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Kinetic Modeling and Sensitivity Analysis of Nitrogen Oxide 
Formation in Well-Stirred Reactors* 
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We have modeled the experimental data of Bartok et al. and Duterque et al. on methane combustion in stirred 
reactors. A method to calculate the first-order sensitivities of  the mole fractions and temperature with respect to the 
rate constants is discussed and applied to nitric oxide production. We have thus been able to evaluate the nitrogen 
chemistry in the presence of hydrocarbons under stirred conditions. We find the extended Zeldovich mechanism to be 
the major source of NO under lean conditions, while the prompt-NO formation is dominant under fuel-rich 
conditions. The important features of the model under fuel-rich conditions are the following: 
I. The reaction CH + N2 ~ HCN + N is the only important initiating step in the prompt-NO formation. 
2. The CH concentration is established through the sequence 

CH3 + X ~ CH2 + HX, 

CH2+X ¢:t C H + H X ,  

C H + X  ~ C + H X ,  

where X is H or OH. 
3. Nitric oxide is recycled back to CN and HCN through reactions with C, CH, and CH2. This results in the exhaust 

of  significant quantities of HCN from the reactor. 

!. I N T R O D U C T I O N  forming nitrogen oxides in combustion processes. 
Three mechanisms have been identified: thermal- 

In recent years great efforts have been made to NO, prompt-NO, and fuel-NO. Through modeling 
explain the chemical mechanisms responsible for the experimental data of Bartok et al. [1] and 

Duterque et al. [2] on methane combustion in jet- 
stirred reactors, we evaluate the different routes to * Research sponsored jointly by the U.S. Department of  

Energy, Office of  Basic Energy Sciences, and the Danish NO formation. An important reason for modeling 
Ministry of  Energy. this stirred reactor data is our interest in the 
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interaction between the hydrocarbon and the nitro- the CHEMKIN program [ 17], which handles the 
gen chemistry. Because of the intense backmixing, chemical reaction mechanism and the thermody- 
the interaction between the hydrocarbon species namic properties. The numerical method used is 
and the nitrogen species is more significant in a one recently developed and used for the solution of 
jet-stirred reactor than in flames. Furthermore, the premixed flame problems [ 18]. 
short residence times obtainable in such reactors In the formulation of the PSR model a well- 
tend to suppress the thermal NO formation, thus defined volume is assumed to receive reactants at a 
making other routes more significant, steady rate, mix them homogeneously with the 

Early chemical kinetic models for NO forma- contents of the reactor, and eject the products at a 
tion in methane combustion in stirred reactors steady rate. The governing equations describe a 
(e.g., [3, 4]) used the Zeldovich mechanism as the mass balance for each of the K species, 
only source of NO and failed to explain the 
experimental data, especially under fuel-rich con- m ( Y k -  Yk*)-  d~k VWk = 0, (1) 
ditions. More recent attempts [5-7] included 
mechanisms for prompt-NO formation and ob- and a heat balance for the reactor, 

tained good agreement with the measurements. 
K 

However, for some of the most significant reac- m ~ (Ykhk-Yk*hk*)+ Q = 0 .  (2) 
tions, these models relied on reaction rates that k=l 
conflict with recent direct measurements. Further- 
more, none of the previous models included the In these equations Yk is the mass fraction of the 
C2-chemistry, which is known to be an important kth species (there are K species); Wk, the molecu- 
part of the methane oxidation scheme. In this lar weight of the kth species; V, the reactor 
exploratory work we have incorporated recent volume; O~k, the molar rate of production by 
results in areas such as the conversion of NHi- chemical reaction of the kth species per unit 
species to NO and N2 (e.g., [8]), the HCN- volume; hk, the specific enthalpy of the kth 
chemistry [9], the C2-chemistry (e.g., [10-12]), species; and Q, the reactor heat loss. The super- 
and the reactions of CH2 [13] and CH [14, 15]. script (*) indicates the inlet conditions. 

The stirred reactor experiments we simulate The nominal residence time is related to the 
reactor volume and the mass flow rate by cannot by themselves be used to validate our 

chemical kinetic model, partly because the only p V 
species measured is NO, and partly because the r = - - ,  (3) 
temperature in the experiments is uncertain. Our 

primary objective in this paper is to evaluate the where the mass density # is calculated from the 
nitrogen chemistry as it occurs in the presence of ideal gas equation of state, 
hydrocarbons. As an aid in interpreting the signifi- 
cance of competing pathways we have incorpo- P I J," 
rated a method to calculate the first order sensitiv- P - R T  (4) 
ity coefficients of the mole fractions and 
temperature with respect to the rate constants. Here P is the pressure, R the universal gas 
This tool has enabled us to point out the rate- constant, and IJ r the mixture's mean molecular 
determining steps in the formation and consump- weight. The residence time is often used as a 
tion of NO under well-stirred conditions, and to characteristic parameter of the reactor instead of 
identify areas that need further examination, the mass flow rate. When this is the case m is 

computed from Eq. (3). 
II. GOVERNING EQUATIONS AND The net chemical production rate o)k of each 
CO M PUTATI ONAL PROCEDURE species results from a competition between all the 

chemical reactions involving that species. We 
We have developed a perfectly stirred reactor presume that each reaction proceeds according to 
(PSR) computer model [16]. It runs in conjunction the law of mass action and the forward rate 
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coefficients are in the modified Arrhenius form The energy balance for the reactor (assuming 
( - - E A )  constant pressure) leads to 

k f = A T  a exp ~ . (5) dh 1 x Q 

- ~ ( Ykhk-  Yk*hk*) - - -  (9) 
The governing equations form a set of K + 1 dt z k= ~ p V " 

nonlinear algebraic equations, the solution of 
which is the vector of temperature and the mass We find it convenient to rewrite the energy 
fractions, 4~ = (T, YI, " " ,  Yk, " " ,  Yr) T. We equation in terms of temperature rather than 
solve the system by a modified Newton method, enthalpy. Since h = Y/ok= 1 Ykhk and c o -= Yfk = 
The system of Eqs. (1) and (2) can be represented Ykc#, 
in vector form as F(~b) = 0, where 

dh dT  ~ dYk 
x - - = C p  ~ h k  , (10) 

F(cb) = m 2~ ( Y k h k -  Yk*hk*)+Q, dt --d-t + ~=~ dt 
k = l  

where cp is the mass-weighted mean specific heat. 
rn( Y i -  Y l * ) -  o31 VWI,  Combining Eqs. (8)-(10) leads to the form of the 

w x )  T transient energy equation that we actually solve, 
• " ,  m ( YK- YK*) -- 03X V (6) 

dT  1 r 

In these terms the Newton method can be written Cp -d-7=~ ~ Yk*(h**-hk) 
k = l  

a s  

~ h~:03~: Wk Q (11) 
OF Aq~ = -F(~b(")), (7) P P V 

k = l  

We solve this system of ordinary differential 
where OF/O4a is the K + 1 by K + 1 Jacobian equations using the backward-Euler method. The 
matrix, A~b = 4~("+U - 4~("), and n is an iteration modified damped Newton's method, the calcula- 
index. Newton's method determines a sequence of tion of the Jacobian matrix, and the procedure 
iterations or approximate solutions that approach used for the timestepping are described in detail in 
the true solution. Provided the initial estimate 4~ t°) the manual for the code [18]. 
of the solution is sufficiently good, Newton's In addition to solving the governing equations 
method produces a sequence {~t")} that converges we incorporate a method to compute the first-order 
to the solution. 

However, if during the course of the iteration sensitivity coefficients of the mass fractions and 
temperature with respect to the rate constants. The 

the Newton algorithm fails to converge, the vector F ( ~ ) i s  a function of the dependent varia- 
solution estimate is conditioned by a time integra- bles and various input parameters ct, which in- 
tion. This provides a new starting point for the clude the I reaction rate constants. We may 
Newton algorithm that is closer to the solution, therefore write the equation system as 
and thus it is more likely to be in the domain of 
convergence for Newton's method. Ultimately the F(4Ko0, a)  = 0. (12) 
problem is solved by convergence of the Newton 
iteration. Differentiating this equation with respect to or, one 

The transient problem is a nonlinear ordinary- obtains 
differential-equation initial-value problem. The 
analogous time-dependent equation for mass con- OF 04~ OF 

- -  - - + - - = 0 ,  ( 1 3 )  
servation of each species is O~b Oc~ 0c~ 

dYk_  1 ( Y k - Y k * ) +  "03~Wk (8) where OF/O#a is the Jacobian of the original 
dt z p system, O~b/Oc~ is the K + 1 by I matrix of linear 
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sensitivity coefficients, and OF/Oc~ is the K + 1 III. CHEMICAL KINETICS 
by I partial derivative matrix of the function F 
with respect to the rate constants. The Jacobian The reactions and rate coefficients used in our 
and its LU factorization are already available from calculations are shown in Table I along with 
solving the original system by Newton's method, appropriate references. They are largely derived 
and the parameter derivatives are easily computed from previous work of Miller and coworkers. The 
by finite differences. Therefore, the linear system oxidation mechanism of methane, described by 
of equations (13) is readily solved for each column reactions 1-134, is drawn mainly from the work 
of the sensitivity matrix, corresponding to the on acetylene and methane flames [10, 57]. The 
sensitivities of the solution to each of the I reaction HCN mechanism (reactions 176-198) was revel- 
rates. The sensitivity coefficients are normalized oped in a study of HCN-doped hydrogen flames 
in the form of logarithmic derivatives, i.e., [9], and the reactions describing the conversion of 

NHi-species to NO and N2 (reactions 135-175) are 
O In Yk= __Oli __OYk (14) a subset of the mechanism developed to analyze 
O In ai Yk Octi ammonia flames and the thermal De-NOx process 

[8]. However, because the objective of this work 
or is to understand the interaction between the hydro- 
O In T cti OT carbon and the nitrogen chemistry in methane 
- - -  . (15) combustion, additional reactions had to be in- 
# In ai T Ooli cluded in the mechanism. The most important of 

these are discussed in the following paragraphs. 
Furthermore, as in tables shown later, they are 

The interaction between the hydrocarbon and 
written in terms of mole fraction. Specifically, the nitrogen chemistry is believed at least globally 

to follow the scheme shown in Fig. 1. There is still 
x 1 O Yk some controversy on which reaction is the initiat- Oli OXk Oti OYk ctiJTV ~ , (16) 

Xk OOt~ Yk O°li ~ OOl i ing step in the prompt-NO formation. Many short- j=l  
lived hydrocarbon radicals might conceivably at- 

where Xk are the mole fractions and Wis the mean tack N2. However, the number of plausible 
molecular weight, candidates has been reduced to two [96]: 

It is appropriate to make some points on how to 
interpret the sensitivity coefficients. A first-order CH + N2 ~ HCN + N, (R205) 

sensitivity coefficient of (for example) 0.24 for the CH2 + N2 ~ HCN + NH. (R206) 
kth species with respect to the ith reaction can 
roughly be interpreted to mean that if the rate of Blauwens et al. [97] found from flame experi- 
the ith reaction were made twice as fast, it would ments that the production of prompt-NO could be 
cause a 24 % increase in the concentration of the represented by either (R205) or (R206). In another 
kth species. The sensitivity coefficients thus pro- flame study Matsui and Nomaguchi [98] found the 
vide information about the rate-limiting steps in amount of prompt-NO to be proportional to the 
the production and consumption of particular CH concentration and favored (R205). This was 
species. However, the sensitivity coefficients de- supported by Benson [99], who on structural 
pend strongly on the reaction mechanism used and 
can only be interpreted in terms of that particular 
mechanism. Furthermore, the sensitivity analysis ..~C~, / j - - N O ,  

does not necessarily provide information about the +CHi ID NCO It NH' " ~ ' " " ~ - - ' -  " " / l ]+N~i 
actual pathways for production and destruction of N2 • HCN 

species. Such information must be derived from a N 2 

rate-of-production analysis [18]. Clearly such an Fig. 1. The interaction between the hydrocarbon and the 
analysis also depends on the choice of mechanism, nitrogen chemistry under fuel-rich conditions. 
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TABLE I 

Reaction Mechanism Rate Coefficients in Form kj = A T ~ exp( - Eo/R T) (units are moles, cubic centimeters, seconds, Kelvins and 
calories/mole; values of Eo in parentheses are in joules/mole) 

Reaction A /3 E0 References 

1. H + 02 ~ O + OH 5.10E+16 -0 .820  16510. (69078.) [19] 
2. H2 + O ~ H + OH 1.80E+ 10 1.000 8830. (36945.) [20] 
3. H2 + OH ~ H20 + H 1.20E+09 1.300 3630. (15188.) [21] 
4. OH + OH ~- H20 + O 6.00E+08 1.300 0. [221 
5. H + OH + M ~ H20 + M a 7.50E+23 -2 .600 0. [20] 
6. 02 + M ~ O + O + M 1 .90E+l l  0.500 95560. (399823.) [19] 
7. H + H + M ~ H2 + M f 1.00E+ 18 -1 .000 0. I23] 
8. H + H + H2 ~ H2 + H2 9.20E+ 16 -0.600 0. 123] 
9. H + H + H20 ~ H2 + H20 6.00E+ 19 -1 .250 0. 1231 

10. H + H + CO2 ~ H2 + CO2 5.50E+20 -2.000 0. [23] 
11. H2 + O5 ~ OH + OH 1.70E+13 0.000 47780. (199912.) I20] 
12. H + 02 + M ~ HO2 + M b 2.10E+ 18 -1 .000 0. [24] 
13. H + 05 + 05 ~ HO2 + O5 6.70E+ 19 -1 .420 0. [24] 
14. H + 05 + N2 ~ HO2 + N2 6.70E+19 -1 .420 0. [24] 
15. HO2 + H ~ H2 + 02 2.50E+ 13 0.000 700. (2929.) [25] 
16. HO2 + H ~ OH + OH 2.50E+14 0.000 1900. (7950.) [251 
17. HO2 + O ~ OH + O2 4.80E+ 13 0.000 1000. (4184.) [25] 
18. HO2 + OH ~ H20 + O2 5.00E+ 13 0.000 1000. (4184.) [251 
19. HO2 + HO2 ~ H202 + 05 2.00E+ 12 0.000 0. [26] 
20. H202 + M ~ OH + OH + M 1.20E+ 17 0.000 45500. (190372.) 127] 
21. H202 + H ~ HO2 + H2 1.70E+ 12 0.000 3750. (15690.) [27] 
22. H202 + OH ~ H20 + HO2 1.00E+ 13 0.000 1800. (7531.) [271 
23. CO + O + M ~ CO: + M 3.20E+13 0.000 -4200. ( -17573.)  [28] 
24. CO + O2 ~- COz + O 2.50E+ 12 0.000 47700. (199577.) [291 
25. CO + OH ~ CO2 + H 1.50E+07 1.300 -760.  ( -3180 . )  130] 
26. CO + HO2 ~ CO: + OH 5.80E+ 13 0.000 22930. (95939.) [311 
27. CH4 + M ~ CH3 + H + M c 1.00E+17 0.000 88000. (368192.) 1321 
28. CH4 + H ~ CH3 + H2 2.20E+04 3.000 8750. (36610.) 1331 
29. CFL + O ~ CH3 + OH 1.20E+07 2.080 7630. (31924.) [34] 
30. CI"L, + OH "~- CH 3 + H20 3.50E+03 3.080 2000. (8368.) [35] 
31. CH4 + CH2 ~ CH3 + CH3 1.30E+ 13 0.000 9500. (39748.) [361 
32. CH3 + M ~ CH2 + H + M 1.90E+16 0.000 91600. (383254.) [371 

*33. CH3 + H ~ CH2 + H2 9.00E+ 13 0.000 15100. (63178.) [38] 
34. CH3 + O ~ CH20 + H 6.80E+13 0.000 0. 139] 
35. CH3 + O ~ CH2 + OH 5.00E+ 13 0.000 12000. (50208.) est 

**36. CH3 + OH ~ CH2 + H20 1.50E+ 13 0.000 5000. (20920.) See text 
37. CH3 + OH ~ CH20 + H2 1.00E+ 12 0.000 0. est 
38. CH3 + O2 = CH20 + OH 5.20E+ 13 0.000 34570. (144641.) 1401 
39. CH3 + 05 = CH~O + O e 7.00E+ 12 0.000 25650. (107320.) [40] 
40. CH30 + M ~ CH20 + H + M e 1.00E+ 14 0.000 25000. (104600.) [41] 
41. CH30 + H ~- CH20 + H2 e 2.00E+ 13 0.000 0. [42] 
42. CH30 + O ~ CH20 + OH e 1.00E+ 13 0.000 0. See [10] 
43. CH30 + OH ~ CH:O + H20 ~ 1.00E+ 13 0.000 0. See [10] 
44. CH30 + 02 ~ CH20 + HO2 e 6,30E+ 10 0.000 2600. (10878.) [431 
45. CH20 + M ~ HCO + H + M 3,30E+ 16 0.000 81000. (338904.) [44] 
46. CH20 + H ~ HCO + H2 2.20E+08 1.770 10500. (43932.) 145] 
47. CH20 + O ~ HCO + OH 1.80E+ 13 0.000 3080. (12887.) [44] 
48. CH20 + OH ~ HCO + H20 3.40E+09 1.180 -447.  ( -1870 . )  [45] 
49. HCO + M ~- CO + H + M 1.60E+ 14 0.000 14700. (61505.) 146] 
50. HCO + H ~ CO + H: 4.00E+ 13 0.000 0. [47] 
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Table I. Continued 

Reaction A ~ Eo References 

51. HCO + O ~ CO + OH 3 . 0 ( 0 +  13 0.000 0. [48] 
52. HCO ÷ O ~ CO 2 ÷ H 3.00E+ 13 0.000 0. [41] 
53. HCO + OH ~ CO + H20 5.00E+ 12 0.000 0. [49] 
54. HCO + 02 ~ CO + HO2 3 .30E+13 - 0 . 4 0 0  0. [50] 

**55. CH2 + H ~ CH + H: 7.30E+ 17 - 1 . 5 6 0  0. See text 
56. CH2 + O ~ CO + H + H 3 .00E+13 0.000 0. [51], [52] 
57. CH2 + O ~ CO + H2 5.00E+ 13 0.000 0. [51], [52] 
58. CH2 + O ~ CH + OH 5.00E+ 13 0.000 12000. (50208.) est 
59. CH2 + OH ~ CH20 + H 3.00E+ 13 0.000 0. est 

**60. CH2 + OH ~ CH + H20 4 .50E+ 13 0.000 3000. (12552.) See text 
61. CH2 + 02 ~ CO2 + H + H 1.60E+ 12 0.000 1000. (4184.) See [10] 
62. CH2 + 02 ~ CO2 + H2 6 .90E+11 0.000 500. (2092.) See [10] 
63. CH: + 02 ~ CO + H20 1.90E+ l0 0.000 -1000 .  ( - 4 1 8 4 . )  See [10] 
64. CH2 + 02 ~ CO + OH + H 8.60E + 10 0.000 - 5 0 0 .  ( -  2092.) See [10] 
65. CH2 + 02 ~ HCO + OH 4.30E+ 10 0.000 - 5 0 0 .  ( - 2 0 9 2 . )  See [10] 
66. CH2 + 02 ~ CH20 + O 2.00E+ 13 0.000 9000. (37656.) est 
67. CH2 + CO2 ~ CO + CH20 1 . 1 0 E + l l  0.000 1000. (4184.) See text 
68. CH2 + CH ~ C2H2 + H 4 .00E+13  0.000 0. [53] 
69. CH2 + CH2 ~ C2H2 + H2 3.20E+ 13 0.000 0. [53] 

**70. CH + H ~ C + H2 1.50E+ 14 0.000 0. est 
71. CH + O ~ CO + H 5.70E+ 13 0.000 0. [54] 
72. CH + OH ~ HCO + H 3.00E+ 13 0.000 0. est 
73. CH + 02 ~ HCO + O 3.30E+ 13 0.000 0. [15] 
74. CH + CO2 ~ HCO + CO 3.40E+ 12 0.000 690. (2887.) [15] 
75. CH + CH3 ~ C2H3 + H 3.00E+ 13 0.000 0. est 
76. CH + CI-L ~ C2I'14 + H 6.00E+ 13 0.000 0. [55] 
77. CH + C2H2 ~ C3H2 + H 1.30E+ 14 0.000 0. [55] 
78. CH + C2I-L ~ products 1.30E+ 14 0.000 0. [55] 
79. CH + C:H6 --' products 2 .40E+ 14 0.000 0. [55] 
80. C + OH ~ CO + H 5.00E+ 13 0.000 0. est 
81. C + O2 ~ CO + O 2.00E+ 13 0.000 0. See [56] 
82. C + CO2 ~ CO + CO 6 .00E+08  0.000 0. See [56] 
83. C + CI-I4 ~ CH + CH3 5.00E+ 13 0.000 24000. (100416.) est 
84. C + CH3 ~ C2H2 + H 5.00E+ 13 0.000 0. est 
85. C + CH2 ~ C2H + H 5.00E+ 13 0.000 0. est 
86. CH3 + CH3(+M) ~ C2H6(+M) g 1.60E+ 13 0.000 - 3 0 6 .  ( - 1 2 8 0 . )  [57] 
87. C2H5 + H ~ CH3 + CH3 4 .00E+ 13 0.000 0. See [41] 
88. CH3 + CH3 ~:~ C2H4 + H2 2.10E+ 14 0.000 19200. (80333.) [58] 
89. CH3 + CH2 ~:~ C21-14 + H 3.00E+ 13 0.000 0. [59] 
90. C2H6 + H ~:~ C2H5 + H2 5 .40E+02  3.500 5200. (21757.) [33] 
91. C2H6 + O ~ C2H5 + OH 2.50E+13 0.000 6360. (26610.) [60] 
92. C2H6 + OH ~ C2H5 + H20 8 .70E+09  1.050 1810. (7573.) [61] 
93. C2H6 + CH3 ~ C2H5 + CH4 5 . 5 0 E - 0 1  4.000 8280. (34644.) [33] 
94. C2H6 + CH2 ~:~ CH3 + C2H5 2.20E+ 13 0.000 8660. (36233.) [36] 
95. C2H5 + M ~ C2H4 + H + M 1.00E+ 17 0.000 31000. (129704.) [41] 
96. C2H5 + 02 ~=~ C2H4 + HO2 3.20E+ 12 0.000 5020. (21004.) [62] 
97. C2I'14 + M ~ C2H2 + H2 + M 2.60E+ 17 0.000 79350. (332000.) [63] 
98. C21"L + M ~ C2H3 + H + M 2.60E+ 17 0.000 96600. (404174.) [63] 
99. C2H4 + H ~:~ C2H3 + H2 1 .10E+I4  0.000 8500. (35564.) [64] 

100. C2H,, + O ~:~ HCO + CH3 1.60E+09 1.200 746. (3121.) [41] 
101. C21"L + OH ~=~ C2H3 ÷ H20 4 .80E+ 12 0.000 1230. (5146.) [65] 
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Table I. Continued 

Reaction A /3 Eo References 

102. C21-L + OH ~ CH20 + CH3 2.00E+ 12 0.000 960. (4017.) [65] 
103. C2H3 + M ~ C2H2 + H + M 8.00E+ 14 0.000 31500. (131796.) [66] 
104. C2H3 + H ~ C2H2 + H2 4 .00E+ 13 0.000 0. [67] 
105. C2H3 + O ~ CH2CO + H 3.30E+ 13 0.000 0. 167] 
106. C2H3 + OH ~ C2H2 + H20 5.00E+ 12 0.000 0. [10] est 
107. C2H3 + 02 ~ HCO + CH20 4 .00E+ 12 0.000 - 2 5 0 .  ( - 1 0 4 6 . )  [68] 
108. C2H3 + CH2 = C2H2 + CH3 3.00E+ 13 0.000 0. [10] est 
109. C2H3 + C2H ¢:~ C2H2 + C2H2 3.00E+ 13 0.000 0. [101 est 
110. C2H2 + M ~ C2H + H + M 4 .20E+16  0.000 107000. (447688.) [69] 
111. C2H + H: ~ C2H2 + H 4 .10E+05  2.390 860. (3598.) See [10] 
112. C2H2 + O ~ CH2 + CO 2.20E+ 10 1.000 2580. (10795.) See [10] 
113. C2H2 + O ~ HCCO + H 3 .60E+04  2.700 1390. (5816.) 110] 
114. C2H2 + O ~ C2H + OH 3.20E+15 - 0 . 6 0 0  15000. (62760.) [481 
115. C2H: + OH ~ CH2CO + H 3.20E+ 11 0.000 200. (837.) [70] 
116. C2H2 + OH ~ C2H + H20 6.00E+ 12 0.000 7000. (29288.) [48] 
117. CH2CO + M ~ CH2 + CO + M 3.60E+ 15 0.000 59300. (248111.) [71] 
118. CH2CO + H ~ CH3 + CO 1.10E+13 0.000 3430. (14351.) [72] 
119. CH2CO + H ~ HCCO + H~ 7.50E+ 13 0.000 8000. (33472.) [10] est 
120. CH2CO + O ~ CH20 + CO 2.00E+ 13 0.000 0. [10] est 
121. CH2CO + O ~ HCCO + OH 5.00E+ 13 0.000 8000. (33472.) [10] est 
122. CH2CO + OH ¢ CH20 + HCO 2 .80E+13 0.000 0. [70] 
123. CH2CO + OH ~ HCCO + H20 7.50E+ 12 0.000 3000. (12552.) [10] est 
124. HCCO + H ~ CH2 + CO 1.10E+ 14 0.000 0. [73] 
125. HCCO + O ~ CO + CO + H I .IOE+ 14 0.000 0. 173] 
126. HCCO + OH ~ HCO + CO + H 1.00E+ 13 0.000 0. [10] 
127. HCCO + 02 ~ CO + CO + OH 1.50E+ 12 0.000 2500. (10460.) See [101 
128. HCCO + CH2 ~ C2H + CH20 1.00E+ 13 0.000 2000. (8368.) 110] est 
129. HCCO + CH2 ~ C2H3 + CO 3.00E+ 13 0.000 0. [10] 
130. HCCO + HCCO ~ C2H2 + CO + CO 1.00E+ 13 0.000 0. [101 est 
131. C2H + O ~ CH + CO 5.00E+ 13 0.000 0. [48] 
132. C2H + OH ~ HCCO + H 2.00E+ 13 0.000 0. [10] est 
133. C2H + 02 ~ CO + HCO 2,40E+ 12 0.000 0. [741 
134. C2H + O2 ~ HCCO + O 6,00E+ 11 0.000 0. [74] 
135. N2H2 + M ~ NNH + H + M 5.00E+ 16 0.000 50000. (209200.) [8] est 
136. N2H2 + H ~ NNH + H2 5.00E+ 13 0.000 1000. (4184.) [81 est 
137. NNH + M ~ N2 + H + M 2.00E+ 14 0.000 20000. (83680.) [75] 
138. NNH + H ~ N2 + H2 3.70E+ 13 0.000 3000, (12552.) [76] 
139. NNH + NO ~ N2 + HNO 5.00E+ 13 0.000 0. [76] 
140. NH3 + M ~ NH2 + H + M 1.40E+ 16 0.000 90600. (379070.) [76] 
141. NH3 + H ~ NH2 + H2 7 .00E+06 2.390 10171. (42555.) [77] 
142. NH3 + O ~ NH2 + OH 2.10E+ 13 0.000 9000. (37656.) [78] 
143. NH3 + OH ~ NH2 + H~O 2 .04E+06  2.040 566. (2368.) [79] 
144. NH~ + H ~ NH + H~ 6.90E+ 13 0.000 3650. (15272.) [80] 
145. NH2 + O ~ NH + OH 6.80E+ 12 0.000 0. I81] 
146. NH2 + O ~ HNO + H 6 .60E+14  - 0 . 5 0 0  0. [81], [8] 
147. NH2 + OH ~ NH + H20 4 .50E+ 12 0.000 2200. (9205.) [75] 
148. NH2 + N ~ N2 + H + H 7.20E+ 13 0.000 0. [82] 
149. NH2 + NH ~ N2H2 + H 5.00E+ 13 0.000 0. [8] 
150. NH2 + NO ~ NNH + OH 8.80E+ 15 - 1.250 0. [8] 
151. NH2 + NO ~ N2 + H20 3.80E+ 15 - 1 . 2 5 0  0. [8] 

"152. NH + H ~ N + H2 3.00E+ 13 0.000 0. 1831 
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Table !. Continued 

Reaction A /~ E0 References 

153, NH + O ~ NO + H 2.00E+ 13 0,000 0. [8] 
154, NH + OH ~ HNO + H 2.00E+ 13 0.000 0. [8] 
155, NH + OH ~ N + HE O 5.00E + I l 0.500 2000, (8368.) See [76] 
156, NH + 02 ~ HNO + O 1.00E+13 0.000 12000, (50208.) [8] 
157. NH + 02 ~ NO + OH 1.40E+ ll  0,000 2000, (8368.) [8] 
158, NH + NO ~ N20 + H 4.30E+14 -0 .500  0, [8] 
159. NH + N ~ N2 + H 3.00E+13 0.000 0, [8] est 
160. N + 02 ~ NO + O 6.40E+09 1.000 6280, (26276.) [84] 

**161. N + OH ~ NO + H 3.80E+ 13 0.000 0. See [9] 
*'162. N + NO ~ N2 + O 3.30E+ 12 0.300 0. See [9] 

163. N + CO2 ~ NO + CO 1 .90E+l l  0.000 3400. (14226.) [85] 
164. N + HCCO ~ HCN + CO 5.00E+13 0.000 0. est 
165. NO + HO2 ~ NO2 + OH 2.10E+ 12 0.000 -480.  ( -2008. )  See [8] 
166. NO2 + M ~ NO + O + M 1.10E+I6 0.000 66000. (276144.) [84] 
167. NO2 + H ~ NO + OH 3.50E+ 14 0.000 1500. (6276.) See [19] 
168. NO2 + O ~ NO + 02 1.00E+ 13 0.000 600. (2510.) [84] 
169. HNO + M ~ H + NO + M d 1.50E+ 16 0.000 48680. (203677.) [84] 
170. HNO + H ~ H2 + NO 5.00E+ 12 0.000 0. [84] 
171. HNO + OH ~ NO + H20 3.60E+ 13 0.000 0. [84] 
172. N20 + M g N: + O + M 1.60E+ 14 0.000 51600. (215894.) See [76] 
173. N20 + H ~ N2 + OH 7.60E+ 13 0.000 15200. (63597.) [84] 
174. N20 + O ~ NO + NO 1.00E+I4 0.000 28200. (117989.) [84] 
175. N20 + O ~ N2 + 02 1.00E+14 0.000 28200. (117989.) [84] 
176. HCN + O ~ CN + OH 2.70E+09 1.580 26600. (111294.) [78] 

"177. HCN + O ~ NCO + H 1.40E+04 2.640 4980. (20836.) See [86] 
"178. HCN + O ~ NH + CO 3.50E+03 2.640 4980. (20836.) See 186] 

179. HCN + OH ~ CN + H20 1.50E+ 13 0.000 10929. (45727.) [86], [87] 
180. HCN + OH ~ HOCN + H 9.20E+ 12 0.000 15000. (62760.) [86], [87] 
181. HCN + OH ~- HNCO + H 4.80E+11 0.000 11000. (46024.) [86], [87] 
182. HCN + CN ~ C2N2 + H 2.00E+ 13 0.000 0. [88] 
183. CN + O ~ CO + N 1.80E+ 13 0.000 0. [89] 

"184. CN + OH ~ NCO + H 6.00E+ 13 0.000 0. [90] 
185. CN + H2 ~ HCN + H 3.00E+05 2.450 2237. (9360.) [91] 

"186. CN + Oz ~ NCO + O 5.60E+12 0.000 0. [89] 
187. CN + NO2 ~ NCO + NO 3.00E+ 13 0.000 0. est 
188. CN + N20 ~ NCO + N: 1.00E+13 0.000 0. est 
189. NCO + M ~ N + CO + M 3.10E+ 16 -0 .500 48000. (200832.) [92] 

'190. NCO + H ~ NH + CO 5.00E+ 13 0.000 0. See [9] 
191. NCO + O ~ NO + CO 5.60E+ 13 0.000 0. [93] 
192. NCO + OH ~ NO + CO + H 1.00E+ 13 0.000 0. [9] est 

193. NCO + H: ~ HNCO + H 8.60E+ 12 0.000 9000. (37656.) See [9] 
194. NCO + N ~ N2 + CO 2.00E+ 13 0.000 0. See [9] 
195. NCO + NO ~ N20 + CO 1.00E+ 13 0.000 -390.  ( -1632. )  [78] 
196. HOCN + H ~ HNCO + H 1.00E+ 13 0.000 0. est 
197. HCNO + H ---' HCN + OH 5.00E+ 13 0.000 12000. (50208.) est 
198. HNCO + H ~ NH2 + CO 2.00E+ 13 0.000 3000. (12552.) [9] est 
199. C2N2 + O ~ NCO + CN 4.60E+ 12 0.000 8880. (37154.) [89] 
200. C2N2 + OH ~ HOCN + CN 1 .90E+l l  0.000 2900. (12134.) [94] 

*'201. C + NO ~ CN + O 6.60E+ 13 0.000 0. [95] 
**202. CH + NO ~ HCN + O 1.10E+ 14 0.000 0. See text 
**203. CH2 + N O - '  HCNO + H 1.40E+ 12 0.000 -1100. ( -4602. )  See text 
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Table i. Continued 

Reaction A fl E0 References 

204. C + N20 ~ CN + NO 1.00E+ 13 0.000 0. See [56] 

**205. CH + N2 ~ HCN + N 1.90E+ 11 0.000 13600. (56902.) See text 
206. CH2 + N2 ~ HCN + NH 1.00E+ 13 0.000 74000. (309616.) See text 
207. CH + NH2 ,~ HCN + H + H 3.00E+ 13 0.000 0. est 

208. CH + NH ~- HCN + H 5.00E+ 13 0.000 0. cst 

209. CH2 + NH ~ HCN + H + H 3.00E+ 13 0.000 0. est 

210. CH + N ~ CN + H 1.30E+ 13 0.000 0. [54] 

211. CH2 + N ~ HCN + H 5.00E+13 0.000 0. est 

"212. CH3 + N ~ HCN + H + H 5.00E+ 13 0.000 0. est 

213. CH4 ÷ N ~ NH + CH3 1.00E+ 13 0.000 24000. (100416.) est 

a Third body efficiencies:: ks(H20) = 20k~(Ar). 

b Third body efficiencies: klz(H20) = 21k12(Ar), kl2(CO2) = 5klz(Ar), k)2(H2) = 3.3kj2(Ar), kl2(CO) = 2kt2(Ar), k12(O2) = 0, 
k12(N:) = 0. 

Third body efficiencies: k27(H20) = 5k27(Ar). 

a Third body efficiencies: k169(H20) = 6k169(Ar), k169(H2) = kl69(O2) = k169(N2) = 2k169(Ar). 
e No distinction is made between CH30 and CH2OH. 

J" Third body efficiencies: k7(H20) = kT(H2) = k7(CO2) = 0. 

g "Unimolecular" reaction in the fall-off region. Rate constant is calculated from the expression k = ! .67 × 10 ~3 exp(306/RT)/ 
(I + 7 .66  X 10 -7 exp(-3032/RT)/[M]). 

** Most important reactions in NO formation from CIL in well-stirred reactors. 

* Important reactions in NO formation from CH4 in well-stirred reactors. 

grounds found (R206) unlikely to be the main expect a low A-factor for k206. Nevertheless, we 
candidate, have incorporated in our model a normal value of 

Direct rate measurements for these reactions at 1 × 1013 cm3/mole s. As a result we expect our 
flame temperatures have not been carded out. rate expression, k2o6 = 1 × 1013 e x p ( - 7 4 , 0 0 0 /  
Laufer and Bass [100] have determined a room RT) cm3/mole s, to be systematically high, if 
temperature upper limit of 6.0E07 cm3/mole s for anything. 
the CH2 + N2 reaction. We have estimated the During the course of this work we found the CH 
rate coefficient for this reaction by considering its + N2 reaction to be rate-limiting for the prompt- 
reverse. The addition of NH to the nitrogen end of NO formation under fuel-rich reactor conditions. 
hydrogen cyanide is isoelectronic with the analo- Room temperature measurements of this reaction 
gous addition of oxygen atoms. In the latter case are not of direct use in establishing the appropriate 
the addition complex lies about 20 kcal/mole rate coefficient, because the reaction at low 
above O + HCN [101]. We expect a similar result temperatures is dominated by another product 
for NH + HCN. Using this number, assuming a channel [14,102]. The rate has been inferred from 
normal value for the energy barrier of the 1,3 flame experiments by Blauwens et al. [97] and by 
hydrogen shift from the nitrogen to the carbon Matsui and Nomaguchi [98]. However, we find 
(between 30 and 40 kcal/mole), and incorporating these rates to be much too high to be consistent 
the appropriate endothermicity (24 kcal/mole), we with the stirred reactor data considered here. 
deduce that reaction (R206) should have an activa- Instead, we derived a rate in the following way. 
tion energy between 74 and 84 kcal/mole. The rate We used the activation energy determined by 
of (R206) is determined by the transition state for Matsui and Nomaguchi of 13.6 kcal/mole. This 
the 1,3 hydrogen shift. Such transition states are value is in agreement with Benson's [99] estimate 
normally very tight, and one consequently would of 14 kcal/mole. We then adjusted the preex- 
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ponential factor to get the right peak value of NO of stoichiometric and lean flames that CH2 was 
in the modeling of the stirred-reactor data of formed by the reaction 
Bartok et al. [1]. The rate obtained in this way, 
k205 = 1.9Ellexp(-13,6OO/RT)cma/moles, at CH3+OH ~ CH2+H20.  (R36) 

2000K is a factor of 10 slower than the rate However, because of the lack of direct measure- 
derived by Blauwens et al. and a factor of 6 faster ments on the CH3 + OH reaction, both the rate 
than the rate estimated by Benson [103] and used and the product channels are controversial. We 
in previous stirred-reactor modeling [5-7]. have estimated the rate coefficients for the reaction 

The recycle of NO to cyanide species by 
reaction with small hydrocarbon fragments has not CH3 + OH ~ CH2 + H20, (R36) 
yet been explained satisfactorily. We believe it to 
happen through the reactions and the similar reaction 

C + N O  ~ C N + O ,  (R20t) CH2+OH ~ CH +H 2 0 ,  (R60) 

CH + NO ~- HCN + O, (R202) by comparison with the rate coefficient for reac- 
tion (R30), 

and CH4 + OH ~ CH3 + H20. (R30) 

CH2 + NO ~ HCNO + H. (R203) The general rule for such a set of abstraction 
reactions is that the more exothermic the reaction 

For the C + NO reaction we have used the rate is, the more the transition state looks like the 
6.6E13 cm3/mole s, determined at room tempera- reactants [91]. The consequences of this general 
ture by Braun et al. [95] and confirmed by Husain rule are that the more exothermic reactions in such 
and Kirsch [104]. The rate of. the CH + NO a sequence usually have both larger preexponential 
reaction was measured recently by Berman et al. factors and smaller energy barriers [91]. The more 
[15], who obtained a rate of 1.1El4 cm3/mole s, exothermic reactions also usually have more posi- 
independent of temperature. Several exothermic tive Arrhenius curvature. In the present case, 
product channels are possible for this reaction, but reactions (R30) and (R60) are about equally 
the one written appears most probable. For the exothermic. Therefore we have assigned (R60) an 
CH2 + NO reaction we have assumed formation A-factor and activation energy that are essentially 
of HCNO, which is subsequently removed by H to the same as those of (R30) at 2000K. Reaction 
form HCN and OH. These products and the rate 

(R36) is somewhat less exothermic; we have 
coefficient for reaction (R197) are based on the assigned its A-factor and activation energy ac- 
isoelectronic sequence NH + NO ---' N20 + H, H cordingly (i.e., at 2000K). We have not tried to 
+ N20 ~ N2 + OH. The rate for reaction estimate the temperature dependence of the A- 
(R203) is taken from experiments of Laufer [13] factors, since the present study involves only a 
and Vinckier and Debruyn [105]. limited range of temperatures. 

Because of the influence of the CHi-species on Another potentially important CH2-forming re- 
the nitrogen chemistry, we include a very detailed action is 
mechanism for the formation and consumption of 
CH2 and CH. The formation of CH2 in methane CH3 + H ~ CH2 + H2. (R33) 

combustion proceeds through two different routes; This reaction has been inferred from shock-tube 
the dominant route is determined by the equiva- experiments [40, 107], but not measured directly. 
lence ratio. In rich flames CH2 is formed primarily We use a rate for this reaction of 9.0E13 
through the C2-hydrocarbon channel [10, 11]. exp(-15,0OO/RT) cm3/mole s [38]. 
Under leaner conditions CH2 is formed directly 
from CH3. The sequence 

Peeters and Vinckier [106] found in their study CH3+O ~ CH2+OH, (R35) 
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CH2 + O ~ CH + OH (R58) For the reaction between CH2 and CO2 we have 
combined the room temperature measurement of 

could possibly constitute a minor channel for CH2 Laufer [13] with an estimated activation energy of 
and CH formation. The CH-forming product 1 kcal/mole. 
channel for the CH2 + O reaction is negligible at The role of CH as a precursor to prompt-NO has 
room temperature [25, 26], but it has been aroused increasing interest in the CH-reactions, 
suggested at higher temperatures from shock-tube and several of their rates have been determined 
experiments [108]. We include these reactions recently. The rates measured recently include 
with estimated rates of 5.0E13 e x p ( -  12,000/ those of the reactions between CH and 02 [15], 
RT) cm3/mole s. CH and O [54], CH and CO2 [15], and the 

The routes for consumption of CH2 depend reactions between CH and different C~ and C2 
strongly on the equivalence ratio. Under stoi- species [14, 55]. We incorporate these results 
chiometric and lean conditions CH2 reacts mainly directly in our mechanism. 
with 02. This reaction has several product chan- The reaction between CH and H to form carbon 
nels, whose relative importance depends on tern- atoms and H2 has been shown to be important, but 
perature. We use the rates and pathways proposed its rate has not been measured directly. Peeters 
by Miller et al. [10], with the addition of a CH20 and Vinckier [106] found CH to be removed 
+ O channel, which has recently been identified rapidly by H in rich methane and ethylene flames, 
in shock tube experiments [52]. evidenced by the presence of significant quantities 

Under richer conditions a primary reaction is of carbon atoms. The importance of this reaction 
was confirmed by Grebe and Homann [111] in 

CH2 + H ~ CH + H2. (R55) their study of the chemiluminescence in the C2H2/ 

The commonly used rate for this reaction, 2.5E11 O/H system. We have estimated the rate to be as 
T 0-67 exp(-25,700/RT) cm3/mole s [109], con- fast as the room temperature rate of (R55), i.e., 
flicts with newer experimental data. Bohland and k70 = 1.5E14 cm3/mole s. The reactions of H- 

atoms with CH and CH2 are discussed more Temps [110] measured the rate directly at room 
temperature to be 1.6E14 cm3/mole s. However, extensively by Miller and coworkers in their paper 
from shock-tube experiments Frank et al. [52] on hydrocarbon/nitric oxide interactions in low- 
derived an upper limit of 7.0E12 cm3/mole s for pressure flames [86]. 
the temperature range 1650-2800K. This value is CH-producing pathways other than through 
in agreement with an upper limit of 1.0El3 cm3/ CH2 have been proposed in the literature, e.g., 
mole s obtained at 2000K from flame experiments CH3 + O ~ CH + H20 [98] and C2H2 + OH 
[106]. We combine these measurements to obtain CH + CH20 [112]. However, there is no experi- 

mental evidence for these reactions. Furthermore, a rate expression of 7.3E17 T -1"56 cm3/mole s. 
Other reactions of CH2 include they conflict with the findings of Peeters and 

Vinckier [106], and thus we do not include them. 
CH2 + O ~ CO + H + H, (R56) 

CH2 + O ~ CO + H2, (R57) IV. RESULTS AND DISCUSSION 

We have used two sources of experimental data on 
CH2 + OH ~ CH20 + H, (R59) methane combustion in jet-stirred reactors. Bartok 

CH2 + CO2 ~ CO + CH20. (R67) et al. [1] did a series of experiments for methane/ 
air combustion with and without the addition of 

The rate of the CH2 + O reaction has been fuel nitrogen. The NO-emissions were measured 
measured recently at room temperature by as a function of air/fuel equivalence ratio and 
Bohland et al. [51] to be 8.1E13 cm3/mole s. We residence time. Figures 2, 3, 6, 7 and 8 present 
have adopted this rate together with the branching comparisons between the Bartok data and our 
ratio k56/k57 of 3 : 5 proposed by Frank et al [52]. calculations for a perfectly stirred reactor with an 
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Fig. 2. Comparison between NO emissions data of  Bartok et al. [1] on methane combustion in 
a stirred reactor and calculations for a perfectly stirred reactor with a nominal residence time of 
2 ms. Open symbols denote experimental  data, closed symbols denote calculated values. 
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Fig. 5. Comparison between temperature data of Duterque et al. [2] on methane combustion in 
a stirred reactor and calculations for a perfectly stirred reactor with a nominal residence time of 
2 ms. Open symbols denote experimental data, closed symbols denote calculated values. 
Reactor conditions: volume = 150 cm 3, pressure = 1.0 atm, T,,~t = 353K. Residence time = 
2.0 ms. Assumed heat loss in calculations: 200 cal/s. 
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inlet temperature of  464K and a residence time of  the lean region temperature data. The heat loss 
2 ms. used in our calculations for Bartok's experiments 

In a more recent investigation Duterque et al. was chosen to make the calculated temperature fit 
[2] made similar measurements on methane/air the measurements under lean conditions (Fig. 3). 
mixtures. Their experiments were performed with By comparing the experimental data of  the two 
a lower inlet temperature (353K), but they had sources one notices that in Bartok's experiments 
approximately the same residence time. Compari- both the inlet temperature and the NO-emissions 
sons between their measurements and our calcula- are considerably higher than in the similar experi- 
tions are shown in Figs. 4 and 5. The measured ments of  Duterque et al.. Under lean conditions 
emissions of  NO were corrected by Duterque et al. most of  the NO is formed by the reaction of  O- 
for NO-to-NO2 conversion in the probe (Fig. 4). atoms with N2. Since this reaction has a high 
Our calculations show no significant quantities of  activation energy, the formation of  NO under 
NO2 produced in the reactor; consequently, the these conditions is very sensitive to the tempera- 
predicted NO and the total nitrogen oxides are the ture. Thus, provided the NO-measurements are 
same. correct, it seems that the actual temperatures in the 

Because of  uncertainty in interpreting the tem- Duterque experiments must have been lower than 
perature measurements, we choose for both sets of  the temperatures in the similar experiments by 
experiments to apply a heat loss to the reactors and Bartok et al.. This means that the temperatures 
compute the temperature from a heat balance. The determined by Duterque et al. are probably too 
temperature measurements in Bartok's experi- high. Trying to resolve this discrepancy, we did 
ments seem to be the more reliable, since they some adiabatic (no heat loss) calculations for the 
were measured directly by thermocouples, while reactor at different residence times. These calcula- 
Duterque et al. determined the temperatures in tions indicated that to obtain the high temperatures 
their experiments from concentration and heat loss reported by Duterque, the residence time would 
measurements using an energy balance. However, have to be approximately 5 times the value 
the temperature data from Bartok et al. are scarce reported. However,  there would still be discrepan- 
in the fuel-rich region, and there is some scatter in cies in the shapes of  the temperature profiles. 
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Lowering the residence time to values of 0.3-0.5 formation of the small CHi-species is a controlling 
ms increased the discrepancy both in the location step in the prompt-NO formation. The important 
and size of the temperature peak. Consequently, reactions are 
we have chosen to adjust the heat loss for 
Duterque's experiments in our calculations to CH3+OH ~ CH2+H20,  (R36) 

make the calculated NO-emissions match the CH3+H ~ CH2+H2, (R33) 
experimental data under lean conditions. The 
selected heat loss of 200 cal/s lowers the tempera- CH2 + OH ~ CH + H20, (R59) 
ture 30-40K below the adiabatic result at the same 
residence time. CH2 + H ~ CH + H2, (R55) 

CH + H ~ C + H2. (R70) 

The Methane/Air  Combustion The abstraction reaction between CH3 and OH is 

Figures 2 and 4 show comparisons between the the major source of CH2 under stirred conditions. 
undoped methane/air data of Bartok and Duterque, Without this reaction it is very difficult to obtain 
respectively, and our calculations for the NO agreement between our calculations and the exper- 
emissions. With the temperatures computed in the imental data. In its absence we compute an 
manner described above, the agreement between anomalous relative minimum in the NO produced 

in Fig. 2 at an equivalence ratio of approximately the measurements and the calculations is generally 
satisfactory. 1.2; a similar irregularity occurs in Fig. 4. Under 

Tables II and III show the results of the fuel-rich conditions CH2 is also formed through 
sensitivity analysis, corresponding to Figs. 2 and reaction (R33) and to a lesser extent through the 
4. From these tables and a rate-of-production acetylene route. Near blowout a significant part of 
analysis some conclusions can be drawn about the the oxidation process occurs through the C2- 
principal routes to NO-formation under well- species. In this area the NO-formation is sensitive 
stirred conditions. Under stoichiometric and lean to C2-hydrocarbon reactions, not because they 
conditions the main pathway to NO is the produce CH2 directly, but because these reactions 
Zeldovich-mechanism, the rate determining step begin to influence the active free radical concen- 
being trations. 

We find the CH + N2 reaction to be the major 
source of prompt-NO under the present condi- 

O+N2 ~ N O + N .  (R162) tions. With our estimated rate for the CH2 + N2 
reaction this reaction is of secondary importance 

However, under lean conditions a significant in our calculations. Since this estimate is expected 
contribution comes from the pathway through to be an upper limit, this conclusion is a conserva- 
N20, initiated by tire one. However, the conclusion holds even with 

O + N 2 + M ~ N20 + M. (R172) much larger values of k206 such as those used in 
some of our preliminary calculations I113]. 

The importance of this reaction compared to The relative importance of the two chemical 
(R162) increases with decreasing temperature. In mechanisms forming NO under the present condi- 
fuel-rich situations the Zeldovich mechanism loses tions, thermal-NO and prompt-NO, determines 
its significance due to the small O-atom concentra- the shape of the curve tbr NO in Figs. 2 and 4. As 
tions. From Figs. 2 and 4 it is clear that the seen in the figures the thermal-NO peaks just 
Zeldovich mechanism cannot describe the NO around stoichiometric conditions. However, be- 
formation in this area; inclusion of a mechanism cause of the prompt-NO formation the overall NO 
for prompt-NO formation is necessary to explain peaks under fuel-rich conditions. As discussed 
the experimental data. above, we adjusted the rate of the CH + N2 

From the sensitivity analysis one can see that the reaction in order to predict the size of this peak 
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TABLE II 

Linear Sensitivity Coefficients for NO for the Bartok Data 

Fuel/Air Equivalence Ratio 

Reaction 0.70 0.80 0.90 1.00 1.I0 1.20 1.30 1.40 1.50 

1. H + 02 ~ O + OH 0.04 0.04 0.04 0.04 0.04 0.02 0.04 0.27 0.38 
5. H + OH + M ~ H20 + M - 0 . 0 2  0.01 0.05 0.09 0.12 0.16 0.05 - 0 . 0 5  -0 .01  

12. H + O2 + M ~ HO2 + M - 0 . 0 9  0.02 0.09 0.10 0.08 0.06 0.02 - 0 . 0 6  - 0 . 0 6  

25. CO + OH ~ CO2 + H 0.11 0.08 0.05 0.03 0.01 0.01 0.00 - 0 . 0 4  - 0 . 0 4  

27. CH4 + M ~ CH3 + H + M 0.00 0.00 0.00 0.00 0.01 0.03 0.04 - 0 . 4 0  - 0 . 4 2  

33. CH3 + H ~ CH2 + H2 0.02 0.02 0.03 0.05 0.08 0.14 0.10 0.02 0.00 
34. CH3 + O ~ CH20 + H - 0 . 1 9  - 0 . 1 8  - 0 . 1 8  - 0 . 2 2  -0 .31  - 0 . 4 4  - 0 . 2 9  0.12 0.02 

36. CH3 + OH ~- CH2 + H20 0.14 0.13 0.12 0.14 0.17 0.19 0.09 0.02 0.00 

49. HCO + M ~- CO + H + M 0.02 -0 .01  - 0 . 0 2  - 0 . 0 3  - 0 . 0 3  - 0 . 0 5  - 0 . 0 2  0,06 0.03 
50. HCO + H ~ CO + H2 0.00 0.00 0.01 0.01 0.02 0.04 0.02 - 0 . 0 6  - 0 . 0 3  

55. CH2 + H ~ CH + H2 0.02 0.01 0.02 0.02 0.05 0.10 0.11 0.04 0.04 

59. CH: + OH ~ CHzO + H - 0 . 0 5  - 0 . 0 6  -0 .07  - 0 . 0 9  - 0 . 1 5  - 0 . 2 3  - 0 . 1 8  0.05 0.00 

60. CH2 + OH ~ CH + H20 0.17 0.15 0.14 0.16 0.22 0.29 0.21 0.05 0.03 
70. CH + H ~ C + H: - 0 . 0 2  - 0 . 0 3  - 0 . 0 5  - 0 . 1 0  - 0 . 1 9  - 0 . 3 3  - 0 . 3 5  - 0 . 3 5  - 0 . 2 4  

72. CH + OH ~ HCO + H -0 .01  - 0 . 0 2  - 0 . 0 2  - 0 . 0 3  - 0 . 0 5  - 0 . 0 6  - 0 . 0 4  0.00 0.00 

73. CH + O2 ~ HCO + O - 0 . 1 7  - 0 . 1 3  - 0 . 1 0  - 0 . 0 8  - 0 . 0 6  - 0 . 0 5  - 0 . 0 3  0.00 - 0 . 0 3  

74. CH + CO2 ~ HCO + CO -0 .01  - 0 . 0 2  - 0 . 0 2  - 0 . 0 3  - 0 . 0 4  - 0 . 0 7  - 0 . 0 7  -0 .01  - 0 . 0 3  
81. C + 02 ~ CO + O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.06 

88. 2CH3 ~ C2H4 + H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.07 

90. C2H 6 + H ~ C2H5 + H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.11 

103. C2H3 + M ~ C2H2 + H + M 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.25 
104. C2H3 + H ~- C2H2 + H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0 . 1 5  - 0 . 2 6  

112. C2H2 + O ~ CH2 + CO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0 . 0 6  - 0 . 1 5  

113. C2H2 + O ~ HCCO + H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0 . 0 4  - 0 . 1 0  
152. NH + H ~ N + H2 0.00 0.00 0.00 0.00 0.00 -0 .01  -0 .01  - 0 . 0 3  - 0 . 0 6  

154. NH + OH ~ HNO + H 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.06 0.08 

158. NH + NO ~ N20 + H 0.26 0.15 0.09 0.06 0.04 0.02 0.00 -0 .01  0.00 
160. N + O2 ~ NO + O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.14 

161. N + OH ~ NO + H 0.00 0.00 0.01 0.01 0.02 0.05 0.14 0.21 0.21 

162. N + NO ~ N: + O 0.35 0.53 0.60 0.58 0.44 0.16 -0 .11  - 0 . 0 8  - 0 . 0 2  

172. N20 + M ~ N2 + O + M 0.39 0.23 0.14 0.09 0.06 0.03 0.01 0.00 0.00 
173. N20 + H ~ N2 + OH - 0 . 2 7  - 0 . 1 5  - 0 . 0 9  - 0 . 0 6  - 0 . 0 4  - 0 . 0 2  -0 .01  -0 .01  0.00 

177. HCN + O ~ NCO + H 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.18 0.23 

178. HCN + O ~ NH + CO 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.06 0.07 
181. HCN + OH ~ HNCO + H 0.00 0.00 0.130 0.00 0.00 0.00 0.01 0.05 0.06 

184. CN + OH # NCO + H 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.15 0.08 

186. CN + O2 ~ NCO + O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.10 

201. C + NO ~ CN + O 0.00 0.00 0.00 0.00 -0 .01  - 0 . 0 5  - 0 . 1 9  - 0 . 3 4  - 0 . 2 4  
202. CH + NO ~ HCN + O 0.00 0.00 0.00 -0 .01  -0 .01  - 0 . 0 3  - 0 . 0 9  - 0 . 2 5  - 0 . 3 3  

203. CH2 + NO ---, HCNO + H 0.00 0.00 0.00 0.00 0.00 -0 .01  - 0 . 0 2  - 0 . 0 7  - 0 . 1 5  

205. CH + N2 ~- HCN + N 0.23 0.22 0.23 0.28 0.42 0.67 0.78 0.89 0.97 
212. CH3 + N ~ HCN + 2H 0.00 0.00 0.00 0.00 0.00 0.00 -0 .01  - 0 . 1 9  - 0 . 3 8  
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TABLE Iii  

Linear Sensitivity Coefficients for NO for the Duterque Data 

Fuel/Air Equivalence Ratio 

Reaction 0.70 0.80 0.90 1.00 1.10 1.20 i .30 1.40 1.50 

1. H + 02 ~ O + OH 0.05 0.04 0.04 0.04 0.04 0.01 0.07 0.33 0.64 
5. H + OH + M ~ H20 + M -0 .02  0.00 0.05 0.10 0.15 0.18 0.00 -0 .03  -0 .01  

12. H + 02 + M ~ HO2 + M -0.11 0.02 0.10 0.12 0.10 0.07 0.00 -0 .07  -0 .10  
25. CO + OH ~ CO2 + H 0.13 0.09 0.06 0.03 0.01 0.01 -0 .01 - 0 . 0 6  -0 .04  
27. CH4 + M ~ CH3 + H + M 0.00 0.00 0.00 0.01 0.02 0.05 0.00 -0 .43  -0 .52  
33. CH3 + H ~ CH2 + H2 0.02 0.02 0.04 0.06 0.11 0.16 0.08 0.02 -0 .02  
34. CH3 + O ~ CH20 + H -0 .23  -0 .23  -0 .24  -0 .29  -0 .39  -0 .50  -0 .20  0.09 0.02 
36. CH3 + OH ~ CH2 + H20 0.18 0.17 0.16 0.18 0.21 0.21 0.07 0.01 0.00 
49. HCO + M ~ CO + H + M 0.02 0.00 -0 .02  -0 .03  -0 .04  -0 .06  0.00 0.05 0.04 
50. HCO + H ~ CO + H2 0.00 0.00 0.01 0.02 0.03 0.05 0.00 -0 .05  -0 .04  
55. CH2 + H ~ CH + H2 0.02 0.02 0.02 0.03 0.07 0.12 0.11 0.04 0.06 
57. CH2 + O ~ CO + H2 -0 .05  -0 .05  -0 .05  -0 .05  -0 .05  -0 .04  -0 .02  -0 .02  -0 .01 
59. CH2 + OH ~ CH20 + H -0 .06  -0 .07  -0 .08  -0 .12  -0 .18  -0 .25  -0 .13  0.02 -0 .01 
60. CH2 + OH ~ CH + H:O 0.20 0.19 0.18 0.21 0.27 0.32 0.16 0.04 0.04 
70. CH + H ~ C + H2 -0 .02  -0 .04  -0 .07  -0 .13  -0 .24  -0 .38  -0 .38  -0 .35  -0 .22  
72. CH + OH ~ HCO + H -0.01 -0 .02  -0 .03  -0 .04  -0 .06  -0 .06  -0 .03  0.00 0.00 
73. CH + 02 ~ HCO + O -0.21 -0 .17  -0 .13  -0 .10  -0 .08  -0 .05  -0 .03  -0 .01 -0 .06  
74. CH ÷ C O  2 ~ HCO + CO -0 .02  -0 .02  -0 .03  -0 .04  -0 .06  -0 .08  -0 .06  -0 .02  -0 .04  
80. C + OH ~ CO + H 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.04 0.01 
81. C + O2 ~ CO + O 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.07 0.07 
86. 2CH3 ~- C2H6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 
88. 2CH3 ~ C2H4 + H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.06 
90. C2H6 + H ~ C2H5 + H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.15 

103. C2H3 + M ~ C2H2 + H + M 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.33 
104. C2H3 + H ~ C2H 2 ÷ H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0 .20  -0 .36  
112. C2H2 + O ~- CH2 + CO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0 . 1 0  -0 .18  
113. C2H2 + O ~ HCCO + H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0 .07  -0 .12  
152. NH + H ~ N + H2 0.00 0.00 0.00 0.00 0.00 -0 .01 -0 .01 -0 .04  -0 .06  
154. NH + OH ~ HNO + H 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.07 0.06 
158. NH + NO ~ N20 ÷ H 0.31 0.19 0.11 0.07 0.05 0.02 -0 .01  -0 .01 0.00 
160. N + O2 ~ NO + O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.20 
161. N + OH ~ NO + H 0.00 0.00 0.00 0.01 0.02 0.06 0.15 0.22 0.17 
162. N + NO w~ N2 + O 0.24 0.42 0.51 0.50 0.35 0.08 -0 .12  -0 .05  -0 .01  
172. N20 + M ~ N2 + O + M 0.45 0.28 0.17 0.11 0.07 0.03 0.00 0.00 0.00 
173. N20 + H ~ N2 + OH -0 .32  -0 .19  -0.11 -0 .07  -0 .05  -0 .02  -0 .01 0.00 0.00 
174. N20 + O ~ 2NO 0.05 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
177. HCN + O ~ NCO + H 0.00 0.00 0.00 0.00 0.01 0.02 0.08 0.21 0.23 
178. HCN + O ~ NH + CO 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.07 0.07 
181. HCN + OH ~ HNCO + H 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.05 
184. CN + OH ~ NCO + H 0.00 0.00 0.00 0.00 0.00 0.02 0.08 0.13 0.04 
186. CN + 02 ~ NCO + O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.11 
201. C + NO ~ CN + O 0.00 0.00 0.00 0.00 -0 .01 -0 .06  -0 .23  -0 .33  -0 .17  
202. CH + NO ~ HCN + O 0.00 0.00 0.00 -0 .01 -0 .01 -0 .04  -0 .11 -0 .28  -0 .31 
203. CH2 + NO --+ HCNO + H 0.00 0.00 0.00 0.00 0.00 -0 .01 -0 .03  -0 .09  -0 .18  
205. CH + N2 ~ HCN + N 0.28 0.28 0.29 0.35 0.52 0.74 0.81 0.93 0.97 
212. CH3 + N ~ HCN + 2H 0.00 0.00 0.00 0.00 0.00 0.00 -0 .02  -0 .26  -0 .40  
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correctly. The location of the peak, however, is Consumption of CN proceeds through 
determined by the competing pathways leading to 
formation of CHi-species. Increased rates for the CN + OH = NCO + H, (R 184) 

reactions followed by (R190). The conversion of NH to NO 

CHi + OH-*CHi_ 1 + H20 (i = 2, 3), occurs through 

would move the peak closer to stoichiometric N H + H  ~ N + H 2 ,  (R152) 

conditions, while increased influence of the se- N + OH ~ N O  + H. (R161) 
quence 

Under the conditions of these experiments the 
CHi  ÷ H--*CHi_ 1 ÷ HE (i = 2, 3), levels of NO and NHi-species are relatively small. 

Therefore, conversion of NO to N2 is not signifi- 
would move the peak toward even richer condi- cant. 
tions, ultimately forming a pronounced double 

peak. 
Under fuel-rich conditions the interaction be- Addition of Fuel-NO 

tween the hydrocarbon and the nitrogen chemistry Figures 6-8 show comparison between Bartok's 
results in a significant amount of cycling back and data and our calculations of the NO emissions for a 
forth between NO and cyanide species. NO is 

methane/air mixture doped with NO, NH3, and 
recycled back to CN by the reaction C + NO 

C2N2, respectively. Tables IV-VI  contain the 
CN + O (R201), and to HCN by the reactions CH corresponding sensitivity coefficients. Compari- 
+ NO ~ HCN + O (R202), and C H  2 ÷ NO ~- 

son between these figures shows that the general 
HCNO + H ~ HCN + OH (R203, R197). behavior is the same whether the added compound 
Under fuel-rich conditions these reactions are rate- is NO, NH3, or  C2N2 . Under lean conditions the 
controlling. HCN is also formed through the 

emission of NO corresponds to 60-100% of the 
reaction CH 3 ÷ N ~ HCN + H + H (R212), added nitrogen compound. Under fuel-rich condi- 
which we have estimated to be very fast. These tions the emission of NO is considerably lower, 
processes result in the exhaust of large quantities approaching zero at a fuel/air equivalence ratio of 
of HCN from the reactor under fuel-rich condi- 1.6. The model predicts this general behavior. 

tions. However, our calculations generally predict too 
Under the present conditions there seems to be high emissions of NO under lean conditions and 

little interconversion between HCN and CN. In too low NO-emissions under rich conditions. 
our mechanism the HCN formed is converted to The conversion of NHi-species to NO in the 
NH through the reactions NH3-doped mixtures occurs through the sequence 

H C N + O  ~- N C O + H ,  (R177) 
N H i + H  ~ NHi_I+H2 ( i = 1 ,  2, 3) 

H C N + O  ~ N H + C O ,  (R178) 
followed by the reaction 

N C O + H  ~ N H + C O .  (R190) 
N + O H  ~ N O + H .  (RI61) 

This sequence is in agreement with flame observa- 

tions [9]. Under richer conditions this conversion In the CzNz-doped mixtures HCN and CN are 
also occurs through rapidly formed from 

H C N + O H  ~ H N C O + H ,  (R181) C z N E + H  ~ H C N + C N .  (R182) 

HNCO + H ~ NH2 + CO, (R198) 
Unlike the undoped experiments, here we find 

NH2 + H ~ NH + H2. (R144) some interconversion between the HCN and CN 
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TABLE IV 

Linear Sensitivity Coefficients for NO for the Bartok Data with NO Added 

Fuel/Air Equivalence Ratio 

Reaction 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 

1. H + 02 ~ O + OH 0.00 0.00 0.00 0.01 0.01 0.02 0.04 -0.11 -0 .57  
2. H2 + O ~ H + OH 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 -0 .03  -0 .07  
4. 2OH ~ H20 + O 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 -0 .03  -0 .06  
5. H + OH + M ~ H20 + M 0.00 0.00 0.00 0.00 -0.01 -0 .06  -0 .10  0.00 0.01 

12. H + 02 + M ~ HO2 + M 0.00 0.00 0.01 0.00 -0.01 -0 .02  -0 .03  -0 .01 0.05 
27. CH 4 + M ~ CH3 + H + M 0.00 0.00 0.00 0.00 0.00 -0.01 -0 .09  -0 .03  0.41 
33. CH3 + H ~ CH2 + H2 0.00 0.00 0.00 -0.01 -0 .02  -0 .05  -0 .08  -0 .06  -0.01 
34. CH3 + O ~ CH20 + H 0.01 0.01 0.02 0.03 0.07 0.15 0.27 0.14 0.01 
36. CH3 + OH ~ CH2 + H20 -0.01 -0.01 -0.01 -0 .02 -0 .04  -0 .06  -0 .07  -0 .04  -0.01 
49. HCO + M ~ CO + H + M 0.00 0.00 0.00 0.00 0.00 0.02 0.05 0.01 -0 .03  
55. CH2 + H ~ CH + H2 0.00 0.00 0.00 0.00 -0.01 -0 .03  -0 .08  -0 .09  -0 .05  
59. CH2 + OH ~ CH20 + H 0.00 0.00 0.01 0.01 0.03 0.08 0.16 0.12 0.05 
60. CH2 + OH ~ CH + H20 0.00 -0.01 -0.01 -0 .02  -0 .04  -0 .09  -0 .14  -0.11 -0 .05  
70. CH + H ~ C + H2 0.00 0.00 0.00 0.00 -0.01 -0 .03  -0 .07  -0 .09  -0 .05  
73. CH + 02 ~ HCO + O 0.00 0.01 0.01 0.01 0.01 0,01 0.02 0.05 0.05 
74. CH + CO2 ~ HCO + CO 0.00 0.00 0.00 0.00 0.01 0.02 0.05 0.08 0.05 
80. C + OH ~ CO + H 0.00 0.00 0.00 0.01 0.03 0.08 0.14 0. I0 0.03 
81. C + 02 ~ CO + O 0.00 0.00 0.00 0.01 0.01 0,02 0.04 0.09 0.11 
84. C + CH 3 ~- C2H2 + H 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.05 

103. C2H3 + M ~ C2H2 + H + M 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 -0 .24  
104. C2H 3 + H ~ C2H2 + H2 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 -0 .01 0.24 
112. C2H 2 + O ~- CH 2 + CO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 
154. NH + OH ~ HNO + H 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.06 0.03 
161. N + OH ~ NO + H 0.00 0.01 0.02 0.04 0.08 0.16 0.23 0.18 0.07 
162. N + NO ~=t N2 + O 0.00 0.00 0.00 -0 .02  -0 .08  -0 .17  -0 .26  -0 .19  -0 .08  
177. HCN + O ~ NCO + H 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.06 0.05 
184. CN + OH ~ NCO + H 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.06 0.02 
201. C + NO ~ CN + O 0.00 0.00 -0.01 -0 .02  -0 .04  -0.11 -0 .20  -0 .28  -0 .21 
202. CH + NO ~ HCN + O -0.01 -0.01 -0 .02 -0 .03  -0 .05 -0 .07  -0.11 -0 .22  -0 .31 
203. CH2 + NO --, HCNO + H 0.00 0.00 0.00 -0.01 -0 .01 -0 .02  -0 .03  -0 .07  -0 .14  
205. CH + N2 ~ HCN + N 0.00 0.00 0.01 0.01 0.02 0.03 0.05 0.08 0.03 

spec ies ,  m a i n l y  t h r o u g h  h y d r o c a r b o n  c h e m i s t r y  is s imi l a r  to that  i n  the  

u n d o p e d  f l ames .  U n d e r  r ich  cond i t i ons  a m a j o r  

C N  + H2 ~ H C N  + H.  (R 185) par t  o f  the  N O  in the  d o p e d  f l a m e s  is c o n v e r t e d  to 

C N  and  H C N  t h r o u g h  a t tack  o f  C,  C H  and  CH2. 

H C N  and  C N  are  t h en  c o n v e r t e d  to N O  by  the  H C N  and  C N  are  t he n  r ecyc led  ba c k  to N O  

s e q u e n c e  t h r o u g h  the s e q u e n c e  de sc r i be d  above .  L a r g e  

quan t i t i es  o f  n i t r oge n  are  t hus  c o n t i n u o u s l y  cy-  

H C N / C N - - - , N C O - - - , N H - - , N - - - , N O ,  c l ing  ba c k  a nd  for th  b e t w e e n  N O  a nd  c ya n ide  

spec ies ,  m o s t  o f  it s to red  in the  f o r m  o f  H C N .  

de s c r i bed  above .  On ly  a sma l l  par t  o f  the  N O  on  e a c h  cyc le  is 

T h e  in te rac t ion  b e t w e e n  the n i t r ogen  and  the  c o n v e r t e d  to N2 t h r o u g h  reac t ion  wi th  the  n i t rogen  
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TABLE V 

Linear Sensitivity Coefficients for NO for the Bartok Data with NH3 Added 

Fuel/Air Equivalence Ratio 

Reaction 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 

1. H + 02 ~ O + OH 0.01 0.01 0.01 0.01 0.02 0.03 0,06 -0 .06  -0 .44  
2. H2 + O ~ H + OH 0.00 0.00 0.00 0.00 0.00 0.00 -0,01 -0 .04  -0 .07  
4. 2OH # H20 + O 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 -0 .04  -0 .06  
5. H + OH + M ~ H20 + M 0.00 0.00 0.00 0.00 -0 .02 -0 .07  -0.11 -0.01 0.01 

27. CH4 + M ~ CH~ + H + M 0.00 0.00 0.00 0.00 0.00 -0 .02 -0 .12  -0 .12  0.18 
33. CH3 + H ~ CH2 + H2 0.00 0.00 0.00 -0.01 -0 .02 -0 .04  -0 .07  -0 .04  0.00 
34. CH3 + O ~ CH20 + H 0.01 0.01 0.01 0.03 0.06 0.14 0.27 0.15 0.03 
36. CH3 + OH ~- CH2 + H20 -0.01 -0.01 -0.01 -0 .02  -0 .03 -0 .06  -0 .06  -0 .03  0.00 
49. HCO + M ~ CO + H + M 0.00 0.00 0.00 0.00 0.01 0.02 0.06 0.02 -0.01 
50. HCO + H ~ CO + H2 0.00 0.00 0.00 0.00 0.00 -0 .02 -0 .06  -0 .02 0.01 
55. CH2 + H ~ CH + Hz 0.00 0.00 0.00 0.00 -0.01 -0 .03 -0 .07  -0 .07  -0 .04  
59. CH2 + OH ¢ CH20 + H 0.00 0.00 0.00 0.01 0.03 0.07 0.16 0.12 0.04 
60. CH2 + OH ~ CH + H20 0.00 0.00 -0.01 -0 .02  -0 .04  -0 .07  -0 .13 -0 .08  -0 .03  
70. CH + H ~ C + H2 0.00 0.00 0.00 -0.01 -0.01 -0 .03 -0 .08  -0 .10  -0 .06  
74. CH + CO2 ~ HCO + CO 0.00 0.00 0.00 0.00 0.01 0.02 0.05 0.07 0.04 
80. C + OH ~ CO + H 0.00 0.00 0.00 0.01 0.03 0.07 0.12 0.07 0.02 
81. C + O2 ~ CO + O 0.00 0.00 0.00 0.01 0.01 0.02 0.03 0.08 0.08 
89. CH3 + CH2 ~- C2H4 + H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.06 

103. C2H3 + M ~ C.,H2 + H + M 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 -0 .12  
104. C2H3 + H ~ C2H2 + H2 0.00 0.130 0.00 0.00 0.00 0.00 -0.01 -0 .05  0.11 
152. NH + H ~ N + H2 -0.01 -0.01 -0.01 -0 .02 -0 .03  -0 .03  -0 .04  -0 .05  -0 .07  
154. NH + OH ~ HNO + H 0.03 0.03 0.03 0.03 0.03 0.04 0.06 0.10 0.13 
160. N + O2 ~ NO + O 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.05 0.14 
161. N + OH ~ NO + H 0.03 0.04 0.06 0.09 0.15 0.23 0.29 0.26 0.20 
162. N + NO ~ N_, + O -0 .05  -0 .05  -0 .06  -0 .09  -0 .15 -0 .25  -0 .32  -0 .24  -0 .17  
177. HCN + O ~ NCO + H 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.08 0.10 
184. CN + OH ~ NCO + H 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.07 0.03 
201. C + NO ~ CN + O 0.00 0.00 0.00 -0.01 -0 .04  -0 .10  -0 .19  -0 .25  -0 .17  
202. CH + NO ~ HCN + O -0.01 -0.01 -0 .02  -0 .03 -0 .04  -0 .06  -0 .10  -0 .20  -0 .26  
203. CHz + NO --* HCNO + H 0.00 0.00 0.00 -0.01 -0.01 -0.01 -0 .03  -0 .07  -0 .12  
205. CH + N2 ~ HCN + N 0.130 0.00 0.01 0.02 0.02 0.04 0.06 0.09 0.05 
212. CH3 + N ~ HCN + 2H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0 .10  -0 .22  

a tom.  N e v e r t h e l e s s ,  the  N O  e m i s s i o n  is sens i t ive  t h o u g h  the e m i s s i o n s  o f  N O  drop  o f f  u n d e r  fuel-  

to this  la t ter  c o n v e r s i o n ,  r ich cond i t i ons ,  the  total  a m o u n t  o f  f ixed n i t rogen  

F i g u r e s  9 and  10 s h o w  the f i xed -n i t r ogen  peaks  at a fue l / a i r  e q u i v a l e n c e  rat io o f  1.4. T h i s  is 

c o n c e n t r a t i o n s  we  ca lcu la te  for  cond i t i ons  co r r e s -  c a u s e d  by the  l a rge  quan t i t i e s  o f  H C N  f o r m e d  

p o n d i n g  to F igs .  2 and  7, i . e . ,  Ba r tok : s  s t i r red  u n d e r  fue l - r i ch  c ond i t i ons  by a t tack o f  h y d r o c a r -  

reac tor  e x p e r i m e n t s  wi th  m i x t u r e s  o f  CHa /a i r  and  bon  spec ies  on  N O  and  N2. F igu re  10 s h o w s  the 

C H 4 / a i r / N O ,  r e spec t ive ly .  T h e  f ixed  n i t r ogen  is a n a l o g o u s  ca lcu la t ions  for  the  e x p e r i m e n t  doped  

s tored  in the  f o r m  o f  N O  and  H C N ;  we  ca lcu la te  wi th  1300 p p m  N O .  H e r e  one  c a n  see  that  there  is 

on ly  sma l l  e m i s s i o n s  o f  NH3. F i g u r e  9 s h o w s  ou r  a m i n i m u m  in the  e m i s s i o n  o f  f ixed n i t r oge n  at an  

ca lcu la t ions  for  the  u n d o p e d  e x p e r i m e n t ,  E v e n  e q u i v a l e n c e  rat io o f  1.3. H o w e v e r ,  the  p rec i se  
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TABLE VI 

Linear Sensitivity Coefficients for NO for the Bartok Data with C2N2 Added 

Fuel/Air Equivalence Ratio 

Reaction 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 

1. H + 02 ~- O + OH 0.01 0.01 0.01 0.02 0.03 0.04 0.07 - 0 . 0 5  - 0 . 3 2  
2. H2 + O ~- H + OH 0.00 0.00 0.00 0.00 0.00 0.00 - 0 . 0 1  - 0 . 0 4  - 0 . 0 9  
4. 2OH ~ H20 + O 0.00 0.00 0.00 0.00 0.00 0.00 - 0 . 0 1  - 0 . 0 4  - 0 . 0 7  
5. H + OH + M ~ H20 + M - 0 . 0 1  - 0 . 0 1  - 0 . 0 1  - 0 . 0 2  - 0 . 0 5  - 0 . 1 0  - 0 . 1 0  - 0 . 0 1  0.00 

27. CH4 + M ~ CH3 + H + M 0.00 0.00 0.00 0.00 - 0 . 0 1  - 0 . 0 3  - 0 . 1 5  - 0 . 1 3  0.07 
33. CH3 + H ~ CH2 + H2 0.00 0.00 -0 .01  - 0 . 0 1  - 0 . 0 3  - 0 . 0 6  - 0 . 0 8  - 0 . 0 4  0.00 
34. CH3 + O ~ CH20 + H 0.02 0.03 0.04 0.07 0.11 0.20 0.30 0.13 0.03 
36. CH3 + OH ~ CH2 + H20 - 0 . 0 1  - 0 . 0 2  - 0 . 0 3  - 0 . 0 4  - 0 . 0 6  - 0 . 0 7  - 0 . 0 6  - 0 . 0 3  0.00 
49. HCO + M ~ CO + H + M 0.01 0.00 0.00 0.01 0.01 0.04 0.06 0.02 - 0 . 0 1  
50. HCO + H ~ CO + H2 0.00 0.00 0.00 0.00 - 0 . 0 1  - 0 . 0 3  - 0 . 0 6  - 0 . 0 2  0.01 
55. CH2 + H ~ CH + H2 0.00 0.00 0.00 - 0 . 0 1  - 0 . 0 2  - 0 . 0 4  - 0 . 0 9  - 0 . 0 7  - 0 . 0 4  
59. CH2 + OH ~ CH20 + H 0.00 0.01 0.01 0.03 0.05 0.11 0.18 0.10 0.04 
60. CH2 + OH ~ CH + H20 -0 .01  - 0 . 0 1  - 0 . 0 2  - 0 . 0 4  - 0 . 0 7  - 0 . 1 1  - 0 . 1 5  - 0 . 0 8  - 0 . 0 3  
70. CH + H ~ C + H2 0.00 0.00 0.00 0.00 - 0 . 0 1  - 0 . 0 2  - 0 . 0 6  - 0 . 0 8  - 0 . 0 5  
74. CH + CO2 ~ HCO + CO 0.00 0.00 0.00 0.01 0.01 0.03 0.06 0.07 0.04 
80. C + OH ~ CO + H 0.00 0.00 0.00 0.01 0.03 0.07 0.09 0.05 0.01 
81. C + 02 ~ CO + O 0.00 0.00 0.00 0.01 0.01 0.02 0.03 0.06 0.06 
89. CH3 + CH2 ~ C2H4 + H 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.06 

103. C2H3 + M ~ C2H2 + H + M 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 - 0 . 0 5  
104. C2H3 + H ~ C2H2 + H2 0.00 0.00 0.00 0.00 0.00 0.00 - 0 . 0 2  - 0 . 0 6  0.04 
152. NH + H ~ N + H2 - 0 . 0 1  - 0 . 0 2  - 0 . 0 2  - 0 . 0 3  - 0 . 0 5  - 0 , 0 5  - 0 . 0 5  - 0 . 0 5  - 0 . 0 6  
154. NH + OH ~ HNO + H 0.04 0.04 0.04 0.05 0.05 0.07 0.09 0.13 0.14 
158. NH + NO ~ N20 + H - 0 . 0 1  -0 .01  - 0 . 0 1  - 0 . 0 1  - 0 . 0 2  - 0 , 0 2  - 0 . 0 3  - 0 . 0 5  - 0 . 0 7  
160. N + 02 # NO + O 0.03 0.03 0.02 0.02 0.02 0,02 0.02 0.06 0.15 
161. N + OH ~- NO + H 0.05 0.07 0.10 0.15 0.23 0.31 0.34 0.28 0.20 
162. N + NO ~ N2 + O - 0 . 0 7  - 0 . 1 0  - 0 . 1 3  - 0 . 1 9  - 0 . 2 6  - 0 , 3 4  - 0 . 4 0  - 0 . 3 3  - 0 . 2 4  
177. HCN + O ~ NCO + H 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.09 0.17 
178. HCN + O ~ NH + CO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.05 
184. CN + OH ~- NCO + H 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.07 0.06 
186. CN + 02 ~ NCO + O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.08 
191. NCO + O ~ NO + CO 0.12 0.10 0.08 0.07 0.05 0.03 0.02 0.01 0.01 
195. NCO + NO ~ N20 + CO - 0 . 1 5  - 0 . 1 2  - 0 . 0 9  - 0 . 0 8  - 0 . 0 6  - 0 . 0 5  - 0 . 0 4  - 0 . 0 4  - 0 . 0 4  
201. C + NO ~- CN + O 0.00 0.00 - 0 . 0 1  - 0 . 0 2  - 0 . 0 5  - 0 . 1 0  - 0 . 1 5  - 0 . 1 8  - 0 . 1 3  
202. CH + NO ~ HCN + O - 0 . 0 1  - 0 . 0 2  - 0 . 0 3  - 0 . 0 4  - 0 . 0 5  - 0 . 0 7  - 0 . 1 0  - 0 . 1 7  - 0 . 2 1  
203. CH2 + NO ---, HCNO + H - 0 . 0 1  - 0 . 0 1  -0 .01  - 0 . 0 1  -0 .01  - 0 . 0 2  - 0 . 0 3  - 0 . 0 6  - 0 . 1 0  
212. CH3 + N ~ HCN + 2H 0.00 0.00 0.00 0.00 0.00 0.00 0.01 - 0 . 0 4  - 0 . 1 5  

l o c a t i o n  o f  t h i s  m i n i m u m  p r o b a b l y  c h a n g e s  w i t h  N2. I n  t h e  s e c o n d  s t a g e  s e c o n d a r y  a i r  is  a d d e d  to  

t h e  r e s i d e n c e  t i m e .  c o m p l e t e  t h e  c o m b u s t i o n .  T h i s  t e c h n i q u e  h a s  

T h e s e  c a l c u l a t i o n s  h a v e  s o m e  i m p l i c a t i o n s  fo r  p r o v e d  s u c c e s s f u l  in  l i m i t i n g  t h e  N O - e m i s s i o n s  

t h e  u s e  o f  s t a g e d  c o m b u s t i o n  [114 ] .  T h e  i d e a  o f  f r o m  t h e  c o m b u s t i o n  o f  n i t r o g e n - c o n t a i n i n g  f u e l s  

t h i s  c o m b u s t i o n  m o d i f i c a t i o n  t e c h n i q u e  is  to  o p e r -  s u c h  a s  c o a l  a n d  oi l .  T h i s  c o r r e s p o n d s  to  t he  

a t e  t h e  f i r s t  s t a g e  f u e l - r i c h  in  o r d e r  to  l o w e r  t h e  c a l c u l a t i o n s  o f  F i g .  10.  H o w e v e r ,  f r o m  F ig .  9 o n e  

f o r m a t i o n  o f  N O  a n d  to  c o n v e r t  t h e  N O  f o r m e d  to  c a n  s e e  t h a t  t h e  t e c h n i q u e  s h o u l d  be  u s e d  w i t h  
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Fig. 9. CH4/air, calculated fixed nitrogen emissions for methane combustion in a perfectly 

stirred reactor with a nominal residence t ime of 2 ms. Reactor conditions: volume = 67.4 cm 3, 
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Fig• 10. CHdai r ,  calculated fixed nitrogen emissions for methane combustion with 1300 ppm 
NO added in a perfectly stirred reactor with a nominal residence time of 2 ms. Reactor 

conditions: volume = 67.4 cm 3, pressure = 1 •0 atm, T,.~e, = 464K. 

caution for fuels like natural gas, which do not V. C O N C L U D I N G  REMARKS 
contain fuel-nitrogen. The large quantities of  
HCN, which could be formed in the first stage, We have compared experimental data on NO 
would be converted to NO during the lean com- emissions from stirred reactors with calculations 
bustion in the second stage, for a perfecdy stirred reactor• From the calcula- 
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tions some important points can be made: 5. Jachimowski, C. J., NASA Techn. Note TN D-8098, 
1975. 

1. While the Zeldovich mechanism is the major 6. Heap, M. P., Tyson, T. J., Cichanowicz, J. E., 
source  of NO under fuel-lean conditions, inclu- Gershman, R., and Kau, J., 16. Symp. (Int.) Comb., 

1976, p. 535. 
sion of a mechanism for prompt-NO formation 7. Levy, J. M., Longwell, J. P., Sarofim, A. F., Corley, 
is necessary to explain the NO formation in T.L.,  Heap, M., and Tyson, T. J., PB 292542, 3-44, 

1979. 
rich situations. Controlling steps in the prompt- 8. Miller, J. A., Smooke, M. D., Green, R. M., and Kee, 
NO formation are the formation of CH fol- R.J. ,  Comb. Sci. Techn. 34:149 (1983). 
lowed by the attack of CH on N2 to form HCN. 9. Miller, J. A., Branch, M. D., McLean, W. J., 
Only CH + N2 ~ HCN + N, not CH2 + N2 Chandler, D. W., Smooke, M. D., and Kee, R. J., 20. 

Symp. (Int.) Comb., 1985, p. 673. 
HCN + NH, is important in breaking the 10. Miller, J. A., Mitchell, R. E., Smooke, M. D., and 

N - N  b o n d  for  prompt-NO. Kee, R. J., 19. Syrup. (Int.) Comb., 1982, p. 181. 
2. The CH concentration is established by the 11. Warnatz, J., Ber. Bunsenges. Phys. Chem. 87:1008 

(1983). 
sequence 12. Westbrook, C. K., and Dryer, F. L., Prog. Energy 

Comb. Sci. 10:1 (1984). 
CH3 + X ~- C H  2 + H X ,  13. Laufer, A. H., Rev. Chem. Intermediates 4:225 

(1981). 
CH2 + X ~ CH + HX, 14. Butler, J. E., Fleming, J. W., Goss, L. P., and Lin, M. 

C., Chem. Phys. 56:355 (1981). 
C H + X  ~ C + H X ,  15. Berman, M. R., Fleming, J. W., Harvey, A. B., and 

Lin, M. C., 19. Syrup. (lnt.) Comb., 1982, p. 73. 
where X may be H or OH. Some of these 16. Glarborg, P., Kee, R. J., Grcar, J. F., and Miller, J. 

A., Sandia National Laboratories, SAND86-8209, 
reactions are secondary product channels at 1986. 
low temperature for the specified set of reac-  17. Kee, R. J., Miller, J. A., and Jefferson, T. H., Sandia 

Report SAND80-8003. 
tants .  Partly for this reason, and because they 18. Kee, R. J., Grcar, J. F., Smooke, M. D., and Miller, J. 
are radical-radical reactions, their rate coeffi- A., Sandia National Laboratories, SAND85-8240, 
cients are poorly known and require further 1985. 
investigation. 19. Miller, J. A., J. Chem. Phys. 84:5120 (1981). 

20. Miller, J. A., and Kee, R. J., J. Phys. Chem. 81:2534 
3. The rate constant we use for CH + N2 ~ HCN (1977). 

+ N is considerably lower than that inferred 21. Dixon-Lewis, G., and Williams, D. J., Comprehensive 
from flame measurements, but it is higher than Chemical Kinetics, Vol. 17 (C. H. Bamford and C. F. 

Tipper, Eds.) 1977. 
that used in previous modeling. 22. Cohen, N., and Westberg, K., unpubl, work, 1979. 

4. Reactions of C, CH, and CH2 with NO play an 23, Dixon-Lewis, G., Phil. Trans. R. Soc. Lond. 

important role in limiting the NO formed under A303:181 (1981). 
24. Slack, M. W., Combust. Flame 28:241 (1977). 

rich conditions. However, these reactions pro- 25. Lloyd, A. C., Int. J. Chem. Kin. 6, 169, (1974). 
duce cyanide species, which result in the 26. Troe, J., Ber. Bunsenges. Phys. Chem. 73:946 

exhaust of large quantities of HCN from the (1969). 
27. Baulch, D. L., Drysdale, D. D., Home, D. G., and 

reac tor .  Lloyd, A. C., Evaluated Kinetic Data for  High 
Temperature Reactions, Vol. 1, Butterworth, 1972. 

The authors are grateful to Ms. Fran Rupley 28. Hardy, J. E., Gardiner, W. C., and Burcat, A., Int. J. 
Chem. Kin. 10:503 (1979). 

for  preparing the figures for  the paper. 29. Baulch, D. L., Drysdale, D. D., Horne, D. G., and 
Lloyd, A. C., Evaluated Kinetic Data for  High 
Temperature Reactions, Vol. 3, Butterworth, 1976. 
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