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SUMMARY 

A jet-stirred combustor, constructed of castable zirconia and with an 
inconel injector, has been used to study nitric oxide formation in propane-air 
combustion with residence times in the range from 3.2 to 3.3 msec and equiva­
lence ratios varying from 0.7 to 1.4. The residence time range was character­
istic of that found in the primary zones of aircraft turbines. 

Premixed propane-air formulations were subjected to intense and turbulent 
backmixed combustion within the cavity formed between the injector and the 
hemispherical inner walls of the zirconia shell. The volume of the combustor 
cavity was 12.7 cm3 and the mass loading was maintained in the range from 
0.053 to 0.055 g/cm3-sec. Measurements were made of combustor operating tem­
perature and of nitric oxide concentration. Maximum nitric oxide concentrations 
of the order of 55 ppm were found in the range of equivalence ratio from 1.0 
to 1.1. 

Nitric oxide concentrations were predicted over the range of equivalence 
ratio by a computer program which employs a perfectly stirred'reactor (PSR)
algorithm with finite-rate kinetics. A finite-rate chemical kinetic mechanism 
for propane combustion and nitric oxide formation was assembled by coupling an 
existing propane oxidation mechanism with the Zeldovich reactions and reactions 
of molecular nitrogen with hydrocarbon fragments. Analytical studies using 
this mechanism under simulated experimental conditions revealed that the 
hydrocarbon-fragment-nitrogen reactions play a significant role in nitric 
oxide formation during fuel-rich combustion. Good agreement between predicted 
and measured nitric oxide levels was obtained by adjusting the rate coefficient 
for the reaction, CH + N2 + HCN + N. The kinetic model also predicted quite 
well the nitric oxide levels measured in experiments with propane-air mixtures 
in a premixed, prevaporized combustor operating under turbojet conditions. 

INTRODUCTION 


The ability to model successfully the kinetics of hydrocarbon combustion 
and nitric oxide formation is important to the development of reliable mathe­
matical models of combustion systems such as aircraft gas turbine combustors. 
The formation of nitric oxide appears to be adequately described only for the 
more simple reaction systems, such as combustion of CO, H2, and, perhaps, 
methane-lean mixtures (refs. 1 and 2). Excess NO has been found in very fuel-
rich flames (ref. 3). The two Zeldovich exchange reactions (ref. 4 )  are usually 
used to model NO formation. These reactions are 

0 + N2 -+ NO i-N 

N + 02 -+ NO + 0 



Another reaction commonly used in fuel-rich combustion conditions is 


N + OH + NO + H 

Nitric oxide production is predicted by these reactions coupled with reactions 

describing the oxidation of species containing carbon and hydrogen to produce 

0 and OH. Generally, these predictions are quite low compared with measured 

values for fuel-rich mixtures. In reference 1, computer predictions obtained 

from chemical models based upon these reactions were more than 90 percent lower 

than measured values. Also, pyrolysis of the more complex hydrocarbon fuels 

produces carbon-hydrogen fragments which appear to complicate the reaction sys­

tem, so that the Zeldovich mechanism no longer predicts NO formation correctly. 


Actually, NO is produced by relatively minor reactions in relation to reac­

tions involved in the combustion process. Since predictions fall short as the 

concentration of hydrocarbons increases, it is reasonable to assume that carbon-

hydrogen fragments are involved in the conversion of N2 to nitrogen compounds 

capable of further conversion to NO. The interaction of various carbon and 

carbon-hydrogen species with atmospheric nitrogen to yield the cyano radical 

and hydrogen cyanide has been proposed in reference 5 as an explanation of the 

"prompt" (other than Zeldovich) NO. Experimental confirmation of the presence 

of CN was presented at the same time (comment on ref. 5). A variety of experi­

menters (refs. 3, 6, 7, and 8) have detected HCN produced in fuel-rich combus­

tion by reactions involving atmospheric N2. A stirred-combustor computer model 

of methane-air combustion (ref. 9) has shown the utility of reactions of the 

type presented in reference 5. Reactions involving additional species, such as 

NCO and NH, in the formation of NO have been suggested (refs. 7, 8, 10, 11, 

and 121, and rate data for a variety of N-C-H-O reactions of this type are pre­

sented in reference 13. 


The intention of the present study is to test various mechanistic schemes 
for the prediction of NO formation in propane-air combustion against measured 
data over a range of fuel-air equivalence ratio from lean to rich and at an 
applicable mass loading. The data were taken from a laboratory combustion 
device which employs intensely turbulent backmixing and operates in the milli­
second residence-time range, the same range found in the primary zones of air­
craft turbines. The device used is a jet-stirred combustor, which has been the 
object of much development (refs. 1, 14, 15, 16, 17, 18, and 19) over the past 
2 decades and which is capable, under certain conditions, of kinetically con­
trolled operation. The computer program used employs the perfectly stirred 
reactor (PSR) algorithm (ref. 20) which is applicable to certain modes of opera­
tion of a suitably designed stirred combustor (ref. 21). The measured data were 
temperature and NO concentration within the combustion cavity as a function of 
equivalence ratio. 
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EXPERIMENTAL APPARATUS AND PROCEDURE 


Jet-Stirred Combustor 


The combustion device used in the present study is hemispherical in con­

trast to the spherical geometry of the device used in early stirred-combustor 

literature (refs. 14, 15, 16, and 17). It is very similar to the combustor used 

in reference 1, the differences being the shell material and the size of the 

injector. The body of the combustor was fabricated of castable zirconia with an 

investment-cast inconel injector, as shown in figure 1. The 1.905-cm-diameter 


Premixed a i r  a n d  
fue l  inlet  ( inconel)  

Figure 1.- Drawing of jet-stirred combustor. 


spherical inconel injector, formed with a section of inconel tube to which 

stainless-steel tubing was later welded, was precision drilled to produce 40, 

0.0508-cm-diameter radial holes for the injection of combustible mixtures into 

the 12.7-cm3 cavity formed between the injector and the outer zirconia shell. 

The hole placement was essentially a centered hexagonal pattern for several 

repeat units followed by measured placement to achieve as equidistant a hole 

distribution as possible. For the exiting of combustion products, the zirconia 

shell was provided with 25, 0.318-cm-diameter radial holes, spaced so that the 

streams from the injector impinge upon the shell near the centers of triplets 

of outside ports. The shell contains two other ports, 0.476 cm in diameter, 

for insertion of instrument probes. These ports are nonradial and are plugged 

when mot in use. The shell also is cast with three thermocouple ports of vary­

ing depths, so that platinum-platinum+l4-percent-rhodium thermocouples can be 

potted therein at the following distances from the center of the injector 

sphere: 2.14, 2.50, and 3.41 an. The distance to the outside surface of the 

shell is 3.8 cm and a thermocouple is also attached at this point. 
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The nonradial holes in the zirconia shell are larger than the radial 

exhaust holes to accommodate a gas sampling probe. This water-cooled, 

stainless steel probe is similar in construction to that of reference 14 but 

has a 0.013-cm-diameter orifice affixed to its tip. A temperature probe using 

an iridium-iridium+40-percent-rhodium thermocouple is also used through the non­

radial holes. Either probe, depending upon the type of measurement desired, 

is mounted to a traversing block which is coupled to a linear potentiometer so 

that the combustion cavity may be scanned at accurate and reproducible depths. 


With mass loading fixed in the range from 0.053 to 0.055 g/cm3-sec corre­
sponding to a mechanistically coupled residence time of 3.25 2 0.05 msec, equiva­
lence ratio was varied from 0.7 to 1.4. Air and propane rotameters, calibrated 
against a standard volume and continuously corrected for pressure and tempera­
ture, were employed to establish the volumetric mass flow per second. 

Gas Temperature 


The traversing iridium-iridium+40-percent-rhodium thermocouple, used to 

record temperatures in a normal scan across the combustor cavity, shifted its 

millivolt calibration toward a higher temperature indication after being above 

1200 K for a time. It was found that wire preannealed at 1273 K for at least 

15 minutes would not shift in calibration during a scanning traverse of the com­

bustor cavity. Thermocouples of this type survive prolonged contact with com­

bustion products at about 2000 K. 


The 40-percent-rhodium material was used because loss of iridium from the 
alloyed wire has been observed (ref. 22, pp. 10-11). It was thought that the 
higher percentage iridium material would be longer lasting in a combustion 
cavity. Although no X-ray diffraction analysis was performed, it is believed 
that the calibration shift is due to a solid-state transition rather than to 
loss of iridium, since the shift appears to be in one step as opposed to being 
progressive. No intermediate calibrations were obtained. 

Platinum-platinum+l4-percent-rhodium thermocouples were also used in pre­

liminary measurements within the combustor cavity. Failure of this wire in the 

vicinity of the injector was often observed. This observation is in accord with 

early experiments in ignition using a heated platinum loop. The loop, heated 

to yellow heat, could be maintained within the cavity for prolonged periods of 

time with flowing air. It would immediately burn open upon entry of propane. 

It seems that platinum thermocouples would not be preferred where they could 

come in contact with propane and/or its pyrolyzed derivatives. men without 

failure, the temperature indication would be suspect and perhaps liable to 

catalytic error. Temperature profiles from normal traverses of the combustor 

cavity for various mass loadings (bracketing those used in this study) are shown 

in figure 2. The essentially constant temperature over a major portion of the 

combustor cavity, as shown in the figure, is an indication of homogeneity and 

thus, a well-mixed operating condition. 
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Figure 2.- Temperature profiles from a normal traverse of 

combustor cavity for various mass loadings. 


I NO Concentration Measurements 
I 

Samples of combustion gases were extracted from the combustor by means of 
the stainless-steel, water-cooled, gas sampling probe, which was operated as 
an aerodynamic probe. (See ref. 23.) Samples were taken within the combustor 
at a depth of 2.15 cm from the outside wall, which encompassed the hottest 
regions of the flame as determined by temperature traverses across the reaction 
zone. A diaphragm pump was used to provide a quenched sample flow and to 
deliver the samples to a chemiluminescent (nitric oxide plus ozone) analyzer 
for NO concentration measurements. The quenched condition of the sample in the 
probe was monitored by a pressure transducer in the sampling line close to the 
probe. Quenched flow at the probe inlet was ensured by maintaining an absolute 
pressure of 48.3 kPa or less, while pressures within the combustor were always 
greater than 101.3 kPa (1 atm). (See ref. 24.) Wherever possible, all surfaces 
(lines, fittings, etc.) in contact with the sample between the combustor and 

the analyzer consisted of stainless steel and Tef1on.l (See ref. 25.) 


-

'Teflon: Registered trademark of E. I. du Pont de Nemours ti Co., Inc. 


5 




Samples collected for NO analysis were diluted with nitrogen at a ratio 
of at least 6:l (five parts nitrogen to one part sample) prior to entering the 
Chemiluminescent analyzer (ref. 25). The dilution was fixed at the beginning 
of each sampling and was maintained by controlling the nitrogen diluent flow 
through calibrated linear mass flowmeters with a fine-metering valve in the 
diluent supply line. The diluent nitrogen contained less than 0.007 ppm NO,. 
The objective of diluting the sample with nitrogen was to prevent condensation 
of water vapor during sample collection and transfer; this would otherwise 
result both in loss from the sample of nitric oxide and in operational diffi­
culties with the chemiluminescent analyzer. (See ref. 24. ) 

Before and after collecting each sample for analysis, the analyzer was 

calibrated by introducing a calibration gas upstream of the pump at a flow rate 

approximating the sampling rate and diluted 6:l by the nitrogen diluent. The 

vendor certified the calibration gas to be 51.4 ppm NO in N2. Calibration was 

achieved once the analyzer indicated no drift in its response to NO, which indi­

cated that the NO in the sample had equilibrated within the transfer lines. 

Actual NO concentrations within the samples were calculated by adjusting the 

actual readings to reflect the instrument calibrations and the dilution of the 

collected sample. 


COMPUTER PROGRAM 

The computer program used makes predictive calculations describing chemi­
cally rate-limited homogeneous combustion in a perfectly stirred reactor (PSR)
in steady-state operation. The program is basically a combination of the equi­
librium program of reference 26 and the PSR solution algorithm of reference 20. 
It is described in detail in references 21 and 27 and is capable of obtaining 
solutions at desired mass loadings and equivalence ratios. 

The PSR solution algorithm expresses the idea that a fuel-air mixture 
enters a known volume (combustion chamber) and is instantaneously mixed with 
reactor contents at constant pressure. Steady-state operation is achieved by 
concurrent and equivalent outflow of reactants and products. The species con­
centration within the reacting volume is determined from the balance between 
the net rate of production (or consumption) of each species by chemical reaction 
and the difference between the input and output flow rates of the species. A 
PSR is treated mathematically by formulating the equations for mass, species, 
and energy conservation as described in reference 20 and solving a system of 
simultaneous nonlinear algebraic equations. 

In essence, the conservation equations for a P S R  are formulated by con­
sidering a stirred reactor of volume V containing combustion gases at a uni­
form pressure p and a uniform temperature T. For steady-state operation, 
conservation of mass is given by 

m* = m 
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where m* is the mass flow rate into the reactor and m is the mass flow rate 
out of the reactor. The superscript * always refers to incoming reactants. 
Conservation of species is given by 

m 
-(Ui - u;> = wi 
V 

* 
where Ui and Ui are the ,=lput and output concentrations of species if 

N is the total number of species, and wi is the rate of formation of 

species i per unit volume because of chemical reactions. Conservation of 

energy is given by 


where Hi is the enthalpy of species i and Q is the heat loss from the 

reactor per unit mass because of radiation, thermal diffusion, and convection. 

For adiabatic operation, of course, Q is zero. 


Programs of this type (i.e., for solving problems involving concentration 
changes with associated energy changes) need a source of thermodynamic data. 
It was found that the JANAF' tables (ref. 28) up to the present time do not con­
tain the data for propane and for some of the complex hydrocarbon species used 
in some mechanisms. A source of such data has been found (ref. 29) and curve 
fits of a form suitable for the PSR program have been published (ref. 30). 

PROPANE-AIR CHEMICAL KINETIC MODEL 


The chemical kinetic reaction model and the rate coefficients used in the 

numerical simulations of the experiment are listed in table I as a function of 

the reaction temperature T. The rate coefficients selected for these reactions 

were obtained from the literature whenever possible. (See refs. 7, 10, and 

31 to 39.) Reactions (1)to (57) describe the oxidation mechanism of propane. 

These reactions and rate coefficients, which were derived from shock-tube 

experiments, provide a quantitative description of the kinetics of oxygen atom 

formation, the formation of carbon monoxide and carbon dioxide, and the igni­

tion delay times for the propane-oxygen system. Additional details on the 

mechanism and the shock-tube experiments are given in reference 31. 


Reactions (52) to (57) describe the formation of the hydrocarbon fragments 
CH2 and CH by the systematic removal of  hydrogen atoms by the radicals H, 0, 
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and OH. The rate coefficients for reactions (52) to (54) were assumed to be the 
same as the rate coefficients for reactions (55) to (57). Since these reactions 
are very similar, this assumption does not seem to be unreasonable, considering 
the lack of reliable experimental rate coefficients for reactions (52) to (54). 
Reactions (58) to (60) describe the formation of nitric oxide and are often 
referred to as the Zeldovich reaction scheme. Reaction (61), first suggested by 
Fenimore in reference 5, when coupled with reactions (59) and (60), is believed 
to be responsible for the high rate of nitric oxide production that has been 
observed during combustion of fuel-rich hydrecarbon-air mixtures. The hydrogen 
cyanide produced through reaction (61)can also be oxidized to nitric oxide. 
Reactions (62) to (70) describe this oxidation process. The rate coefficient 
for reaction (69) was estimated to be similar to the rate coefficients for reac­
tions (67) and ( 6 8 ) .  Since substantial amounts of carbon dioxide are produced 
during fuel-rich combustion (although the maximum is produced under stoichio­
metric conditions), it was believed that reaction (71), a very exothermic pro­
cess, should be included in the model because it could be an important path for 
CH radical destruction that competes with reaction (61). Since an experimental 
rate coefficient was not available for reaction (71), the rate coefficient for 
reaction (65), an analogous process, was used. 

RESULTS AND DISCUSSION 

Comparison Between Experimental Results and Kinetic Model 


Results of the propane-air experiments are assembled in table I1 and 
plotted in figures 3 and 4, where the measured reaction temperature and nitric 
oxide concentration in parts per million are plotted against the fuel-air 
equivalence ratio. The data were obtained at mass loadings between 0.Q53 and 
0.055 g/cm3-sec which corresponded to residence times between 3.2 and 3.0 msec. 
Maximum nitric oxide concentrations of the order of 55 ppm were found in the 
range of equivalence ratio from 1.0 to 1.1. 

To determine the ability of the proposed propane combustion mechanism to 
predict the experimentally measured nitric oxide levels, computer simulations 
of the stirred combustor experiments were performed by using the reactions and 
rate coefficients listed in table I. These simulations were made for fuel-air 
equivalence ratios of 0.7, 0.8, 1.0, 1.2, 1.3, and 1.4. The heat loss param­
eter Q was adjusted in these simulations to provide reasonable agreement 
between the calculated and measured reaction temperatures for a mass loading 
of 0.054 g/cm3-sec. The results of these simulations are plotted in figures 3 
and 4. The agreement between the calculated and measured nitric oxide levels 
is very good for the fuel-lean simulation but becomes poorer as the equivalence 
ratio increases. However, the agreement cannot be considered totally unsatis­
factory because the predicted nitric oxide level at an equivalence ratio of 1.3 
is only 35 percent lower than the measured value. This difference, however, 
suggests that the proposed chemical kinetic model, while suitable for nitric 
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Figure 3.- Temperatures of propane-air mixtures in 

jet-stirred combustor. 
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oxide  p r e d i c t i o n s  i n  fuel- lean systems, does need to be improved f o r  fue l - r i ch  
n i t r i c  ox ide  p r e d i c t i o n s .  

To better understand the  k i n e t i c s  of n i t r i c  ox ide  formation dur ing  fue l -
r i c h  combustion, a parametric s tudy  was performed i n  which t h e  rates of reac­
t i o n s  (61) to (71) were i n d i v i d u a l l y  va r i ed  and t h e  e f f e c t  on n i t r i c  oxide 
l e v e l s  w a s  noted. As a n t i c i p a t e d ,  t h e  rate of r e a c t i o n  (61) had t h e  l a r g e s t  
i n f luence  on the  p red ic t ed  l e v e l s .  By inc reas ing  t h e  rate c o e f f i c i e n t  for 
r e a c t i o n  (61) by a factor of 2, t h e  k i n e t i c  m o d e l  ove rp red ic t ed  t h e  measured 
n i t r i c  oxide l e v e l s  for equivalence ratios of  1.0, 1.2, 1.3, and 1.4.  The 
parametric s tudy  also revealed t h a t  t h e  rate of r e a c t i o n  (71) in f luences  t h e  
predicted n i t r i c  ox ide  levels, b u t  t he  effect is not  as g r e a t  as t h a t  of reac­
t i o n  (61).  Reaction (71) in f luences  n i t r i c  oxide product ion  by c o n t r o l l i n g  
the  CH radical concen t r a t ion  which i n  t u r n  c o n t r o l s  t h e  rate of r e a c t i o n  (61) .  
The rates of r e a c t i o n s  (62) to (70) have a much smaller e f f e c t  on t h e  n i t r i c  
oxide product ion rate compared with t h e  e f f e c t s  of r e a c t i o n s  (61) and (71) .  

Resu l t s  of t h e  parametric s tudy  also revea led  t h a t  t h e  e f f e c t  of reac­
t i o n s  (61) to  (71) on n i t r i c  oxide product ion becomes less as the  amount of 
oxygen i n c r e a s e s  ( t h e  equivalence ra t io  becomes smaller) because r e a c t i o n s  (27) ,  
(28 ) ,  and (29) become more important and begin to consume t h e  CH2 and CH radi­
cals. This  e f f e c t  is i l l u s t r a t e d  i n  f i g u r e  4 where a comparison is made between 
t h e  data l i s t e d  i n  table 11, p r e d i c t i o n s  from t h e  chemical k i n e t i c  model l i s t ed  
i n  table I, and p r e d i c t i o n s  from the  same model wi thout  r e a c t i o n s  (61) to (70) .  
A t  an equivalence ratio of 0.8, t he  predicted n i t r i c  ox ide  l e v e l s  are i d e n t i c a l ,  
i n d i c a t i n g  t h a t  t h e  CH and CH2 radicals are being t o t a l l y  consumed by reac­
t i o n s  (27) to (29) .  The n i t r i c  oxide formed i n  t h i s  fue l - lean  mixture  is essen­
t i a l l y  produced through t h e  Zeldovich r e a c t i o n s  (58) t o  (60) .  A s  t h e  equiva­
lence  ratio inc reases ,  t he  c o n t r i b u t i o n  of r e a c t i o n s  (61) to (71) to n i t r i c  
ox ide  product ion  inc reases ,  and a t  an equivalence ra t io  of  1.3, t h e  con t r ibu t ion  
of r e a c t i o n  (58) is neg l ig ib l e .  

Since t h e  ra te  of  r e a c t i o n  (61) has  t h e  largest e f f e c t  on fue l - r i ch  n i t r i c  
oxide formation, an attempt was made to a d j u s t  t he  rate c o e f f i c i e n t  f o r  t h i s  
r e a c t i o n  to o b t a i n  better agreement between t h e  p red ic t ed  and measured n i t r i c  
oxide l e v e l s .  The best agreement w a s  ob ta ined  by using t h e  ra te  c o e f f i c i e n t  
express ion ,  1.5 x 10l1 exp(-9562/T) cm3/mole-sec. This  is 50 pe rcen t  l a r g e r  
than the  o r i g i n a l  va lue  and c e r t a i n l y  wi th in  t h e  experimental  u n c e r t a i n t y  asso­
c i a t e d  with t h i s  rate c o e f f i c i e n t .  The n i t r i c  ox ide  levels p red ic t ed  by t h e  
model using the  ad jus t ed  rate c o e f f i c i e n t  are compared wi th  t h e  experimental  
data i n  f i g u r e  5. 
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reaction (61). 


Application to Other Combustion Systems 


One concept that is being investigated for reducing nitric oxide emissions 

from aircraft gas turbine combustors is the premixed, prevaporized combustor. 

In the conventional gas turbine combustor, liquid fuel is sprayed directly into 

the primary zone of the combustor to give a near-stoichiometric mean fuel-air 

ratio which results in large quantities of nitric oxide being produced. For 

a premixed, prevaporized fuel system, on the other hand, the fuel-air ratio may 

be made uniform throughout the primary zone. By operating the combustor at 

very low equivalence ratios, it is possible to reduce nitric oxide emissions 

substantially. 


Studies on the effect of premixing on nitric oxide emissions (measured as 
NOx and reported in equivalent N02) for conditions applicable to turbojet com­
bustion have been carried out at NASA Lewis Research Center (refs. 40 and 41). 
These studies were performed in a 10-cm-diameter flame-tube-type combustor burn­
ing premixed gaseous propane fuel. The results of these experiments, given in 
figure 6 ,  show the strong dependence on equivalence ratio that can be expected 
from premixed, prevaporized operation. The nitric oxide levels predicted by 
the chemical kinetic model assembled in this paper are also presented in fig­
ure 6 .  These calculated and measured nitric oxide levels agree quite well. 
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CONCLUDING REWlRKS 


The purpose of the present study was to test the ability of various reac­

tion steps of a chemical model to predict measured nitric oxide concentrations 

from a jet-stirred combustor experiment. Computer predictions from a chemical 

kinetic mechanism for propane-air combustion coupled only with Zeldovich chem­

istry agreed with experimental results quite well for fuel-lean combustion. 

For stoichiometric and fuel-rich combustion, the model predictions were quite 

low in comparison. With the addition of 11 reactions involving reaction of CH 

with N2 to produce HCN, oxidation of HCN by 0 and OH, and the participation of 

CN, NCO, and NIP, stoichiometric and fuel-rich combustion was better described, 

the predicted nitric oxide level being only 35 percent lower than that mea­

sured at an equivalence ratio of 1.3. The preexponential of the reaction 

CH + N2 -+ HCN + N was increased by 50 percent (certainly within the experimen­

tal uncertainty associated with this rate coefficient) to obtain better agree­

ment. Using this increased rate coefficient and the other 10 reactions without 

modification provided much better agreement with the experimental data, over 

the entire range of fuel-air mixtures. The ability of the model to predict 

reasonably well the nitric oxide levels observed in premixed, prevaporized 

flame-tube-type experiments suggests that the model is also applicable to other 

combustion systems. 


Langley Research Center 

National Aeronautics and Space Administration 

Hampton, VA 23665 

March 14, 1978 
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TABLE 1.- PROPANE-AIR RJ3ACTION MECHANISM 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


(17) 


(18) 


(19) 


(20) 


Reaction Rate coefficient, k 

(a)-~ 

M + C3H8 -+ C2H5 + CH3 + M 5.00 x 1015 exp(-32713/T) 

CH3 + C3H8 + CH4 + n-C3H7 2.00 x lOI3 exp(-5184/T) 

CH3 + C3H8 -+ CH4 + i-C3H7 2.00 x 1013 exp(-5184/T) 

H + C3H8 + H2 + n-C3H7 6.30 x 1013 exp(-4026/~) 

H + C3H8 + H2 + i-C3H7 6.30 x 1013 exp(-4026/T) 

0 + C3H8 -+ OH 4- n-C3H7 5.00 x 1013 exp(-5033/T) 

0 + C3H8 -+ OH + i-C3H7 5.00 x 1013 exp(-5033/~) 

OH + C3H8 -+ H20 + n-C3H7 1.60 x 1014 exp(-1580/T) 

OH + C3H8 -+ H20 + i-C3H7 1.60 x 1014 exp(-1580/T) 

n-C3H7 + C2H4 + CH3 4.00 x 1013 exp(-16658/T) 

i-C3H7 -+ C2H4 + CH3 1.00 x 10l2 exp(-17363/T) 

n-C3H7 -f C3H6 + H 6.30 x 1013 exp(-19124/T) 

i-C3H7 -+ C3H6 + H 2.00 x 1014 exp(-20785/T) 

0 + C3H6 + CH20 + C2H4 1.00 x 1013 

C2H5 + C2H4 + H 3.16 x 1013 exp(-20483/T) 

H + C2H4 + H2 + C2H3 1.10 x 1014 exp(-4278/T) 

0 + C2H4 -+ CH2O + CH2 2.50 x 1013 exp(-2516/T) 

0 + C2H4 -+ CH3 + HCO 2.26 x 1013 exp(-1359/T) 

OH + C2H4 + H20 + C2H3 1.00 x 1014 exp(-1761/T) 

M + C2H3 -+ C2H2 + H + M 3.00 x 10l6 exp(-20382/T) 

Reference 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


for bimolecular reactions, and cm6/mole2-sec for termolecular reactions. 

Subscripts to k correspond to reaction numbers. 
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'1 

e 
.i 


1 

!! 

1 


a 

TABLE I.- Continued 


Reaction 


(21) H + C2H2 + H2 + C2H 

(22) 0 + C2H2 + C2H + OH 
(23) 0 + C2H2 + CH2 + CO 

OH + C2H2 + H20 + C2H 
C2H + 02 + HCO + CO 
C2H + 0 + CO + CH 

CH2 + 02 + HCO + OH 

CH + 02 -+ CO + OH 

CH + 02 + HCO + 0 

M + CH4 + CH3 + H + M 
H + CH4 + H2 + CH3 
0 + CH4 + OH + CH3 

OH + CH4 + H20 + CH3 

CH3 + 02 -+ CH20 + OH 

CH3 + 0 + CH2O + H 

H + CH20 + H2 + HCO 

0 + CH2O + OH + HCO 

OH + CH2O + H20 + HCO 

H + HCO + H2 + CO 

0 + HCO + OH + CO 

aThe units for k are sec'l 


Rate coefficient, k 

(a) ~ 

2.00 x 1014 exp(-9562/T) 


3.20 x 1015T-0-6 exp (-8556/T) 


5.20 x 1013 exp (-1862/T) 


6.00 x 10l2 exp(-3523/T) 


1.00 x 1013 exp(-3523/T) 


5.00 x 1013 


1.00 x 1014 exp(-1862/T) 


1.35 x 1011To*67exp(-12934/T) 


1.00 x 1013 


4.00 x 1017 exp(-44500/T) 


1.26 x 1014 exp(-5989/T) 


2.00 x 1013 exp(-4640/T) 


3.00 x 1013 exp(-3020/T) 


1.70 x 10l2 exp(-7045/T) 


1.30 x 1014 exp(-1006/T) 


2.00 1013 


2.00 x 1013 


2.30 x 1013 


LOO x 1014 


1.26 x 1014 


Reference 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


31 


for unimolecular reactions, cm3/mqle-sec 

for bimolecular reactions, and cm6/mole2-sec for termolecular reactions. 

Subscripts to k correspond to reaction numbers. 
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TABLE 1.- Continued 


Reaction Rate coefficient, k 

(a) 


(41) OH + HCO + H20 + CO LOO x 1014 

(42) M + HCO + H + CO + M 5.00 x 1014 exp(-9562/T) 

(43) CO + OH+ C02 + H 4.00 x 10l2 exp(-4026/T) 

(44) M + CO + 0 + C02 + M 6.00 x 1013 

(45) H + 02 + OH + 0 1.22 x 1017T-0*91 exp(-8369/T) 

(46) 0 + H2 + OH + H 2.07 x 1014 exp(-6920/T) 

(47) OH + H2 + H20 + H 5.20 x d3exp(-3271/T) 

(48) OH + OH + H20 + 0 5.50 x 1013 exp(-3523/T) 

(49) M + 0 2  + O  + 0 + M  2.55 x 1018T-1=o exp(-59386/T) 

(50) M + 2H + H2 + M 

M = N2 3.80 x 1014 

M = H20 2.30 x 1015 

(51) M + H + OH + H20 + M 

M = N2 1.00 x 1016 

M = H20 5.00 x 1016 

(52) H + CH3 + H2 + CH2 k52 = k55 

(53) 0 + CH3 + OH + CH2 k53 = k56 

(54) OH + CH3 -+ H20 + CH2 k54 = k57 

(55) H + CH2 + H2 + CH 2.70 x 1011Too67exp (-12934/T) 

Reference 


31 


31 


31 


31 


31 


31 


31 


31 


31 


32 


32 


Estimated 


Estimated 


Estimated 


33 


_ ­

aThe units for k are sec-l for unimolecular reactions, cm3/mole-sec 

for bimolecular reactions, and cm6/mole2-sec for termolecular reactions. 

Subscripts to k correspond to reaction numbers. 
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TABLE I.- Concluded 


Reaction Rate coefficient, k 

(a) 


0 + CH2 + OH + CH 1.90 x 1011To=68exp(-12934/T) 

OH + CH2 + H20 + CH k57 = k55 

0 + N2 + NO + N 1.36 x 1014 exp(-37947/T) 


N + 02 + NO + 0 6.40 x 109T1*o exp(-3145/T) 


N + O H + N O + H  4.00 x 1013 


CH + N2 + HCN + N bl.OO x 10l1 exp(-9562/T) 


CN + H2 + HCN + H 6.00 x 1013 exp(-2669/T) 


0 + HCN + OH + CN 1.40 x 1011Too68exp (-8506/T) 


OH + HCN + CN + H20 2.00 x 1011To-6 exp(-2516/T) 


CN + CO2 + NCO + CO 3.70 x 10l2 


'CN + 02 + NCO + 0 3.20 x 1013 exp(-505/T) 


H + N C O + N H + C O  2.00 x 1013 


0 + NCO + NO + CO 2.00 x 1013 


N + NCO + N2 + CO L O O  1013 


NH + OH + N + H20 5.00 x 1011T0-5 exp(-1006/T) 


CH + C02 + HCO + CO k71 = k65 


Reference 


33 


34 


35 


35 


36 


37 


38 


33 


39 


7 


38 


10 


10 


Estimated 


39 


Estimated 


aThe units for k are sec'l for unimolecular reactions, cm3/mole-sec 

for bimolecular reactions, and cm6/mole2-sec for termolecular reactions. 

Subscripts to k correspond to reactiw numbers. 


better agreement with experimental data was obtained by using 
1.5 x 10l1 exp(-9562/T) cm3/mole-sec for this rate coefficient. 

21 




TABLe 11.- MPERIMXNTAL DATA FOR PROPANE-AIR MIXTURES 

IN JET-STIRRED COMBUSTOR 


-

Equivalence Temperature, NO concentration, 
ratio K PPm 

- -

0.74 1817 
.79 1894 21 
.83 1933 41 
.88 1986 41 
.90 2005 49 
.93 1954 51 
.98 1956 56 

1.03 1966 56 
1.09 1961 47 
1.13 1930 54 
1.19 1896 53 
1.24 1864 56 
1.29 1840 41 
1.35 1828 28 
1.40 1817 2 

.-

1: 

E 
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