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Abstract. This work is an extension of previous analysis (1) which has studied the influence of hydrogen in the methane
diffusion flames. In this paper the aim is to determine the stable condition for methane diffusion flames enriched by
hydrogen in different levels of flame stretch The stretch on the flame is provided by the flow field imposed by two opposed
streams, one of them is constituted by mixtures of hydrogen, methane and nitrogen and the other is constituted by air. The
flow field conditions correspond to fuel stream velocities in the range0.1 to 4.0 m/s, which are chosen to compare the
results of the present analysis to those from the n-heptane diffusion flame. The result presentation follows the flamelet
model, the flame properties are presented as a function of the scalar dissipationχ = 2(λ/ρcp)(dZ/dx)2, whose unit is
s−1; Z is the mixture fraction. The reciprocal of scalar dissipationχ−1 at the flame is a measure of the residence time of
the reacting substances inside the flame. The results pointed out that methane diffusion flame without and with hydrogen
is not strongly influenced by stretch. For mixtures with high hydrogen concentration, this influence is even smaller. For a
fixed fuel mixture concentration (YCH4 + YH2), the flame temperature increases with the increase of the hydrogen mass
fraction as a consequence, mainly, of the increase of the overall heat realised and, secondarily, of the reduction of the
radiative energy losses viaCO2 radiation.
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1. Introduction

Hydrogen is pointed out as a fuel for the future because it does not pollute the environment. Meanwhile the conditions
for the hydrogen usage as main fuel are not reached, it can be used in mixtures with hydrocarbons to reduce combustion
emissions and to permit fossil fuels to be used for a longer period of time. The focus of this study is to analyse the influence
of hydrogen in methane diffusion flames. In addition, methane is chosen as the main fuel because it is main substance in
natural gas. Previous study (1) showed the influence of the concentrations of methane and hydrogen on the flame structure
and flame temperature. In this work, the attention is on the fluid dynamical influence on the hydrogen-methane diffusion
flames.

The idea of mixing a few quantity of hydrogen with other fuel, to improve the combustion as in energetic terms as
in pollution terms, is not new. Scholte and Vaags (2; 3; 4) studied the effects of the hydrogen in the propagation of
premixed flames. Recently, the mixture of fuel and hydrogen returned to the focus of attention due to the restrictions on
the emissions into the ambient (5; 6; 7; 8; 9; 10).

The present analysis is performed asymptotically through the rate-ratio method (11). The flame structure described by
this method shows the reaction zone embedded by a chemically inert, transport zone, whose order of magnitude is given
by the combustion chamber characteristic length. The flow field in which the diffusion flame stabilises is imposed by two
opposed streams (12) The reaction zone is composed by three layers and in each of them one or maximum two reactions
are important. The chemical mechanism for the reaction is reduced from a reduced kinetic mechanism applying the steady
state condition for some species and the equilibrium condition for some reactions (13). The simplified overall reaction
mechanism for hydrocarbons includes a reduced hydrogen mechanism, then the addition of hydrogen to form a mixture
does not demand an extension of the hydrocarbon chemical mechanism. By making use of this method, the influence of
the stretch on the methane diffusion flames enriched by hydrogen is studied.

To avoid the large consume of CPU time in turbulent reacting flow simulations in certain conditions, the flow field and
the chemistry are decoupled assuming the flame to be a infinitely thin frontier separating the fuel from the oxygen. The
next approximation is to consider the flame as an ensemble of laminar diffusion flamelets (14). Because these flamelets are
forced to move non stationarily by the turbulence, the flamelet flow configuration is represented well by the counterflow.
Therefore, isolated flamelet can be studied numerically, experimentally and asymptoticly by the laminar counterflow
diffusion flames, in which are included the reduced, simplified and full kinetic mechanisms. The results containing the
chemistry are used to form libraries, which are consulted at each time step by the code simulating the turbulent reacting
flow to determine the state of each flamelet (extinguished or burning). The analysis in the present work can be used in this
way.

2. Simplified Overall Reaction Mechanism

Since this work is only an extension of previous analysis (1), the problem formulation is the same of that analysis;
thus, its detailed presentation is unnecessary. Some parts of the formulation are exposed to help in the introduction of the
paper.
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The oxidation of methane and hydrogen is described by the following four-step chemical-kinetic mechanism

CH4 + 2H + H2O ⇀↽ CO + 4H2 I ′

CO + H2O ⇀↽ CO2 + H2 II ′

2H + M ⇀↽ H2 + M III ′

O2 + 3H2 ⇀↽ 2H2O + 2H IV ′

(1)

Global reaction I’ is chain-breaking and represents the reactions between the fuel and the radicals which formCO and
H2. Global reaction II’ represents the oxidation ofCO to form the final product,CO2. Global reaction III’ represents the
three-body recombination steps and is also responsible for a major fraction of heat released in the flame. Global reaction
IV’ represents the reaction ofO2 with radicals and the formation ofH2O; it comprises the chain-branching steps.

The global reactions I’ to IV’ were determined from the simplified chemical-kinetic mechanism for methane shown in
(13). In addition, the principal reaction rates for the these global reactions are given in terms of the elementary reactions
(Table 1) according to

w′
I′ = w11f

w′
II′ = w9f − w9b

w′
III′ = w5

w′
IV ′ = w1f − w1b

(2)

The reaction rate coefficientki of the elementary reactioni, calculated using the expressionki = BiT
αiexp[−Ei/(R̄T )],

in whichT denotes the temperature,R̄ is the universal gas constant, are given in the table 1.

Table 1. The main reactions of the chemical kinetic mechanism for methane oxidationa. Note thatEi is kJ/mol andBi

is such thatwi is given bymol/s.

Number Reaction Bi αi Ei

1f O2 + H → OH + O 2.000× 1014 0.00 70.338
1b OH + O → O2 + H 1.575× 1013 0.00 2.888
2f H2 + O → OH + H 1.800× 1010 1.00 36.952
2b OH + H → H2 + O 8.000× 109 1.00 28.302
3f H2 + OH → H2O + H 1.170× 109 1.30 15.181
3b H2O + H → H2 + OH 5.090× 109 1.30 77.824
4f OH + OH → H2O + O 6.000× 108 1.30 0
4b H2O + O → OH + OH 5.900× 109 1.30 71.297
5 H + O2 + M → HO2 + M 2.300× 1018 −0.80 0
6 HO2 + H → OH + OH 1.500× 1014 0.00 4.203
7 HO2 + H → H2 + O2 2.500× 1013 0.00 2.930
8 HO2 + H → H2O + O 3.000× 1013 0.00 7.200
9f CO + OH → CO2 + H 4.400× 106 1.50 −3.100
9b CO2 + H → CO + OH 4.960× 108 1.50 89.710
11f CH4 + H → H2 + CH3 2.200× 104 3.00 36.600
11b H2 + CH3→ CH4 + H 8.830× 102 3.00 33.530
12 CH4 + OH → H2O + CH3 1.600× 106 2.10 10.300
13 CH3 + O → CH2O + H 7.000× 1013 0.00 0.000
17 CH2O + H → CHO + H2 2.500× 1013 0.00 16.700
18 CH2O + OH → CHO + H2O 3.000× 1013 0.00 5.000
19 CHO + H → CO + H2 2.000× 104 0.00 0.000
20 CHO + OH → CO + H2O 1.000× 104 0.00 0.000
21 CHO + O2 → CO + HO2 3.000× 102 0.00 0.000
22 CHO + M → CO + H + M 7.100× 104 0.00 70.300

a (15).

In order to simplify the analysis, it is considered that the radicalsO andOH are in steady-state. In addition, reactions
2 and 3 is considered in partial equilibrium.
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(a) (b)

Figure 1. Schematic pictures for a) outer and b) inner zones; the thickness of each layer inside inner zone satisfies the
conditionδ � ν � ε� 1.

3. Asymptotic Analysis

The asymptotic procedure is valid in the limit of large values for the Damkohler numbers (ratio of the flow characteris-
tic time to the chemical time) of the reactions I, II, III and IV. Under this condition, the reaction zone (inner zone)is much
thinner than the chemically inert, transport zone (outer zone). As a result, the outer zone can be described without detailed
information of the reaction zone, except the jump conditions in the heat and mass fluxes through it. In terms of outer zone
variables, the flame is seen as a discontinuity in the fluxes. TheseH2O andCO2 concentrations, flux continuities as well
as the position and temperature of the flame are the outer zone properties necessary to perform the inner zone analysis.

3.1 Outer Zone

To present the results of this work in a form to be used in flamelet model, the geometry chosen for the outer structure
of the diffusion flame is two opposing streams of air and a mixture of methane, hydrogen and nitrogen (Fig. 1.a).

In the counterflow configuration, the flame is established within the (viscous) mixing layer. In addition, the flame
position in the viscous layer is imposed by the combustion conditions, such as oxygen concentration and fuel type and
concentrations. Due to the flow field configuration, the flame suffers stretch; by increasing the velocity of the streams,
increases the flame stretch. The stretch is the process responsible for the flame extinction in high stream velocities (or
high scalar dissipationχ) (15; 16; 17). Besides, in flame with a large production ofCO2, extinction occurs for low stream
velocity caused by the radiative heat losses (17).

The multicomponent fuel diffusion flame analysis presented in this work will be proceeded by having no restriction
neither on the Lewis number nor on the heat transfer from the flame (12).

The counterflow configuration is characterised by the distance between the two nozzlesl, the density of the air at
the air nozzleρ1, and the density of the fuels at the fuel nozzleρ2. The concentration of the fuel mixture changes with
addition of nitrogen, hence the fuel fluxes,dF , dH2, as well as the oxygen,dO2 , change with the concentration at the
nozzles and with the stream velocity.

3.2 Inner Zone

In the oxidation layer (Fig. 1.b), reactionII is much faster than reactionIII and the reactionI is negligible because
the fuel concentration is zero (15; 18; 19). Since, the reactionII is too fast, it is possible to consider it in partial equi-
librium. Imposing these conditions in the species conservation equation for theH2 and solving it with proper boundary
conditions to match with solution of chemically inert, transport zone in the oxygen side of the flame and to match with
the solution of the CO non-equilibrium layer, the following expression can be found for the oxidation layer thickness (1)

ε4DIII = 1 (3)

DIII ≡
[
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Figure 2. The hydrogen concentrationx
(1)0
H2

and oxygen concentrationx(1)0
O2

at the border of the flameη = η0. The plots
are obtained by proper value of the parametera.

whereDθ is the thermal diffusivity,Wi is the molecular weight of speciesi, ki is the reaction rate constant of reaction
i given by Table 1,Ki is equilibrium constant of speciesi, Xi ≡ Yi/Wi andθf = Tf/T2 is the non dimensional flame
temperature. The parametera is the ratio of fuel fluxes to oxygen flux, already included the hydrogen flux to the flame.

Concentrations ofH2 andO2 at the fuel consumption layer,z = z0 are determined in the oxidation layer analysis and
they are employed to solve the problem. Figure (2) shows the concentrations of hydrogen and oxygen,x

(1)0
H2

= x
(1)
H2

(η0)

andx
(1)0
O2

= x
(1)
O2

(η0), for some values of the parametera (1). It is apparent from this figure thatx
(1)0
O2

curves fora < 1
cross the limit of zero oxygen concentration, an unreal result. This means that the flame can not be sustained for those
conditions.

In the non-equilibrium layer (Fig. 1.b), reactionII is not in partial equilibrium. The location of this layer is around
the fuel consumption layerz0, whose temperature isθ0. As seeing in Fig. 1.b, variations of the orderν aroundz0 causes
variations in the propertiesXH2 , XO2 , XCO of the orderν. From the analysis of this layer, the thicknessν is specified

ν2DII
(1 + β)3

(1− β)
= 1 (5)

and the definitions ofDII andβ are

DII ≡
L2ρ2
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In the fuel consumption layer (Fig. 1.b), only reactionI is fast enough to occur within the thin layer of thicknessδ.
The fuel conservation equation with the boundary conditions takes a form that permits the integration. The results for the
integration leads to

DIδ
2 = 15/8 (7)

where
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2k1fX0
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4. Results and Comments

The results presented in this section are based on calculations performed for fixed values ofl = 0.02m, ρ1v1 = ρ2v2,
0.1 ≤ v2 ≤ 4(m/s), m = 0.5, T1 = T2 = 390K, cp = 1200J/(Kg.K) andλ2 = 0.035(J/m.K.s). Lewis numbers
areLeF = 0.60, LeH2 = 0.30, LeO2 = 1.11, LeCO = 1.10, LeCO2 = 1.39, LeH2O = 0.85. The presented cases
correspond to five hydrogen concentrations,YH2 = 0.01, 0.02, 0.03, 0.04, 0.05, for methane concentrations that satisfy
YF +YH2 = 1, 0.8, 0.6, 0.4. For these conditions, the reciprocal scalar dissipationχ−1 = [2(λ/ρcp)(dZ/dx)2]−1 ranges
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(c) (d)

Figure 3. Flame temperatureθ0 as a function of the reciprocal scalar dissipationχ−1 for YH2 =
0.01, 0.02, 0.03, 0.04, 0.05 andYF + YH2 = 1, 0.80, 0.6, 0.4
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Figure 4. Fuel consumption layer positionη0 as a function of the reciprocal scalar dissipationχ−1 for YH2 =
0.01, 0.02, 0.03, 0.04, 0.05 andYF + YH2 = 1, 0.80, 0.6, 0.4
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from 0.005 to 1. Althoughχ represents the stretch suffered by the flame, the figures are prepared using the reciprocal
scalar dissipationχ−1 to depict the plots as a function of the residence time of the reacting substances inside the flame.

In fact, the variation of the stretch on the transport and reaction zones can be interpreted as a change in the hot gases
volume around the flame. Since, from this volume comes out the thermal radiation mainly by theCO2 band, an increase
in the stretch causes a reduction of that volume and consequently a decrease in the radiative energy losses. In contrast,
an increase in the stretch produces a decrease in the flame thickness and, thereby, an increase in the leakage of reactants
through the flame.

Figure 3 displays the variation of the flame temperatureθ0 as function of theχ−1. Except for the caseYF = 0.39
andYH2 = 0.01 that is not shown because the flame does not find condition to be stable (extinction), the diffusion flame
is stable in all cases exhibited. Although the variation of the flame temperatureθ0 with reciprocal scalar dissipationχ−1

is not important to produce extinction in the range0.005 ≤ χ−1 ≤ 1, as was observed for the n-heptane diffusion flame
(17). Even so, the cases with low methane concentration show the largest variation. This result is explained by the control
of theH2 reaction on the flame. IncreasingH2 concentration or reducingCH4 concentration, the flame becomes more
insensitive to the stretch because theH2 reaction is not so dependent on the temperature asCH4 reaction is. As expected,
the influence of hydrogen on the flame temperatureθ0 is more evident for the cases with low methane concentration;
compare the two extreme casesYF + YH2 = 1, 0.4.

CO2 is the main responsible for the radiative energy losses. Consequently, the small formation ofCO2 in the oxidation
of the methane leads to low radiative energy losses. Therefore, the variation of the flame temperatureθ0 with stretch (or
reciprocal scalar dissipation) is small compared to heavier hydrocarbon (17). The low radiative energy losses for methane
flames in conditions represented by0.1 < χ−1 < 1 (large hot gases volume) does not permit the extinction of the flame.

In addition, since the presence of hydrogen in the mixture reduces theCO2 concentration in methane or in other
hydrocarbon diffusion flames, these flame becomes more stable in the regime0.1 < χ−1 < 1.

A reduction of the value ofχ−1 leads to a decrease in the hot gases volume around the flame, and, thereby, causes
the reduction of the radiative energy losses. However, the reduction ofχ−1 makes the residence time for the reactants
inside the flame to become short and, thereby, part of the reactants leak by the flame. A consequence of the leakage
is the reduction in the flame temperature. In the case of methane diffusion flames, the reactions controlling the fuel
oxidation is fast enough to be practically insensitive to the stretch corresponding to the range0.005 ≤ χ−1 ≤ 0.1. This
methane chemical reaction characteristic guarantees that methane diffusion flames are stable under conditions that other
hydrocarbon diffusion flames would be extinguished, like in the case of the n-heptane (17).

Figure 4 shows the fuel consumption layer positionη0 as a function ofχ−1. all cases, except the caseYF = 0.99
andYH2 = 0.01, η0 can be considered a constant for0.005 < χ−1 < 1. The main effect on theη0 is caused by the
composition of the mixture fuel. The results confirm the fact that hydrocarbon diffusion flames take place in the oxygen
side of the Burke-Schumann flame,η0 < 0. However, there are mixtures for methane and hydrogen thatη0 > 0, indicating
the strong influence of the hydrogen in the flame position.

5. Conclusion

This work analyses the structure and extinction of methane counterflow diffusion flames enriched by hydrogen. The
presence of hydrogen causes an increase in the flame temperature due to the increase of the overall heat combustion and
to the decrease of the radiative energy losses via reduction of theCO2 concentration. Another effect of the hydrogen is
to establish the flame in the fuel side of the Burke-Schumann flame. Flame extinction is observed only for the lowest
concentration for the mixture (YCH4 = 0.39, YH2 = 0.01).
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