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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 rangeo 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 dissipatioB(\/pc,)(dZ/dz)?, whose unit is

s~1; Z is the mixture fraction. The reciprocal of scalar dissipatign' 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 concentratio¥{ 4 + Ygo), 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 vidO- 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

CH, + 2H + H,O = CO + 4H, T
cCO + Hy0O = CO, + Hy, II o
°oH + M = I + M IIr
O, + 3H, = 2H,0 + 2H IV’

Global reaction I is chain-breaking and represents the reactions between the fuel and the radicals whigh &orch
Hs. Global reaction II' represents the oxidation@ to form the final product’O-. Global reaction I’ 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 @b, with radicals and the formation df,O; 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
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The reaction rate coefficieht of the elementary reactioncalculated using the expressibn= B, T exp|—E;/(RT)],
in which T' denotes the temperatur®,is the universal gas constant, are given in the table 1.

Table 1. The main reactions of the chemical kinetic mechanism for methane oxidatiote thatF; is kJ/mol and B;

is such thatw; is given bymol/s.

In order to simplify the analysis, it is considered that the radi€adsxdO H are in steady-state. In addition, reactions

2 and 3 is considered in partial equilibrium.

Number Reaction B; «; E;
1f Oy,+H— OH+O 2.000 x 10™ [ 0.00 | 70.338
1b OH+0— Oy+H 1.575 x 10" | 0.00 | 2.888
2f Hy+0— OH+H 1.800 x 101° | 1.00 | 36.952
2b OH+H— Hy,+O0 8.000 x 10 1.00 | 28.302
3f Hy+OH — H,O+H 1.170 x 10° 1.30 | 15.181
3b HO+ H — H,+ OH 5.090 x 107 1.30 | 77.824
4f OH +OH — H,O+O0 6.000 x 108 1.30 0
4b H,O+0 — OH+OH 5.900 x 107 1.30 | 71.297
5 H+0Oys+M— HOy+ M 2.300 x 10™ [ —0.80 0
6 HO,+H — OH+OH 1.500 x 10 | 0.00 [ 4.203
7 HOy+ H — Hy+ O, 2.500 x 108 [ 0.00 [ 2.930
8 HOy+H — H,O+O 3.000 x 10 [ 0.00 | 7.200
9f CO+0OH — COy+H 4.400 x 108 1.50 | —3.100
9% CO,+H— CO+OH 4.960 x 108 1.50 | 89.710
11f CHy+H — H,+CH; 2.200 x 10* [ 3.00 | 36.600
11b H,+CH3— CH4+H 8.830 x 102 3.00 | 33.530
12 CHy,+OH — H50 + CHj; 1.600 x 10° 2.10 | 10.300
13 CH;+0 — CH,O+H 7.000 x 10 [ 0.00 | 0.000
17 CH.O+ H— CHO+ H, 2.500 x 10 | 0.00 | 16.700
18 CH,O +0OH — CHO + H,O |3.000x 10" | 0.00] 5.000
19 CHO+ H — CO + H, 2.000 x 10% 0.00 | 0.000
20 CHO+OH — CO + H,0O 1.000 x 10* 0.00 | 0.000
21 CHO + 05 — CO + HO, 3.000 x 102 0.00 | 0.000
22 CHO+M — CO+H+M | 7.100 x 10* 0.00 | 70.300
2 (15).
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Figure 1. Schematic pictures for a) outer and b) inner zones; the thickness of each layer inside inner zone satisfies the
conditiond < v < ¢ < 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, 11, Il 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. THeSeandC O, 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 dissipatioR) (15; 16; 17). Besides, in flame with a large productio'al,, 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 npzhkeslensity of the air at
the air nozzlep;, and the density of the fuels at the fuel nozale The concentration of the fuel mixture changes with
addition of nitrogen, hence the fuel fluxes;, dy2, as well as the oxygenio,, change with the concentration at the
nozzles and with the stream velocity.

3.2 Inner Zone

In the oxidation layer (Fig. 1.b), reactidil is much faster than reactidif I and the reactioi is negligible because
the fuel concentration is zero (15; 18; 19). Since, the readtiois too fast, it is possible to consider it in partial equi-
librium. Imposing these conditions in the species conservation equation féf-tlaad 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)

€4D[[]:]. (3)

“4)
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Figure 2. The hydrogen concentratimﬁgO and oxygen concentraticmrﬁz)O at the border of the flame = n°. The plots
are obtained by proper value of the paramaeter

where Dy is the thermal diffusivityJV; is the molecular weight of speciésk; is the reaction rate constant of reaction

i given by Table 1K; is equilibrium constant of speciésX; = Y;/W; andf; = Ty /T> is the non dimensional flame

temperature. The parameteis the ratio of fuel fluxes to oxygen flux, already included the hydrogen flux to the flame.
Concentrations off, andO- at the fuel consumption layet,= z, are determined in the oxidation layer analysis and

they are employed to solve the problem. Figure (2) shows the concentrations of hydrogen and a@%ﬁ;enxgz (n°)

andz3)’ = 25)(1°), for some values of the paramete(1). It is apparent from this figure thaf,)’ 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), reactidd is not in partial equilibrium. The location of this layer is around
the fuel consumption layer®, whose temperature &. As seeing in Fig. 1.b, variations of the ordearound:z° causes
variations in the propertie¥y,, Xo,, Xco of the order. From the analysis of this layer, the thicknesis specified

1+ 3)>3
Z/QD]]( 5
=) ©)
and the definitions oD;; ands are
Do 1203 korK) 'Ky 1/2Xg[21/2x(0)21/2Leco _ Len,K3Xco, ®)
"= Dy aWh, 6o m2 U7 LecoKoXm,0

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

D;6% =15/8 (7
where
03/2+-01/2
_ 2k X5, o Lo kg K PG AR XX Lep 8)
ks LpAY® Dy 2 W, 6o mt2 X0

4. Results and Comments

The results presented in this section are based on calculations performed for fixed valge&.@im, p;vy = pave,
0.1 < vy < 4(m/s), m =0.5,T1y =Tr = 390K, ¢, = 1200J/(Kg.K) and Ay = 0.035(J/m.K.s). Lewis numbers
areLer = 0.60, Ley, = 0.30, Lep, = 1.11, Leco = 1.10, Leco, = 1.39, Ley,0 = 0.85. The presented cases
correspond to five hydrogen concentratiorig, = 0.01, 0.02, 0.03, 0.04, 0.05, for methane concentrations that satisfy
Yr+Yy, =1, 0.8, 0.6, 0.4. For these conditions, the reciprocal scalar dissipatioh= [2(\/pc,)(dZ/dz)?]~* ranges
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Figure 3. Flame temperaturd’ as a function of the reciprocal scalar dissipatigm! for Yy, =
0.01, 0.02, 0.03, 0.04, 0.05 andYr + Yy, =1, 0.80, 0.6, 0.4
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Figure 4. Fuel consumption layer positiofi as a function of the reciprocal scalar dissipatign' for Yy, =
0.01, 0.02, 0.03, 0.04, 0.05 andYr + Yy, =1, 0.80, 0.6, 0.4
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from 0.005 to 1. Althoughy represents the stretch suffered by the flame, the figures are prepared using the reciprocal
scalar dissipatiory~! 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@g@theand, 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 temperatifras function of they~!. Except for the cas&r = 0.39
andYy, = 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 tempegtuvgh reciprocal scalar dissipatiop!
is not important to produce extinction in the rarge05 < x~! < 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 the H, reaction on the flame. Increasitify concentration or reducing H, concentration, the flame becomes more
insensitive to the stretch because Hfiigreaction is not so dependent on the temperatu@ds reaction is. As expected,
the influence of hydrogen on the flame temperatifrés more evident for the cases with low methane concentration;
compare the two extreme casés + Yy, =1, 0.4.

CO, is the main responsible for the radiative energy losses. Consequently, the small forméat@niafthe oxidation
of the methane leads to low radiative energy losses. Therefore, the variation of the flame temp@ratiirstretch (or
reciprocal scalar dissipation) is small compared to heavier hydrocarbon (17). The low radiative energy losses for methane
flames in conditions representedy < x~! < 1 (large hot gases volume) does not permit the extinction of the flame.

In addition, since the presence of hydrogen in the mixture reduce€¢heconcentration in methane or in other
hydrocarbon diffusion flames, these flame becomes more stable in the egire ! < 1.

A reduction of the value of ! leads to a decrease in the hot gases volume around the flame, and, thereby, causes
the reduction of the radiative energy losses. However, the reductign ofmakes 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 thé)@igec ! < 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 positifnas a function ofy . all cases, except the cakg = 0.99
andYy, = 0.01, n° can be considered a constant 0005 < x~! < 1. The main effect on the 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 flamg, < 0. However, there are mixtures for methane and hydrogemthat0, 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 éf@dheconcentration. 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 mixtur&tp, = 0.39, Yy, = 0.01).
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