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Abstract. The influence of hydrogen in the methane diffusion flames is analysed. The flame structure is described asymptotically
by considering a chemical kinetic mechanism made up of four global steps. The first step simulates the radicals, mainly the
H-radical, attacking the fuel to fornil. and C'O. The second step is the water-gas shift reaction which was assumed in equi-
librium except in a thin layer adjacent to the layer where the fuel is attacked. The third step corresponds to the recombination
reaction of the H-radical. The fourth step represents the oxidation aoffthand formation of the H-radical. The results pointed

to a maximum burning efficiency of the hydrogen enriched methane diffusion flame for mixtures diluted with nitrogen.
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1. Introduction

The influence of the hydrogen on burning of fuel mixtures has been studied for a long time (Scholte and Vaags, 1959b;
Scholte and Vaags, 1959c; Scholte and Vaags, 1959a), but recently received more attention due to the rigorous restrictions
on the emissions into the ambient (Cheng and Oppenheim, 1984; Milton and Keck, 1984; Sher and Refael, 1988; Refael
and Sher, 1989; Bell and Gupta, 1997; Jackson et al., 2003). However little attention has been spent on the burning
of those mixtures in diffusion flames. This work, that is an extension of previous works (Hamins and Seshadri, 1984a;
Hamins and Seshadri, 1984b; Fachini, 2004b; Fachini, 2004c; Fachini, 2004a), addresses asymptotically the problem of
the burning of hydrocarbon and hydrogen mixture in diffusion flames

The ratio-rate asymptotics will be used in this work to analyse the hydrocarbon-hydrogen diffusion flames. This
asymptotics deals with a reduced four-steps chemical-kinetic mechanism that describes the generation and consumption
of seven species. These four reactions proceed inside a thin zone, which is composed by three layers. In each layer one
or two reactions take place, a feature that simplifies the analysis inside the layer. Detail of this asymptotic method can be
found elsewhere (Seshadri and Williams, 1994; Seshadri, 1996).

The presence of hydrogen, that is one of the intermediate species generated by the fuel oxidation, in the fuel mixture
changes the characteristic of the layer whBgeis consumed. As a results, the flame extinction conditions are modified.

The flame becomes more stable because there is an increasddifn ¢basumption and a decrease in the oxygen leakage.

2. Reduced Mechanism

The oxidation of Methane is described by the following four-step chemical-kinetic mechanism

CHy + 2H + H,O = C(CO + 4H, I

cO + H0 = COy + Hy II 1)
2H + M = H + M I

02 + 3H, = 2H,O0 + 2H IV’

Global reaction I is chain-breaking and represents the reactions between the fuel and the radicals wiigh &orch
H,. 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 @, 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 Seshadri and Williams, 1994. In addition, the principal reaction rates for the these global reactions are given in terms
of the elementary reactions (Table 1) according to

’u}/]/ = k‘llfOFCH

wip = kotCcoCon — koavCco,Cr @
ijII’ = k‘5CHCOQCM

wiyy = ki1fCo,Cr — k1vCouCo



in which C; is the molar concentration of speciges The reaction rate coefficients of the elementary reactions are
calculated using the expressién = B, T exp|—FE;/(RT)], in which T' denotes the temperaturg, is the universal
gas constant. The chemical kinetic paramefess «; and E; are the frequency factor, the temperature exponent, and
the activation energy of the elementary reactioifhe concentration of the third body,,, appearing in reaction III’ is
expressed by the relation

_ W Y
CM_RT; W,

in which p denotes the pressuii&, is the average molecular weight akigl W; andr; represent the mass fraction, the
molecular weight and the chaperon efficiency of species
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Table 1: The main reactions of the chemical kinetic mechanism for methane oxidation

Number Reaction B; «; E;
1f O+ H— OH+O [2000x10™]| 0.00] 70.338
1b OH+0O— Oy+H 1.575 x 10" | 0.00 | 2.888
2f Hy+0O — OH+H [1.800x10"™] 1.00] 36.952
2b OH+H— Hy+O0 8.000 x 10 1.00 | 28.302
3f Hy+OH — HyO+H | 1.170 x 109 1.30 | 15.181
3b H,O+ H— Hy+OH | 5.090 x 107 1.30 | 77.824
4f OH +0OH — H,O+0O | 6.000 x 10® 1.30 0
4b H, O+ 0 — OH+OH | 5.900 x 107 1.30 | 71.297
5 H+0Oy+M— HOy+ M [2.300x 10 | —0.80 0
9f CO+0OH — CO,+H | 4.400 x 10° 1.50 | —3.100
9b COy+H — CO+OH | 4.960 x 10® 1.50 | 89.710
11f CH,+H — H,+ CH; | 2.200 x 10% 3.00 | 36.600
116 H,+CH3— CH4+ H | 8830 x 102 3.00 | 33.530

a Seshadri and Peters, 1988.

In order to simplify the analysis, it is considered that the radi¢aland OH are in steady-state. In addition, by
considering the reactions 2 and 3 in partial equilibrium, the radiadsdO H can be expressed as following

Ch,0CH Cr,0C%
Cog=—"2—, Co=-—"22-—>~ 4
OH ™ TKaC, T KK 0y “)
By using Eq. (4) to eliminat€’ oy andC, from Eq. (2), the reaction rates;; can be expressed as following
w’p = kllfCFCH
CH OCH < KBCCO )
wip =k 2 Ceco — ——2C
1 KOy, \ 9 KoCmyo ™
wip = ksCuCo,Cu (5)
C3 ,C%
w’,:kCC<1— M0~ H )
v 17~ 0~ H K K>K3C% Co,

3. Asymptotic Analysis

The asymptotic procedure uses the discrepancies in the length and time scales of the processes outside and inside
of the flame to simplify and, then, analyse the flame structure problem. By taking processes with the same either time
scale or length scale, the asymptotic procedure isolates the most important processes in each different zones. Solved the
particular problem of each zone and matched solution with the other solutions of the other zones, the whole problem is
determined.

Asymptotically, the flow field can be divided in two zones. One of them is characterized by the inert state of the
reactions, named as outer zone, whose characteristic length is imposed by the boundary conditions. The other zone,
named inner zone, is characterized by the reactiviness of the flow. The inner zone can be considered as a infinitely thin
region when observed by the characteristic outer zone length. As a result, the heat and mass fluxes (the derivatives of the
temperature and reactants mass fractions) present a jump across the inner zone.

The inner zone is localized in the flow field around the flame. By observing the reaction rates Eq. (5) inside the flame
and imposing that the reactidid is not in partial equilibrium except in a thin layer, it is possible to suggest that the inner



zone can be divided in three layers. In the oxidation layeittieand H- oxidation occurs and this layer is the thickest

layer because the reaction rate is the slowest. In the fuel consumption layer the fuel is attacked by the H-radial and due to
characteristic of this reactioh the inner layer is the thinnest layer. Between these two layer is the non-equilibrium layer,
where reactiod I, the water shift reaction, controls the consumptio@'éf and formation off.

3.1. Outer Zone

Diffusion flames are established inside mixing layers formed by a fuel jet discharged in an oxidant ambient, vaporized
fuels in oxidant ambient and two opposing impinging jets. The combustion conditions, oxygen flux and fuels fluxes to the
flame, determine the position of the flame inside the mixing layer. As a result of the flame position, the heat transfer from
the flame to the gases in the oxygen and fuels sides is imposed. Furthermore, the mass transfer and the reaction rate set
the internal structure and the extinction condition of the flame. When the flame is close to one border of the mixing layer,
practically all heat transfer occurs to that side and the other side of the flame can be assumed in equilibrium condition. In
some configurations, the position of the flame inside the mixing layer dictates the strain rate on the flame. Therefore, the
position of the flame inside the mixing dictates the extinction condition and flame structure.

The analysis of the flame structure does not depend on the geometrical configuration of the flow field. Only the flow
field properties at the flame have to be specified in order to describe asymptotically the flame structure.

The nondimensional properties of the flow field at the flame, needed to perform the flame structure analysis, are:

_df de
At Z=Zf, 9:9f, de:% o d;»:—a +,
z=z; z=z;
dXo. dXcn dX 4,
do, = — 2502 dp — X iy, = WX 6
O dz Z:Z; ) F dz Z:Z? ) Ho dz z:Z;r ( )

In the equations above,is the nondimensional flame position£ z'/L), wherez’ is a coordinate perpendicular to the
flame andL is a characteristic length of the outer zofie= T'/T5 is nondimensional flame temperature ahdre the
heat flux from the flame and the oxygen and hydrogen and methane mass fluxes to th&flam¥;{Vy, /W;), where
Y; is the mass fraction of specigsandiV; is the molecular weight of speciésrespectively. The subscriptmeans the
property at the fuel stream boundary, and the substnipéans the property in the oxidant stream boundary.

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.

4. Inner Zone

It is presumed, analogously to previous analyses (Seshadri and Peters, 1988; Card and Williams, 1992a; Card and
Williams, 1992b; Fachini and Seshadri, 2003) that the H-radical is in steady-state. Under this condition, the H-radical
concentration can be calculated by the equatignt w;;; — wry = 0, that leads to

1/2 ,-1/2 3/2+-1/2
KRR XX, <1 kusXen, k5fcM>1/2

X
" 2k1 1 X0, kif

7
o 7
whereC; = X;(p/Wn,) (Xi = Y;Wn, /W)).

By making use of the steady-state condition for the H-radical, the chemical-kinetic mechanism has three global reac-
tions as follows:

CH, + Oy = CO + Hy + H O I
CO + H,0 = CO, + H, I 8)
Oy + 2H, = 2H,0 117

Based on the outer characteristic tid&? / Dy ), the nondimensional rates for these global reactions are

wy = Ak XpXg
Xmo0Xu [ Xco X,
= Ak 2 — 2 9
wir o ©)
wrrr = AksCuXuXo,

where = (Ly,K3Xco0,)/(LcoKoXm,0), A = (L?/Dy).(p?/Wh,), Do = \/(pc,) is the thermal diffusivity f is
the densityg,, is the specific heat at constant pressure aigithe thermal conductivity).

By writing the conservation equations in terms of the mixture fraction (Peters, 1984) or by taking the high order of
magnitude processes around the flame, the following system of diffusive-reactive equations is found

d( pDcu, dXCH4>
d:C pODCH4,2 d(E LCH4

= wr (10)



% <p§ll))2j,2 c;ix 22222 ) =wyr + wyyg (11)
& (wpcoziriecs) =+ @2
% <p§g§:}2 % 221:2 > = —wy —wyr + 2wyy (13)
% <ple)§:‘Z2 % 2(622;) = —ws +wrr — 2wy (14)
i (oo aeces)
% <;\2$2) = —qrwr — qrrwir — qrirwiir (16)

whereD; means the diffusion coefficient of specigg is the heat release in the overall reacti®i, + 20, — CO5 +
2H,0 andgq; represents the ratio of the heat release by reactiothe overall heat release.
The transport coefficients are represented only as a function of temperature accof@dig)i(pD; 1) = A/A2 =
™. Since Egs. (10) to (15) are valid around the flame, it is a good approximation t¢avg/ (pD; 2) = A/ A2 = 07,
Based on the previous analyses (Seshadri and Peters, 1988), to describe appropriately the three layers that form the
flame, the expansion of the dependent and independent variables has to follow as

Xp/Lep = 5A$,1)LL'§,1) + VA;?)QEE,?) + 5Ag§)xg’) + 0(9)
Xo,/Leo, = eAp)al) 4+ vARZE) 4 §AR2Y 4 o(d)
Xco/Leco = 514(01?)5”(01)0 + AgZ"gé + 514(0%%(3)0 + o(d)
Xu,/Lem, = sAg)xS) + I/Ag)l‘g) + 6A§3)x53) + 0(9) 17
Xmo/Lem,o = 5Aggoxg)o + VAgﬁomS)O + 5AS§OLL‘§3)O + 0(9) a7
Xco,/Leco, = 6A8§)2w8§;2 + Agj)ﬂgig + 6A$’Z2x<§i + 0(9)
Or/q—0/q = EAél)x((,l) + VAéQ)méQ) + 5Aé3)x((,3) + 0(9)
z—zy = AWy + vAP¢ + 649 + o(d)

A simple asymptotic model based on the reaction rate ratios assumes that the flame is composed by three layers. The
thickest layer is where the oxidation 6fO and H, occurs, thereby named oxidation layer. In this layer it is considered
that reactiond and/I do not affect significantly the concentrations@® and H,, except in a very thin layer, placed at
z = 2, as seen in Fig. 1b. Figure 1c shows schematically details of that layer where the reaction Il is in non-equilibrium,
named as non-equilibrium layer. Compared to the characteristic length of the oxidation, liae=non-equilibrium layer
is a infinitely thin zone. Consequently, the fluxes of the species through it are discontinuous. The jump conditions on the
fluxes are used to make the transition of the solution from z, to z = zg, but they are also employed as boundary
conditions for the problem in the non-equilibrium layer.

In the same way these two layers relate to themselves, the non-equilibrium layer relates to a very thin layer where
the fuel is consumed, named fuel consumption layer. Figure 1d depicts schematically the details of this layer. In the
characteristic length of the non-equilibrium layerthe consumption layer is infinitely thin, thus throughzt=£ z;) the
fluxes are discontinuous. Only the reaction | is important inside the fuel consumption layer. The jump condition through
the thin consumption layer, placed at= z, is used in the solution of the non-equilibrium layer and at same time as
boundary conditions for the problem of the fuel consumption layer.

Once all jump conditions are satisfied by the solution of the four layers (outer layer, oxidation layer, non-equilibrium
layer and fuel consumption layer) the flame structure becomes specified and the extinction condition is determined.

Despite the jump conditions are representative only in the local variables of each layer, they will be presented in this
section with the outer zone variables with the aim of initiating the presentation of the asymptotic procedure.

In the oxidation layer the solution of the diffusive-reactive equations must be matched with the outer structure solu-
tions, Eqgs. (6). The jump condition caused by reacfi@md/ I can be determined by imposing;; = 0 in Egs. (10) to
(16) and combining them to find? (A 1 Xr/Lr + X, + Xco)/dz* = 0. By imposing the equilibrium condition in
the reaction/ I, that leads t6Xco = 56X, ), integrating once around= z; and applying Egs.(6), it is possible to find

i XHz _ l i XCO _ Ast,l di (18)
dz Legq, . 6 \ dz Leco . 1+3Lp

_ 4 Xm
dz Lem,

~d Xco
dz Leco

2o+ 2o+
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Figure 1: Schematic pictures for the boundary conditions in the outer and inner zones. The inner zone is composed by
three layers. The oxidation layer (b) is where &€ and H, are consumed. The non-equilibrium layer (c) is where the
reaction/I is in non-equilibrium. The fuel layer (d) is where the fuel is consumed. The characteristic lengths of the outer
zone, the oxidant layer, non-equilibrium layer and fuel layer aren andd. The condition < n <« ¢ < [ is satisfied.



whereA,; ; is the sum of the stoichiometric coefficients of the spe€iésand H, related to the reactionsin the flame
zone where reactionsand// predominate over reactiaflY /. The value of the\;; ; for methane i\, ; = 2.

In thenon-equilibrium layerwhere the reactioi] is non-equilibrium, reactions and I are important to determine
the variation of the species concentrations. However,the reafti@s a significant contribution only in the fuel con-
sumption layer. The jump in the first derivative of the specigésand H, can be specified considering ; = wyr;r = 0
inside the fuel consumption layer. By combining Egs. (10) to (16) with the conditign= w;;; = 0 to find relations
among the specied?(Ag 2 Xr/Lr + Xu,/Lu,)/dz? = d*(Ax3Xr/Lr + Xu,/Lu,)/dz? = 0, integrating once
these equations and applying the conditions Eq.(6), the following jump conditions are found:

1 i XH2 _ 1 i Xco :7d7F (19)
Agi2 \ dz Lep, . Ag3 \ dz Leco .

whereA, » andA; 3 are the stoichiometric coefficients for the spedigsandCO, respectively, related to the reaction
I. For the methane),,» = 1andA, 3 =1

According to previous rate-ratio asymptotics (Seshadri, 1996), the position of the innet laygyis in the fuel side
of the stoichiometric position = z¢, thuszy > z;.

4 X,
dz Lep,

d Xco

dz Leco

ZO+ Z0+

4.1. Oxidation Layer

As previously mentioned, reactiodisand /1 are much faster than reactidii/, thus the layers where they occur are
infinitely thin. As a consequence, (Seshadri and Peters, 1988; Card and Williams, 1992a; Card and Williams, 1992b)
the concentration of the main fuel, methane, is negligible compared with the concentration of the other species. Another
consequence is the partial equilibrium of the reacfidiin the oxidation layer, that leads to

XCO/LGCO = ﬂXHz/L6H2 (20)
By introducingw; = wy; = 0 and Eq.(17) into the Eqgs. (10) to (16), the following equations are found
25, = (do,/Leo,)(axly) /2 — ) (21)
0D + qrrrado, 2’y j2Leo, = dy 22
qrrra OszQ/ €0, = 977/61 (22)
? 1) 3/2 1 3/2
g =, (axip/2 =) (23)

where it was imposeel,(zl) = A&) = Aél) =1, A(Ijz = adp,/Leo, andAg()) = fadp,/Leo,. The definition ofa is

1 {1 + (Ast1 /(1 + B)(dplen,)/(dm, Ler)
ng, |1+ (np/nm,)(drlen,)/(du, Ler)

np andny, are defined according to the outer zone stoichiometric relaligii Leo, = npy,dn,/Len, + npdp/Lep
whereny, = 1/2 andnr are the stoichiometric coefficients of the global reactibrsn O — P, andHs +np,Os —
P,. For methane, as the main fuel in the mixtute, = 2. Thea expression denominator represents the flux of oxygen
to the flame if the global reaction is considered to be the chemical kinetic mechanism. Since the numerator is similar to
the denominator, it is possible to extend the physical meaning of the denominator to the numerator. Thus, the numerator
can be thought to be the oxygen flux to the flame if the three reactions, Eq. (8), is the chemical kinetic mechanism that
represent the oxidation of the mixtufg, + F.

Equations (21) to (23) must satisfy the boundary conditions

a =

dxgi/dn = xgi = dx(olz)/dn +do,/Leo, = d9(1)/dn +d,/q=0 as n— —o0 (24)

to match with the outer zone solution in the oxidant side of the flame. In the fuel side of the flame, the inner zone has a
border at) = ° that is the same border for the oxidation layernAt n°, Eq.(23) matches with the condition

dmgi Jdn=1 atn=n" (25)
In the oxidation layer, the condition
e'Dyr =1 (26)
was imposed and

L?p3 }
Dy oWh,

DIIIE |: (27)

ksOn KL Ky P K A VP LeY  Lel)? (d02 >3/2
9;“+2XH207f Lo,
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Figure 2: The hydrogen concentratim[;)}iO and oxygen concentraticmr&)0 at the border of the flame = n°. The plots
are obtained by proper value of the parameter

The modified Damkohler numbé?;;; is determined for the temperatuté defined as
00 =0y — E(QIIIadOngio/2LeOz —dyn°/q)

The figure (2) shows the concentrations of hydrogen and oxyiggégrﬁ), = xg,; (n°) andx&?o = mgrj (n°), for some

values of the parameter. It is apparent from this figure thaiggo curves fora < 1 cross the limit of zero oxygen
concentration, an unreal result. This means that the flame can not be sustained as presented in this work. Also, insufficient
oxygen may indicate pollutant formation.

4.2. Non-equilibrium Layer

In the non-equilibrium layer, reactiof{ is not in partial equilibrium. The location of this layer is around the place
2% = z; + en®. The variation of the order aroundz/ causes variations in the properti&s;,, Xo,, Xco of the order
v. To perform the analysis of this layer (Seshadri and Peters, 1988; Card and Williams, 1992b; Card and Williams, 1992a;
Fachini and Seshadri, 2003){”’ = (1 + 3)/(1 — §) andA;) = AZ), = 1 are introduced in Eq. (17).
By substituting (17) into the system of equations (12) to (13), imposingndw;;; negligibly small and keeping the
terms of the order of, the conservation equation for tli& and H,O species are found,

= = 28
d¢? d¢? 1+ (28)
where was imposed that
V(1 +B)°Drr/(1-p) =1 (29)
and the definition oDy is
01/27-01/2+-01/2+-01/2
Diy L2p§ koK, K, XH2 X02 Leco (30)

= Dy oW, 90 m+2

The boundary condition correspondentto—~ —oo is a result of the match of the solution of this layer with the
oxidation layer solution represented by Eq. (18). By introducing (17) into Eq. (18) and collecting terms of the erder of
the conditions are found

dz$) 14 Bdoya  dxl®) B drp
2 2 = — —_— = f — — l
dC 1-pBLeo, dC ST BLep 0 TOF 67700 (31)
The boundary condition correspondent(te= 0 comes from the match of the solution of this layer with that from
the fuel consumption layer. This is accomplished by satisfying Eq. (19). Thus, by introducing (17) into Eq. (19) and
collecting the terms of the order of

dr$y) 14 Bdo,a  dal?) 146 dp

_ — —Agyg—bt— =
d¢c 1-0Leo, d¢ 31— B Ler

0 at (=0 (32)



Note that in the determination of the boundary conditions Eqgs. (31) and (32), the contifigyydz = dp, was
imposed at = z; + vn°* (or ¢ = 0%). In addition, in the determination of the boundary conditions Egs. (31) and (32),
the conditiond X ¢ /dz = 0 was imposed at = z;” + vn°* or (or ¢ = 0T), according to (Seshadri, 1996).

The solutions of Egs. (28), under the constrains established by the boundary conditions Egs. (31) to (32), lead to

X%z _ ead02 x(l) — 1 dp
Lep, Leo, H, 1—p3 Ler

(33)
For the methane oxidation given by Eq. (8),:1 =2 andAg 2 = 1.
4.3. Fuel Consumption Layer

To follow the variation of the fuel concentration inside the fuel consumption layer, the expansion given by Eq. (17) at
z = zp+¢en” and Eq. (7) are introduced into Eq. (10). By collecting the terms of the ordettieé equation that controls
the fuel consumption is found,

a2 ) )
in which it was imposed
2k + X0
b= (35)
kiLpAj
and definedD; as
12,2 KO 1/2Ko 1/2K0 XO 3/2X0 1/2
D, p5  krKy 2 3 VN, O [en (36)

D972WN2 (0 m+2 XIQIQO

The boundary conditions for Eq. (34) come from the match with the solution of the non-equilibrium layer and with
the outer solutionA;f’) = dp/Ler) respectively,

da'y) (3) day) (3)
ngxF =0 as £ — —oo, dgF =z, =1 at £ =¢9 (37)

By integrating Eq.(34) and applying Egs. (37), the value offthé? leads to

D;6% =15/8 (38)

5. Results and Conclusions

0
From Egs. (17), (21), (26), (27), (33) and (38), a relation evolvihg:};) andy” is found,

3/2 5/2
k(lszLeOZ (33(1) 0)4 Y 1 Leo,dr - 210 B 15 (LeOQdF>2 )
k?lfk'gfcg/[LGF H2 S (1 _ ﬁ)axgz 0 Lepd02 axgg 0 23/20,7/2 Lepd02

and it will be used to determine the extinction condition.

The flow configuration adopted in this work is that imposed by the two counterflowing streams towards a stagnation
plane. The fuel stream is made up by a mixture of methane, hydrogen and nitrogen and the oxidant stream is made up by
air. The details of this configuration can be found elsewhere (Seshadri and Williams, 1978).

In the counterflow configuration, the characteristic lenfjti: [ Pe'/?, wherel Pe—'/? is the characteristic length of
the viscous layer in the outer zone aRd = Lvy /A2 = Lvs/ Dy o is the Peclet number: is the gas velocity at the fuel
nozzle.

The results presented in this section are based on calculations performed for fixed valge® @im, p1v, = pava,
ve = 2(m/s), m = 0.5, Ty = Ty = 390K, ¢, = 1200J/(Kg.K) andXs = 0.035(J/m.K.s). The Lewis numbers are
LBF = 060, L€H2 = 030, L602 = 1.11, Leco = 1.10, L6002 = 139, LeHzo =0.85

Solving simultaneously Eqgs. (22), (23) and (39), the unknown properties of the prob@ermgzo and 6°) are
determined. As revealed in figure (3), the combustion of undiluted mixture of hydrogen and methane does not produce the
maximum temperature. The maximum efficiency occurs for the midtiyte= 0.03, Yo, ~ 0.40 andYy, = 0.57. The
temperature in that condition® ~ 6.8; note that forvz, = 0.05, that temperature is found fat 7, ~ 0.80. Therefore,
once determined the combustion chamber temperature operation to accomplish the pollutant emission requirements, the
concentration of methane and hydrogen can be searched to attain good ignitability of the mixture and maximum efficiency
(minimum methane consumption).
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Figure 3: Flame temperatut¥ and position of the flame bordef are presented as a function of the methane mass
fraction.

Calculations were done for lower hydrogen mass fractiop, (= 0.01,0.02), but the problem does not present
solution for these hydrogen concentrations in the mixture. This may be an indication of the use of a wrong strategy to
study the flame structure for these hydrogen concentrations.

Increasing the hydrogen mass fraction in the mixtarg,(= 0.03,0.05), the border of the flamg® moves to the
fuel side of the flame)® > 0. This result is understood taking into account that the hydrogen reaction needs less oxy-
gen than that one of the methane, thus the flame does not move to the oxygen side where the oxygen concentration is larger.
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