with ine
craasing secondarvy resigence time. This was true
only for vich primary mixtures, dailuled to a second-
ary equivalence ratin of 0.7, When these vich mix-
tures were diluted to dg = 0.5, the NQx forma-
tion was foumd Lo Lo constant as secondary residence
time increased, [ figures 7{a) and {4) we have
plotted NOy concentration vs, Secondavy residence
time for fuels B and © to see the effect of fue)
hydrogen content, Only ¢g = 0,% was used for the
computations, It is apparent that N0y congentra-
tion is generally independent of secondary resi-

denge time for thase lower bhydrogen-content fuels,

Very slight increases can be seen for the richest
fip - values of Lidand 1.6, Expovimental results
for fuel 8 arvg shown in figure 8, wheve NO; cone
centration is plottod against secondary equivalenge
vatio for several secondary residence tines and

s = 1.5, These data shown a very slight effect

ol secondary residence times at dgw 0.5 and 4
significant {ngrease in N0y with secondary rasi-
dence time far g = 0.6 and 0.7, These experi-
mental vesults are in agreement with the computed
teends, We bave found that tuel hydrogen content
has no effect on the NOg trend with secondary
residence time.

; Figures 9{a) and (li) show plots of computed €O
concentration against sccondary residence time for
fuels B and C. Fuel nitrogen content 8 0.5 per-
cent, as in figure 7, The trends are the same as
found for fuel A in referance (7). The GO emission
decreases significantly with increasing vesidence

4

time, Thus, one can decrease the CO emission withe
out inergasing N0y by incréasing the secondavy
residence time, ?his 1% ?articu]arly important
beeause of the increased level of CO emissions in
these lower hydrogen content fuels.

Effect of Prassure on N0, Formation
“RTtiG0gh Prassure was et [ primaty variable in
this study, a limited number of computations was per-
formed at & higher prassure of 12 atm.  Fuel B was

used, Computations were pecformed for fual nitrogen
contents of 0 and U,5 percent over a ¢, range of 0.8
to 1.5, Plots of final NOy and CO concentration vs,

fn  for pressures of B and 12 atm are shown in figures
16 ang 11 for the two nitrogen contents, Results show
that inereasing the pressure causes a small to moderate
increase in NOy concentratfon at most #, values.

For the rich % values of post interese the incraase
is 30 percent for no FBN and only 3 percent for 0.5 pare
cent FBN, Al the NOx increase is due to the thermal
NOx« The computed percents conversion of fuel nitro-
gen to NOg ave slightly lower at 12 atmospheres press
sure than at 5 atw, Cavoon monoxide formatjon decreases
at the higber pressuve, It was not possidle to perfoim
experiments ab high pressure to obtain data to compare
with the computed results.

SUMMARY OF RESULTS

An experipental and theoretical study has been
made of the offpect of operating conditions and fue)
properties on emissions during twi-§tage synerude
combustite, - The hpdrogen content of the funl was
varied from 18 percent (pure propane) to Y pevcent
{pwre tolulene). Nitrogen content of aach fuel was
chianged from zero up to 1.0 percent by weight.
Primavy-stage equivalence ratio was varied from 0.6
to 1.8 and second-stage dilution was always Ly an
equivatence ratio of 0,5, Pressure was ysually held
constant at 0.48 MPa (5 atim) and inlet mixture tene
peratures vartea from 600 to £50 K, depending upon
its composition, Nitrogen oxides and carbon monox=-
ido emissions were computed using a two-stage, welle
stirred reactor combustor model and were measured
experimontally using a two-stdqe, highly turbulent
flame tube, The rosults of this study may ba sum
marized 4s follows:

1. The simple stirredereactor model was able to
predigt saveral of the important treads for the
emissions from two-stage hydrocarbun combustion,

2, Two-stage, rich=lean combustion gives axpor-
imental conversion rates of fuel«bound nitrogen to
NOx of 10 percent or less for rich equivalance
ratios of 1.5 to 1.7 and fusl-bound nitrogen gonw
tents of 0.5 and 1.0 percent by weight. These re-
sults of the experimental flame-tube work ave the
same as those pradicted by the two-stage wellw
stirred reactor computations,

3. Both experiment and thegry show that dew
creasing fugl hydrogen content causes a small in=
crease in NOy emission level. The presence of
fuel nitrogen may decrease the effect of hydrogen
content on NOx. , ,

4. Although the absolute level of NOx emis-
sion increases with fuel-bound nitrogen content, the
percent conversion of the fuel nitrogen decreases

_ s1ightly as the awount of fuel nitrogen {ngreases.

This is found both experimentally and theoretically,
5, Both experimentally and theoretically, the
rich primavy equivalence ratio for minimum N0y
formation shifts to higher values as the amount of
aromatic hydrocarbon (toluene) in the Tuel is fn=
creased, This can be explained by the reaction of
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the pyrolysis products of toluene directly with NO
to increase the NO destruction rate,

6. Carbon monoxide emissions increase signifi-
cantly with decreasing fus) hydrogen content, as
shown by both the experiments and the theoretical
computations, Also CO emissions are highest at the
rich primary equivalence ratios that give minimum

NOy.

* 7. Both experiments and theoretical computa-
tions show that carbon monoxide emissions are in-
dependent of fuel=bound nitrogen content,

B. The faormation of NOy increases slightly at
most primary equivalence ratios when the pressure is
increased from 8 to 12 atm, The increase is between
3 and 30 pergent at the rich equivalence ratios for
minimum NOx formation, AJ1 the increase is due to
thermal NOy. The percent conversion of f{nel-baund
nitrogen at 12 atm is s)ightly less than & 5 atm,

9. Computed NOx emissions are essentially
indendent of secondary residence time for all fueis
used, when the secondary equivalence ratjo is 0.5,

10. Computed CO emission decreases significantly
as secondary residence time increases for all fuels
used and all operating conditjons,

11, Computed NOy and GO emissions are in-
dependent of primary-zone residence time, Experi-
mental NOy emissions, however, increase moderately
with primary residence time.

CONCLUDING REMARKS

Although the theoretical and experimental com-
bustors used in this study are not actual gas tur-
bine combustors, the results obtained have Some
application to more practical combustors. Experi-
mentally, 4 ¢od) syncrude distillate of the SRC=11
process gave NOy emissions that matched very well
those from the fuel blends used to simulate the
actual fuels in both hydrogen and nitrogen content.
Limited measurements of smoke from the rich-lean
combustion of these simulated syncrude fuels indi-
cated relatively high smoke emissions in spite of
the very lean second-stage burning, This fact,
along with the high observed carbon nonoxide emis~
sions, indicates that trade-offs will be necessary
between the conditions that minimize NOx and those
that control CO and smoke emissions.
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TABLE 1. - REACTIONS FOR PROPANE-AIR COMBUSTION AND NOx FORMATION
Reaction Rzaction Rate constant®:b Referw
: number ence
A n @

1 M+ Calig 2 Colis + Chiz + M 5.0x1018, 0.0 | 32713 13

. 2 Call ; Ha + i 3.16x10 20 483

; 3 0™+ CpHa ¥ CHz + HCO 2.26x1013 1 359
4 0 + Calig § CH20 + CHy 2.5x1013 2 516 r
§ CH3 cau CHy + Cati7 2.0x1013 5 184 ‘ 1

. § Cally * Cal 1 + cué 4.0x1013 16 658

L b 7 H™+ Cokig H3 1.1x1014 4 278
B8 O + 2Ma J& %20 + CzH3 1,0x1014 1761

| 9 M+ Caug Colig + H+M 3.0x1016 20 382

, ‘ 10 0+ CF 2 Clig + €0 5,2x1013 1 862 14

, 11 M+ CHa 2 cu3 *HEM 4,7x1017 46 900 15
12 H+CHy 2 cn; + Hp 1.26x1014 » 989 13
13 0+ CHy 2 CH3 + OH 2.0x1013 4 b40
14 OH + CHg 2 cu + Ha0 3,0x1013 3020

‘ 15 CH + 02 2 HEO™+ 0 1.0x1013 0.0

* 16 Cﬂg + oe z CHa0 + 0 1.0x10}4 1 862 15

, 17 CH3 + 05 cngo + OH 1.7x1012 7045 13
i8 cw + 0% cué + N 6.8x1013 0,0/ 15
19 Gty 20 + H 2 HCO + Hp 2.0x1013- 1 660
20 Ciig0 + 0 < Hco + OH 5,0x1013 2 300

, 21 Clig0 + ou K nco * H20 5,0x1015 6 540

; 22 HCO + 0 2 €O 3.0x1013 0.0
23 HCO + n 200 + Ha 2.0x1013 0.0
24 HCO + DH 2 CO *+ Ha0 3.0x1013 0.0
25 M+ HCO 2 H +CO+ M 3.0x1014 7 397
26 Co + Oif 3 COp * i 4.0x1032 4 026
27 M+ cn +0 2C0p + M 2.8x1013 -2 285 '
28 CO+ 0 2 COp + 0 1.2x10} 17 015
29 W+ 03200+ 0 2.2x1014 Y § 450 16

1 30 O+Hp 2z OH + § 1.8xi010 LG § 4480 16

] 31 Hy + OH 2 Hp0 + H 5, 2x1013 .0 3270 15
32 O + 0K 2 0+ Hp0 0,3x1012 550 16
3 H+03+M2HO+N 1.5x2015 ‘ -503 16
34 0+0+M202+N 5,7x1013 =900 17
35 H+H+M32H+ N 8.3x10}7 -1,0 0.0 1o
36 H+ 0+ M2 Ha0 + M 8,4x1021 ~2.0 0.0 1o .
37 H + Clig 2 Ha + CHp 2.7x1011 .67 | 12 930 13
38 0 + CHy 2 Off + CH 1,9x1011 68 | 12 u30 13
39 O + CH3"2 Ho0 + CHp z.7x1ld 67 | 12 930 13
40 HOp + NO 2 NU2 + OH 1.2x1013 .0 1 200 18
41 0 * NO2 2 NO * 0p 1,0x1013 300
42 NO+ O+ M 3 NOR+ M 5, sxmlﬁ ~584
13 NOz + H 2 NO + OH 2,9x1014 400
a4 *02 2N0* 0 b,4x109 1.0 3 148 13
45 0+ N3 2NO+N 1.8x1014 .0 | 38370 1y
46 N+ OH2NO*R 4,0x1013 00| 20
A7 CH + Ny 2 HON + N 1.5x1011 9 562 13
18 CN * H3 2 HCN + H 6,0x1013 2 669
49 0+ HCN 2 OH + CN 1.4x1011 68 | 8 506
50 OH + HON 2 HaD + CN 2.0x10)} 0| 256
51 CN + 02 3NCO + 0 3.2x1013 503 ,
52 CN + (U2 2 NCO + CO 3.2x1032 0.0
53 0 + NCQ 2 NO + CO 2,0x1013
54 N+ NCO 2 N + CO 1.0x1013
85 H+ NCO 2 NH + CO 2.0x1013 '
56 NH + OH 2 N + H0 5.0x1011 .5 1 006
57 CH + NO 2 N + HCO 1,0x1014 20 0.0 21
58 CH + ND 2 0 + HCN 1, ﬁx1015 .0 0.0 2 %
59 CH + €02 HCO *+ CO 3. mo é .0 0.0 13
60 H+ CHy 2 Hp + CH o 2, 9x10 .7 | 13 080 22 :
61 0+ cuﬁ 2 off + i ; 3. exw 5| 13080 22
62 OH + CHp 2 H0 + CH b,0xJ0l1 5 3 019 ¢z |
63 H + HOp z O+ Ol 2.5x1014 .0 90 | 15
04 0+ m) 3,00+ 0p 5.0x1013 A 503 15
65 O + m 3 H20 + 02 5.0x1013 .0 503 15

_-%Rate eonstant is given by the equation K = AT® exp (-9/T), where T is ?
temperature in K and e is the ratio of the reaction activatiun energy
to the universal gas constant, alsc in K,
bynits of k are sec~l for a unimolecular reaction; for a viomolecular
reaction they are cmd/mole~sec and fon a termolecular réaction cm“lmoieénsec,
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TABLE [1. ~ REACTIONS FOR TOLUENE UXIDATION

{ Reaction Reaction Rate constantdb Refer-
" number ence
i A n o
66 C7Hg + 02 2 CyHy + HOp 1,0x1044 0.0 | 20 130 12
n 67 CyMg 3 CyHy + H ‘ 3,2x1019 44 440
: 68 H+ CyHg 3 CpHy + Hp 1.0x1014 3 420
69 0 + CyHg 3 CyH7 + Oif 1,0x1pi4 : 3625
70 O + CyHg 2 CyHy + H20 1,0x1013 1 510
71 0 + CyHy 2 CH20 + Cphs 1.0x1013 0.0
72 C7H7 3 CaH3 * Catig 1.0x1015 51 330
73 C3lq 2 CoHD * Cip 1.0x1010 51 330
74 C3lg 2 CH3 + CoH 1.0x1015 51 330
75 0+ cauq 3 CoH3 + HCO 1,0x1013 0.0
76 02 + Czly 2 2C0 + Catg + Collp b,0x1012 7 550
b 77 C3Hg 2 CHy + Cotlp 1.0x1044 27 18 ,
78 C3He 3 Caflg + H 1.3x1013 30 790 Y
79 CoH + D 3 HCO * €O 1.0x1013 3523 14
80 C7Rg 2 CeHs + CHa 1,0x1017 52 550 12
81 CgHs 2 CaH3 + Caliz 3.2x1014 43 280
82 Cqi3 2 Colt™+ CoHp 1.0x1014 29 700
83 CqH3 3 Calig + i 1,0x1014 29 700
84 02 * CgHp 7 2C0 + CaH3 + CpHp 7,5x1013 7 550 .
85 H+ CgHp % CoH + Hp 2.0x1014 g 562 14
86 0., Catlp 2 Caf + O 3.2x1012 -6 | 8DbBb
87 OH + gﬁg > CoH + Hy0 6.0x1032 .0 3523
88 0+ CoH 2CO+CH 5,0x1013 0.0
89 02 + CpHp 2 2HCO 4,0x1012 14 090
90 M+ Colla 2 CoH + H + M 1.0x1014 47 370
91 0 + C3Hg 2 CoHg + HCO 1.0x1013 0.0 ¢

3Rate constant is given by the equation k = ATM exp (=g/T}, whare T is
temperature in K and o 1is the ratio of the reaction activation enerqy
to the universal gas constant, also in K.

bunits of k are sec~l_for a unimolecular reaction; for a biomolecular
reaction they are cm¥/mole-sec and for a termolecular reaction cmb/moleasec.

cgstimate - by analogy with reaction 75,

QR 1. B PO 559, 5 e s IO B 3.8 1280550
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Figure 2, - Computed NO, concentration vs, primary
equivalence ratio, Secondary equivalence ratio = 0.5.
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