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Abstract

The formation of NO and NO; in the one-dimensional laminar premixed flame of me-
thanol-air mixtures was numerically studied by considering 39 species with 157 elementary
reactions and compared with that in the methane-air premixed flame. The uncertain rate
constants of consumption reactions of methanol were determined based on the reaction
mechanism of methane so as to make the predicted laminar burning velocities coincide
with the experimental values as well as possible. It is found that the concentration of
prompt NO and Zeldovich NO in the methanol flame are lower than those in the methane
flame at any equivalence ratio. The formation of prompt NO is predominantly governed
by the reaction of CH+N;=HCN+N, being accompanied with the reaction of N+0,=NO
+0. NO; is generated in the preheating zone by the reaction of NO with HO, : NO+
HO,=NO;+OH and diminished in the downstream region by the reaction of NO,+H=
NO+OH. The NO; concentration in the methanol flame is also lower than that in the
methane flame at any equivalence ratio. As the unburned gas temperature of methanol flame
increases from 298K to 400K, the flame temperature and the NO concentration in the
burned gas increase at any equivalence ratio, whereas the NO, concentration generated in

the preheating zone decreases a little.

Keywords : premized methanol flame, premized methane flame, NO formation, NO, for-
mation, numerical analysis, full kinetics
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Table 2.1 Consumption reactions of

(1) CHsOH + CHs = CH,OH + Chy

(2) CHsOH + 0, = CH,OH + HO,

(3) CHsOH + HO, = CH.OH + H,0,

(&) CHsOH + H = CH,O0H + W,

(5) CHsOH + 0 = CH,OH + OH

(8) CHsOH + OH = CHOH + H,0

() CHsOH + M= CHy + OH +M

(8) CHsOH + H = CHs + 1,0

(9) CH,0H + H = HCHO + M,
(10) CH,0H + 0, = HCHO + HO,
(11) CH,0H + M= HCHO +  H + M

P, YBEERORSOHET v v o VEREER
L5 2T, Table 2.2 R LI REFFTOFER, X
Ot Tsang® ©» CH,OH ORIGT — &% L& LT~
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PWRBZLTHB. =T, BB LTWHBERRILAD
RIEEEER®I0ET LTEHE L RISERE (Su) %
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Table 2.2 Sensitivity analysis.

Equivalence ratio ¢=0.8 ¢\=1.0§ d=1.4
Su cm/s
i r = {Sua-Su;)/Sup X 100 %
0 Original Sug 34 45 41
Suy 31 45 41
1 | CH3OH+CH:=CH20H+CH4
T -1 0 0
Sug 29 42 38
2 | CH:0H+02=CH-OH+HO2
r ~-12 -6 -6
Sus 31 45 41
3 | CH:OH+HO>=CH20H+H202
T =1 0 0
Sug 31 92 84
4 | CH:OH+H=CH-OH+H:
T -1 104 1017
Sug 34 49 45
5 | CH30H+0=CH>0H+0H
T 0 8 10
Sug 53 73 57
6 | CHzOH+OH=CH20H+H20
r 57 63 41
Suy 27 39 34
7 | CH:OH+M=CH3+OH+M
T -19 -14 -16
‘ Suz 20 26 12
8 | CHyOH+H=CHz+H20
by -41 -43 =70
Sug 49 75 87
9 | H+02=0H+0
T 46 68 114
Sujp 23 38 37
10 | H+0:+M=HO2+M
T -30 -14 -9
Sug 48 60 46
11 | CO+OH=CO-+H’
r 42 33 14
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Table 2.3 Reaction mechanism and forward reaction rate constants, %,.

k;=AT" exp (E/T)

J Reaction A n E
1 H+ H+ H, = H, +  H, 9.20X10!'® -0.60 0
2 H+ H+ Nz = Hy + N, 1.00X10*® -1.00 0
3 H + K+ H0 = Ho + H,0 6.00X101? -1.,25 0
4 H+ H+COp= Hy + CO, 5.49X10%2° -2.00 0
5 OH + H, = H+ H,0 2.20X 103 0.00 -2575
3 H+ 0, = OH + 0 2.20X 104 0.00 -8400
7 0+ H, = oH + H 1.74X 103 0.00 -4725
8 OH + OH = 0+ H,0 5.75X 102 0.00 -390
9 O+ H+ M= H0+ M 8.40X10'7 -0.46 0
10 0+ 0+ M= 0, + M 2.62%X10'¢ -0.84 0
11 H+ 0, + M= HO, + M 2.00x10t®* -0.80 0
12 H + HO, = 0+ H,0 1.00Xx 103  0.00 -535
13 H+ HO, = O + OH 1.40x10'%  0.00 -535
14 H + HO, = H + 0, 1.25X10'*  0.00 0
15 OH + HO, = H,0 + 0, 7.50% 1012 0.00 0
16 HO, + 0 = OH + 0, 1.40x 1013 0.00 -535
17 CHy + M = CHs + H+ M 2.20X10'7 0,00 -44220
18 CHy + = CHs + H; 2.20X 10¢% 3.00 -4375
19 CHg + 0 = CHs + OH 1.60X10° 2.36 -3700
20 CHg + OH =  CHs + H.0 1.60X% 10° 2.10 -1230
21 CHg + 0, = CHs + HO, 7.90X10**  0.00 -28000
22 CH30H + CHs = CH,0H + CH, 2.00X 10t  0.00 -4900
23 CHi0H + O, = CH,0H + 1O, 4.00X10*3  0.00 -25450
24 CH30H + HO» = CH,08 + H.0, 6.30X 102 0,00 -9700
25 CH30H + H = CH, 00 + i, 3.20X10%**>  0.00 -3500
26 CH30H + O = CH,0H + OH 1.00X10**  0.00 -2354
27 CH;0H + OH = CH,0H + H»0 1.00X10*3  0.00 -848
28 CH30H + M = CHs + OH+ M 3.20X10'® 0.00 -40000
29 CHsOH + H = CHs + H,0 2.50X 103 0.00 -2650
30 CH,OH + H = HCHO + H, 2.00X10*3  0.00 0
31 CH,0H + 0, = HCHO + HO, 1.00X 103 0.00 -3597
32 CH,0H + M = HCHO + H+ M 1.00xX10'% 0,00 -12560
33 CHs + 0 = HCHO + H 1.30X 1014 0.00 -995
3 CHs + OH = HCHO + H, 4.20X 1012 0,00 0
35 CHy + M =  Ch, + H+ M 1.00Xx10t® 0.00 -48000
36 HCHO + M = CHO + H+ M 3.31X10'®  0.00 -40500
37 HCHO + H = CHO + H, 1.00Xx 10  0.00 -2300
38 HCHO + 0 = CHO + OH 3.00x10'3  0.00 0
39 HCHO + O = CHO + H,0 3.43%10° 1.18 224
40 CHO + M = Co + H+ M 1.60X 1014 0.00 -7350

(mol,cm3,K)
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Table 2.3 (Continued) Reaction mechanism and forward reaction rate constants, k;.
kyj=ATm exp (E/T)

J Reaction A n E
41  CHO + O = CO0+ HO, 3.30X 1013 -0.40 0
42 CHO + H = 0+ H 4.00X 10t  0.00 0
43 CHO + O = 0+ OH 3.00X 1013 0.00 0
44 CHO + O = C0p,+ H 3.00X 1013 0.00 0
45  CHO + OH = (0 + K0 5.00X 1012 0.00 0
46  CO + OH = CO,+ H 4.40X 108 1.50 370
47 CO+ 0+ M= COp+ M 3.60X 10t -1.00 -1250
48 €O + HO, = (0, + OH 1.51X 104 0.00 -11800
49 CHs + H = CH, + H, 2.00X 101t 0.70 -1500
50 CH; + OH = CH, + Hq0 6.00X 101  0.70 -1000
51 CH, + H =  CH+ H 1.40X10t° -2.00 0
52 CH, + OH = CH+ Hy0 4.50X 10> 0.00  -1500
58 CH, + O = CHO + H 3.00X 103 0.00 0
54 CH, + OH = CHO + M, 3.00X 1013 0.00 0
55 CH, + O = 0+ H+ H 5.00X10'3 0.00 0
56 CH, + 0» = CHO + OH 1.00X 104  0.00 -1850
57 CH, + 0 = CH+ OH 1.90X 101!  0.68  -12500
58 CH+ O = €0+ H 4.00%X 103 0.00 0
50 CH+ 0 = CO+ OH 1.35%10'*  0.67 -12850
60 CH + 05 = CHO.+ 0 1.00X 103 0.00 0
61 CHy + 02 = CHs0+ 0 7.00X 102 0.00 -12825
62 CHs + HO = CHs0 + OH 3.24% 103 0.00 0
63 CHi0 + 0: = HCHO + MO, 1.00X 1012  0.00  -3000
64 CHs0 + M = HCHO + W+ M 2.00X10'* 0.00 -10000
65 CHa0 + H = HCHO + H, 5.00X 103 0.00 0
66 CHs0 + OH = HCHO + H,0 2.50X 10*3  0.00 0
67 CHs0 + O = HCHO + OH 2.50X10%  0.00 0
68 HO, + HO» = Hu0, + 0 2.00X 1012 0.00 0
69 Hx0, + H = H,0 + O 2.20X 105 0.00  -5850
70 HO, + K, = H0, + W 7.30% 101t 0.00  -9500
71 HO, + H»0 = H,0, + OH 2.80X 103  0.00 -16400
72 H0, + M = Oh+ OH+ M 1.20X10'7 0.00 -22750
73 N+ NO = Ny + 0 3.27X 1012 0.30 0
74 N+ 0 = NO+ O 6.40X10° 1.00 -3140
75 N+ OH = N0+ M 4.20X 10 0.00 0
7 N0+ OH = NO, + N 5.86X.1012  0.00 -15475
77 NO + HO, = N0, + OH 2.11X 1012 0.00 240
7 N0+ 0y = NOo,+ O 1.90X 1012  0.00 -23315
79 N0+ M = N3 + OH 7.60X 103  0.00 -7550
80 N0+ O = N0+ NO 5.17X 103  0.00 -13155

(mol,cm3,K)
Table 2.3 w4 EIYEE LIcRIGE#ELYTRT. c0Xkd AR =N, ARVOBBEARYELTN,;, Hp O

I LCHE LRSS 2 AW TRRERSSMAOEE HO, H, O, OH, HO, CO, CO,; CH, CHs
%298 15K & LCHELREEE X WTho YEL HCHO, CHO, CH, CH, CH;O, C:H,;, C:Hs,
cd o ONEEE 3IE —FK L. ¥ 7, Fig. 2.1(b) GCH, CHs; CH, CH, CH;OH, CH.OH, CH;-
CRT IO 257 —VOEBRIGE ML - RKIGHEE T CHO, CH:CO, CHCO, N, NO, NO;, N;O, HCN,
SHE LT 2 2 v ORREEEE S ERMED S w—FK L. NH, CN, H,0,, C, NCO, HNCO D 39FHF%ER
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Table 2.3 (Continued) Reaction mechanism and forward reaction rate constants, ky.

k;j=AT» exp (E/T)

J Reaction A n E
81 N.O+ O = No+ 0, 5.17X10*®  0.00 -13155
82 N,0 + OH = N, + HO, 2.00X10!2  0.00 -5000
83 N0+ M = N+ 0+ M 1.62X10!% 0.00 -25800
84 NO+ NH = N0+ H 2.40X 1015 -0.80 0
8 CH+ M = C+ H, 1.50X10'¢  0.00 0
86 C+ 0, = C0+ O 2.00%10*3  0.00 0
87 €O + OH = Co + H 5.00X1013  0.00 0
88 CHy, + N, =  HCN + N 1.00X 1033  0.00 -37000
89 CH+ N, = HCN + N 1.20X 102 0.00  -6800
90 CN+ N = C+ N, 1.04X10*5 -0.50 0
91 HCN + OH = CN+ H,0 1.45X10'3  0.00 -5465
92 HCN+ O = NCO+ H 1.38% 104  2.64  -2490
93 HCN + O = NH+ CO © 0 3.45%10%  2.64  -2490
94 HCN + O =  CN+ OH 2.70X 10° 1.58 -13300
95 NCO+ H = N+ €O 5.00X 103 0.00 0
96 NCO.+ O = N0+ CO 2.00X 1012 0.00. 0
97 NCO+ N = Ny + (0 2.00X 1013 0.00. 0
98 NCO + OH = NO+ CO+ H 1.00X10%'3 0.00 0
99 NCO + M = N+ CO+ M 3.10X10'® -0.50 -24000
100 NCO + NO = N0+ (O 1.00X 1013  0.00 195
101 NCO + H, = HNCO + M 8.58X10'2  0.00  -4500
102 CN + 02 = N0+ CO 1.00X 104  0.00 0
103 CN+ O, = NCO+ O 5.60X 1012 0.00 0
104 CN+ OH = NCO+ H 6.00X 103  0.00 0
1056 CN+ O = CO+ N 1.80X 103 0.00 0
106 CN+ NO = CO+ N, 1.08X 1014 0.00 -4150
107 NH + OH =z N+ H0 5.00X 10!  0.50 -1000
108 NH + W = N+ H, 1.00X 1014  0.00 0
109 NH + 0, = NO+ OH 7.60X10° 0.00 -785
110  NH + NO = N, + OH 2.30X10'3  0.00 0
11 C+ NO = CN+ 0 6.60X101%  0.00 0
112 CH + NO = HCN+ 0 1.10X 104 0.00 0
113 CHp, + NO = HNCO + H 1.39X 1012 0.00 550
114 HNCO + H =  HCN + OH 1.00X 1014 0.00  -6000
115 HNCO + OH = NCO + N,0 2.65X 1012 0.00 -2770
116  CHs + NO = HCN + H,0 1.00X10**  0.00  -7500
117  CHs + CHs = C,He 1.98% 1053 -12.00  -9715
118  CHs + CHs = Clls + W 8.00X 103 0.00 -13250
119 CHs + CHs = CoHg + M 1.00X10*¢  0.00 -16000
120 CHs + CHO = CHy + CO 1.00X 1012 0.00 0

(mol,cm3,K)
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Table 2.3 (Continued) Reaction mechanism and forward reaction rate constants, k;.

kj=AT" exp (E/T)

J Reaction A n E
121 CoHe +  H = CyHs + H, 5.50%X 102 3.50 -2600
122 CoHe + OH = C(CyHs + H,0 8.71X10° 1.05 -905
123 Coliz; + O = CyHs +  OH 1.10X 10*%  0.00 -3925
124 C.He + CHs = (CoHs + CHy 5.50% 101 4.00 -4150
125 C.Hs + M = CyHy + H+ M 1.99X10'> 0.00 -15000
126 ColHs + 02 = CoHy + HO, 1.00x10*2  0.00 -2500
127 Cols + O = CHs + HCHO 5.00X10'> 0.00 0
128 CoHy + O = CHsy + CHO 3.31X10*2  0.00 -565
126 C,He + OH = CHs + HCHO 4.00X 10> 0.00 -750
130 CoHg + M = CoH; + H+ M 6.30X10*% 0.00 -54360
131 CoHy + H = CoHs +  H» 1.51X 107 2.00 -3000
132 CyHgy + OH = CyH; + H,0 4.78X10'2  0.00 -615
133 Clig + O = HCHO + CH, 2.51X10%%  0.00 -2500
134 C,Hy + M = CoH, + Hz + M 9.33X10'® 0.00 -38550
135 CyH; + M = CyH, + H+ M 7.94%X10'¢ 0.00 ~-15750
136 C.H: + H = C.H, + Ky 2.00X 103  0.00 -1250
137 CoHs; + 03 = C,H, + HO, 1.00X 102 0.00 -5000
138 CaH, + M = CyH + H+ M 1.00x10'%* 0.00 -57000
139 C,H, + 0, = CHO + CHO 3.98X 102  0.00 -14000
140 CoH, + H = CH+ M 2.00X 104 0.00 -9500
141 C H, + OH = CH + H0 6.00X 102  0.00 -3500
142 CoH, + O = C,H+ OH 3.24x 105 -0.60 -8500
143 CoH, + 0 = CH, + CO 6.76X10t> 0.00 -2000
144 C,H + 0, = CHO + CO 1.00X 103 0.00 -3500
145 C,H+ O = Ch + (O 5.01X10t3  0.00 0
146 CoH, + O = CHCO + H 4,30X10'* 0.00 -6050
147 CHCO + H = CH, + CO 3.00%10t3  0.00 0
148 CHCO + O = O+ CO+ H 1.20X10'2 0.00 0
149 C,H, + OH = CH,CO + H 3.00x 102  0.00 -550
150 CH,CO + H = CHs + CO 7.00X1012 Q.00 -1500
151 CH,CO + O = CHO + CHO 2.00X 1013 0.00 -1150
152 CH,CO + OH = HCHO + CHO 1.00x 10** 0.00 0
153 CH,CO0 + M = CHy,+ CO+ M 1.00Xx101¢ 0.00 -29500
154 Csz + 0 = C2H40 + H 5.00><10” 0.00 0
155 C,H40 +  H = CHy + CO + H, 4.00X10%** 0.00 -2100
156 Co,H40 + O = CHs + CO +0OH 5.00X10'2 0.00 -850
157 CoH40 + OH = CHs + CO +H,0 1.00X10%'3 0.00 0
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Fig. 3.2 Temperature profiles at various equivalence ratios ¢. p=0.1MPa, T,=298.15K.
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Fig. 3.3 NO concentration profiles at various equivalence ratios ¢. p=0.1MPa, T,=298.15K.
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Fig. 3.4 Species concentration profiles for a stoichiometric flame ; CH;, CH,;, CH and NO.
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Fig. 3.5 Species concentration profiles for a stoichiometric flame ; HCN, NH, CN and NO.
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Fig. 3.7 NO, concentration profiles at various equivalence ratios ¢. p=0.1MPa, T,=298. 15K.
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Fig. 3.8 Species concentration profiles for a stoichiometric flame ; NO, NO,, HO,, H, © and OH.
2=0.1MPa, T,=298; 15K.
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Fig. 3.9 Temperature profiles, and NO and NO; concentration profiles for a
stoichiometric methanol flame. p=0.1MPa.
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