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Abstract. The production of oxides of nitrogen in laminar diffusion flames is analyzed trough three main mechanisms:
thermal, prompt and nitrous oxide. In this sense, a six-step flame chemistry is employed, in which one of them deals with
the formation of NO. NOx emission indices are calculated in a first approximation as functions of scalar dissipation rates
for different pressures and boundary temperatures, and its values and tendencies compared among the three mechanisms.
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1. Introduction

Methane is the simplest hydrocarbon fuel, and its combustion may provide important information for the combustion
of more complex hydrocarbon fuels. The study of diffusion flames, in which C'H,4 reacts with air, is a valuable tool to
try to understand the production level of nitric oxide, one of the responsible for air pollution. Although most practical
applications involve turbulent combustion, the turbulent flames usually are in the reaction-sheet regime, in which the
turbulent combustion occurs in an ensemble of laminar flamelets [Hewson and Williams, 1999].

[Hewson and Williams, 1999] analyzed the production rates of oxides of nitrogen in laminar methane-air diffusion
flames, with thermal, prompt and nitrous oxide mechanisms taken into account, as well as consumption processes collec-
tively termed reburn. For this purpose, they extended the well-known four-step flame-chemistry description to six steps,
with acetylene taken out of steady-state and one-step production of nitric oxide included. Emission indices were calcu-
lated as functions of the rate of scalar dissipation at the stoichiometric mixture fraction for near-atmospheric pressures
and shown to be in reasonable agreement with results obtained from numerical integrations.

In the article of [Li, Williams and Gebert, 1999], a simplified, fundamentally based method was developed for calcu-
lating burning rates and NO,, emissions in turbulent lean-premixed flames. The approach relates the rates to elementary
chemical-kinetic parameters. Reasonable predictions of motor emissions were obtained when comparisons were made
with results of experiments on a dual-fuel diesel engine.

Laminar diluted hydrogen flames have been studied in a counterflow burner by [Rgrteit er al., 2002]. Measurements
of temperature profiles and [INO] were made, which were compared with predictions from numerical computations. The
hydrogen stream was diluted with the inerts N5, CO2 and He. Differences between the influences of the various diluents
were discussed in terms of differences in heat capacities, thermal-radiative properties, and effects on chemical reactions.
Numerical predictions showed good agreement with experiments for both temperatures and [VO] at lower temperatures.

[Li and Williams, 1999] made measurements and computations of structures of two-stage counterflow methane-air
flames at normal atmospheric pressure and a feed-stream temperature of about 300 K, in order to try to understand how
staged combustion aids in reducing emissions of oxides of nitrogen from gas turbines. The fuel stream was partially
premixed, with equivalence ratios from 1.5 to 3.0, and to the air stream was added up to 10% by mass of water spray,
carbon dioxide or nitrogen. Results of numerical integrations were in improved agreement with experimental results when
suitable selections were made of certain critical elementary reaction-rate constants.

Following existing convention, N O, is considered here to consist of NO and N3, since N2O generally is treated
separately, and in addition, NoO emissions are small compared with those of NO and NO- [Hewson and Williams, 1999].
In the present work, the levels of emissions of oxides of nitrogen in a laminar diffusion methane-air flame are analyti-
cally analyzed. Their dependencies on scalar dissipation rates are compared among thermal, prompt and nitrous oxide
mechanisms. Two different pressures were employed, in order to observe their influences.

2. Problem Analysis

The combustion on a laminar methane-air diffusion flame is analyzed. For this purpose, it is necessary to know
the set of elementary reactions and their associated reaction-rate parameters. In this work, the elementary steps of
[Hewson and Williams, 1999] were employed, and the variables names presented here belong to that article.

2.1 Combustion Parameters

The well-known four-step flame chemistry description was extended to six steps, derived from some reactions of Tab.
1 and 2 from [Hewson and Williams, 1999] by introduction of steady-state approximations for reaction intermediaries.
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The six-step reduced mechanism is written below.

CH,+2H + H20 = CO + 4H, (1)
2CO 4+ Hy = CyHy + Oy (2)
CO + H>0 = CO2 + H, 3)
3Hy + Oy = 2H + 2H50 “)
2H = Ho &)
Ny + Og = 2NO (6)

In this reduced scheme, step (1) is the fuel-consumption step, which is seen also to consume radicals. Step (2) is
the step for production of C5 species not in steady state, important for obtaining correct CH profiles. Step (3) is the
water-gas shift that burns C'O. The oxygen is consumed by step (4), which is the source of radical production through the
hydrogen-oxygen branched chain. Step (5) describes the three-body radical recombination. Finally, step (6) includes the
three mechanisms of NO production, as well as reburn.

To achieve a formulation that is independent of the flame configuration, the mixture fraction, Z, is employed as the
independent variable. The connection to physical coordinates is made through the gradient, VZ, or more conventionally
through the so-called scalar dissipation rate (),

2IVZ|2\
‘= VZ| 7)
PCp
where A denotes the thermal conductivity, p the density, and ¢, the specific heat at constant pressure for the mixture.
The stoichiometric mixture fraction, Z;, can be stated as:
1
Lt = —— 8
TS ®)
where
14 Lo
= = ©))
YOoo Lp

In Eq. (9), v is the stoichiometric relation between the oxidant mass and methane mass, Yo is the oxygen mass
fraction far from the flame, and Lo and L are the oxidant and fuel Lewis Numbers in the flame, respectively.

The Lewis Numbers (L) for H, Hy, CO, O5, CH4 and Cs H> are, respectively, 0.18, 0.3, 1.1, 1.06, 0.97, 1.19.

It can be stated that

Z°=Zgt+en (10)
0 20 0
X0, = 2L, be (2 y ) (an
2L, bez0
0 _
XH2 = 1—:7(10 — LszV (12)
XP,0=2X00, =2b(1 — Zy) 2° (13)
and
T° = Tt — beT, [quo —(1- Zst)no] (14)

where the superscript © refers to the fuel-consumption zone and X is the symbol for molar fraction. The definition for 7
is:
Z — Zs
n= """ (15)

€

According to [Hewson and Williams, 1999], there is a relationship between 2° and 1°, given as:

20 1.18440.52621°40.2027 (1°)*+0.05282 (1°)°+0.008324 (n°) *+0.00007043 (°)°+2.437-10~° (1°)°(16)

gv=0 —
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where

by (nsy —2)

=bl,e(1— Z,
gv b 7«6( st) R(TO)2 TO

a7

T, is a reference temperature, F'y, is the overall activation energy and R is the universal gas constant.
The parameter « is defined as:
KsLp,Xco,

o= —>"—"" (18)
KiyLcoXm,0

The parameter b is a stoichiometric parameter, defined as:

Yo, oW

p= 207"
2Wo,Zst

19)

where the subscript o refers to air stream conditions and W is the mixture mean molecular mass.
The thickness of the oxygen consumption zone, that is the thickest one, is represented by e:

I

e=[4b°Dy (1+0Oy)] (20)

where the Damkohler Number corresponding to step (5) is

1
KO( KO 372
Ap°kgp X3y [1&;)} (Lm,Lo,)

Njw

Dy = 21

X0 (RT0)" Xpy,0 (1 4+ a0)

The pressure is represented by p, k is the reaction-rate constant, X means molar fraction, K; = k;/k;p, R is the
universal gas constant and 7 is the temperature.
Oy is defined as:

1
k9 KOKON® /XU \?
ka K4 X02
The parameter v is expressed as
__ (1=a
V= 3 (23)
[(1 +al) DIII}
where
1
2\ P o KOK9XY X9 \?
Dir=1|— kia¢L — =2 =2 24
1 (XO> Topo koo < IS (24)

2.2 NO Production

The production of nitric oxide is due mainly to thermal, prompt and nitrous oxide mechanisms. The emission index in
general is defined as the mass of pollutant emitted per unit mass of fuel consumed. In quasi steady diffusion flames, this
is the ratio of the mass flux of pollutant out of the flame to the mass rate of consumption of fuel per unit flame area.

2.2.1 The Thermal Mechanism

The thermal mechanism is characterized by the large activation energy of its initiating reaction, O + Ny - NO + N,
and is thus centered around the region of peak temperature at Z = Z°. In this mechanism, the NO mass production rate
per unit flame area can be written as:

) KIK GG 1 (11 25

or = 2Wyo ( = Za
wr NO ( |V Z[° nggo b Tr \1—Zs —2q + -
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where W refers to molecular mass, and 7. is a reference temperature given by

Tst - TO

“You, rW Zs
In Eq. (26), the subscript r refers to the fuel stream. In Eq. (25), T is
E. Fiy—F FEsy — E-
Ty — s54f + L1y Fp + Ligy 3b + (nsag — 2)T0 7)

R

The parameter g of Eq. (25) is the enthalpy release (normalized by total heat release of the overall reaction in the
consumption of a fuel molecule).
The normalized by the fuel-consumption rate is

2000W o, =c, W
bV Z[OANWep,

Er = (28)

2.2.2 The Prompt Mechanism

The initial reaction responsible for prompt NO,, is CH + Ny — HCN + N, where, to a first approximation, HC'N
and N lead ultimately to NO. The temperature dependence of this reaction is not large, and C'H radicals exist only within
the fuel-consumption zone, so the terms may all be evaluated using the values from this layer with the temperature fixed
at TV,

The mass production rate of prompt N O across the flame per unit flame area is:

(:)p :P1[3+P2J3 (29)
where
[es} 3
I = / yczH4yH i (30)
—oo Yy tc
Jz = / YCo HyY3rdE 31)

2
166°6' Wvo (75 ) ks phdos MiLu X3,
P = (32)
(k?ngg + ks X0, + k%fX?{go) VZ|

2
16°0°kWo (7 ) kS kS MaLu XS,

P = (33)
k5 X0, + ks Xeo, + K7 X, 0lVZ|
In Eq. (32) and (33) there is a parameter named §, defined as:
§ = (2bD;)"3 (34)
The acetylene scale factor is:
0 0 0 o ) r2
D (kSGf + kB?f) (k38f + “Yksgf) Ly, o 35)
K= —
2XORTO (BkY3 Ly )’
The Damkohler Number of step (1) is:
Dy = = 2 (k8 + k%) L L (36)
I= YO RTO 38f T 7 Raof) LHLCH,
where
X

7= KSXH2



Proceedings of ENCIT 2010 13th Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2010 by ABCM December 05-10, 2010, Uberlandia, MG, Brazil

M; and M, are given as:

k7 s (kg8f + kggfv()) LegsLn

M= 0 0 0y v0 o K yo (38)
k330 {(7%3 + kyy) X0, + K27§§XH2}
k3o + k93) B° Loy, L3
My = ( 42 43) g Cz;:[;fz H (39)
(K95 + k34) X&, + 282 X7,
The parameter (3 is defined as:
Ky Xm,0
B= =52 (40)
K3 Xy,
It can be said that the prompt contribution to the emission index is:
Ep— 2000Wyo, V‘L/ui]ioch @)
bIVZ|9NeWen,
An approximation for X, 82 is used in the expressions for M, and M, given by:
0
X9, = BX (42)
p

where B ~ 102 s-Pa. Use of X, from Eq. (11) leads to predictions of prompt production rates which are reasonable
near extinction conditions but roughly five times too small for x° < 1 [Hewson and Williams, 1999].

2.2.3 The Nitrous Oxide Mechanism

This mechanism is responsible for converting a small fraction of nitrous oxide to nitric oxide. It is important in the
oxygen-consumption layer, where N2O as well as all radicals are in steady state.
The mass production rate of NO across the flame per unit flame area is:

2 0 1.0 07700 0 0 2
k2L kD K K XS, XA X T0 1
N = 2Who (P ) 72b 96570 1 O3 H, 52 No (43)
RTO k97fXH20|VZ\ b Ty 1 — Zg — 2q
where
kos |[K1K4X0o
klo, =k 14 2 =02 44
790 72b< + == K;‘;’XHQ (44)
kou ¢ K\ K3X3 Xo
Koo, = kogy | 1+ ——adP_ A M0 45)
kngKggRT 43H0

koo s RT KiX%.0
kb, =k 1 - 2 46
oty = M < M korgp \| K1K3X3, Xo, (0

_ Eroy + Eop — Egry + Erp — Evp + B3y — Eyp
R

Ty —2.837° 47)

The emission index of the nitrous oxide mechanism is given as:

2000W N0, 2=, W

Ey = 48
N bVZ oA Wen, (48)

In order to calculate kgg¢ and kggp, a third body concentration was calculated based on [Seshadri and Peters, 1990],
and the Lindemann form utilized based on [Kee et al., 1996].
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3. Results

The variation of the emission index of oxides of nitrogen with the scalar dissipation rate was plotted for pressures of
10° Paand 2 - 10° Pa.

Figure 1 represents the temperature in the fuel-consumption zone. A small decrease on its values can be observed for
increasing scalar dissipation rates, and higher pressures cause higher temperatures.
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Figure 1. Variation of temperature in fuel-consumption zone for boundary temperature of 300 K and pressures of 10° Pa
and 2 - 10° Pa.

Figure 2 illustrates the case for E. It can be seen that the thermal contribution to the emission index presents lower
values for higher values of the scalar dissipation rate. There is also a small difference in £+ when different pressures are
considered
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Figure 2. Variation of thermal emission index for boundary temperatures of 300 K, and pressures of 105 Pa and 2 - 10° Pa.

Figure 3 shows the dependence of the prompt emission index with the scalar dissipation rate. As far as the scalar
dissipation factor increases, the prompt emission index decreases. An interesting behavior can be seen near x° = 15~
At this point, there is a change between the lines, the one with the smallest values acquiring the highest ones.

Finally, Fig. 4 illustrates the changes of En with x°. Again, opposite behaviors take place between the nitrous oxide
index and the scalar dissipation rate. A small dependence on pressure is observed.
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Figure 3. Variation of prompt emission index for boundary temperatures of 300 K, and pressures of 10° Pa and 2 - 10° Pa.
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Figure 4. Variation of nitrous oxide emission index for boundary temperatures of 300 K, and pressures of 10° Pa and
2-10° Pa.

4. Conclusions

Emission indexes for oxides of nitrogen for thermal, prompt and nitrous oxide mechanisms were analytically calcu-
lated for a laminar methane-air flame. Its variations with the scalar dissipation rate were plotted for boundary temperatures
of 300 K, and for pressures of 10° Pa and 2 - 10° Pa.

It can be concluded that, in the three mechanisms, for the two pressures considered, there is a small dependence of the
emission indexes on them. Besides that, the higher the values of the dissipation rates, the lower the ones of the emission
indexes.

An interesting phenomenon occurs in the prompt mechanism. Increasing pressure leads to reduced C'H mole fractions,
and for smaller values of x° reduces the net prompt-emission index so that results for 2 - 10° Pa lie below those for 105
Pa [Hewson and Williams, 1999]. This effect is mitigated because the overall reaction rates increase at higher pressures,
and at high dissipation rates, the numerical results indicate that increased pressure actually causes a slight increase in the
prompt contribution to the emission index [Hewson and Williams, 1999].
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