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Counter� ow Diffusion Flame of Methane and
Methane/Hydrogen Mixed Fuel in Supersonic Flow
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Counter� ow diffusion � ames of methane and methane/hydrogen mixed fuel, developed in the forward
stagnation-� ow region of a porous cylinder in supersonic � ow, are analyzed numerically by solving the
two-dimensional compressible Navier – Stokes equations for multispecies. In the case of methane single
fuel, an appreciable strong reaction zone or a � ame cannot be established in Mach 3 air� ow for any air
static temperature under 1100 K, and the maximum temperature coincides with the stagnation temper-
ature of air� ow. When hydrogen with high reactivity and high diffusivity is added to methane, a strong
reaction zone clearly appears and the � ame temperature increases more than the stagnation temperature
of air� ow because of the heat released by the chemical reaction. However, the � ame temperature has a
maximum around the mixing ratio of 20% hydrogen, and then the � ame temperature and mole fractions
of the reaction products for mixed fuel decreases with an increase of the mixing ratio of hydrogen.

Nomenclature
c = sonic velocity
E = vectors of convective � uxes in j direction
Ev = vectors of viscous � uxes in j direction
F = vectors of convective � uxes in h direction
Fv = vectors of viscous � uxes in h direction
J = Jacobian
M = Mach number
p = pressure
Q = vectors of conservation variables
S = vectors of source terms
t = time
U = contravariant velocity
u = velocity in the x direction
v = velocity in the y direction
x = space coordinate
y = space coordinate
h = generalized curvilinear coordinate
j = generalized curvilinear coordinate
ri = density of i species

Subscripts
i = species number
j = grid number
L = left-hand side of cell interface
R = right-hand side of cell interface

Introduction

A N understanding of the combustion mechanism in super-
sonic � ow is needed for the development of the scramjet

engine mounted on a space-plane or hypersonic transportation
system. However, a strong coupling of chemical reaction and
� uid dynamics, including shock waves, complicates the phys-
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ics. Therefore, simpli� ed models that involve essences of the
phenomena, for instance, the supersonic reactive mixing
layer,1– 4 have been investigated. Moreover, a counter� ow dif-
fusion � ame, developed in the forward stagnation-� ow region
of a porous cylinder in supersonic air� ow, has recently been
analyzed by the authors as a case including effects of a shock
wave, and they have also demonstrated the fundamental char-
acteristics of the counter� ow diffusion � ame in supersonic
� ow for the � rst time.5,6

In the study of � ames in supersonic � ow, hydrogen has been
assumed as a fuel of the scramjet engine. Although hydrogen
is probably the most suitable fuel for the scramjet engine, the
disadvantages posed by its low density and low boiling point
have been pointed out. Therefore, research on methane as an-
other possible fuel for the scramjet engine has been con-
ducted.7– 9 However, a negative conclusion has been reached
on the use of methane because of its low reactivity. For ex-
ample, numerical simulations on ignition of methane in the
supersonic mixing layer by Ju and Niioka9 showed that the
minimum temperature required of an air� ow to attain ignition
in the computational domain with a length of 16 cm was 2200
K. Enhancement of ignition and combustion characteristics of
methane are thus required. One possibility that has been in-
vestigated is the addition of another fuel such as silane10 or
hydrogen.9 An addition of hydrogen is considered a better
choice because the on-board use of silane at the present stage
entails many dif� culties. If the reactivity of methane can be
heightened by a small addition of hydrogen, methane will be-
come a strong candidate for use as scramjet engine fuel.

Accordingly, the objective of the present study is to numer-
ically calculate fundamental characteristics of the counter� ow
diffusion � ame of methane and methane/hydrogen mixed fuel
as a basic model for combustion in the scramjet engine, for
example, a fuel injection normal to supersonic airstream. In
particular, the � ame stability limit for different Mach numbers
and for different air static temperatures, considered as an im-
portant aspect in the design of the engine, is mainly investi-
gated. In the case of hydrogen,6 the increase of Mach number,
yielding high pressure in the reference � eld, and consequently,
resulting in a high reaction rate of hydrogen, broadens the
� ame stability limit. On the other hand, since a change of
pressure has little effect on the � ame stability limit of meth-
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Fig. 2 Comparison of shock standoff distances between calcula-
tion and experiments.

Fig. 1 Schematic of the � ow con� guration.

ane,11 the characteristics of methane � ame may be different
from those of hydrogen � ame.

Moreover, from the microscopic viewpoint, the � ow con� g-
uration in this paper will be connected to an elementary model
of turbulent combustion in compressible � ow-like combustion
behind a shocklet.

Formulation
The � ow� eld considered in this calculation is shown in

Fig. 1. A supersonic main air� ow coming from the in� nite
left-hand side and a fuel stream issued uniformly from a po-
rous cylinder form a counter� ow � eld behind a detached
shock wave. The simulation is conducted using the two-di-
mensional compressible Navier– Stokes equations in the gen-
eralized curvilinear coordinate for multispecies. The equations
are

­Q ­(E 2 Ev) ­(F 2 Fv)
1 1 = S (1)

­t ­j ­h

Only steady-state solutions are discussed in the following sec-
tions.

The data of speci� c heats and formation enthalpies for each
species are given by JANAF tables.12 The transport coef� cients
such as viscosity, thermal conductivity, and diffusion coef� -
cients for the species are obtained by application of the ki-
netic theory,13,14 based on the Chapman – Enskong’s theory, and
Wilke’s mixing rule15 is used for mixtures. The combustion
model by Stahl and Warnatz,16 as revised by Ju and Niioka,9

is employed in the present study. The model was applied to
counter� ow geometry and given consideration in Refs. 9
and 16. Eighteen species [O2, H2, H2O, H, HO2, OH, O, H2O2,
CO, CO2, CH, CH2, CH3, CH4, CHO, CH2O, C2H4, and
N2(inert)] and 101 elementary reactions are included in the
model.

The AUSM scheme17– 19 is used for the � nite difference of
convective terms to avoid a carbuncle phenomena that is nu-
merically instable at a shock surface. It can be expressed in
the generalized curvilinear coordinates as follows:

(c) (p)E = E 1 Ej11/2 j11/2 j11/2
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where

Uj 1 2H = (E 1 p)/r, M = , (M ) = (M ) 1 (M )j j j11/2 j L j k

c jÏ kk

1 2–6 (M 6 1) , if uM u % 14 j j
6M =j 1F G– (M 6 uM u ), otherwise2 j j

2(p/4)(M 6 1) ? (2 7 M ), if uM u % 1j j jF G
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(p/2)(M 1 uM u )/M , otherwisej j j
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The numerical code is tested for the calculation of the non-
dimensional shock standoff distances of a cylinder and a
sphere in supersonic � ow. Figure 2 shows good agreement
with the experimental data of Billig.18

Mach number M, static temperature T0, and static pressure
P0 of the air� ow, and velocity Vw and temperature Tw of the
fuel � ow are given as boundary conditions, and the diameter
of the cylindrical porous burner is kept constant at 0.01 m.
The numbers of M and T0 are chosen as the main parameters
in the analysis to obtain fundamental characteristics of the
counter� ow diffusion � ame in supersonic � ow, as well as in
the case of hydrogen single fuel.6

Results and Discussion
Effect of Air Static Temperature on Flames
of Methane Single Fuel

The effect of air static temperature on the counter� ow dif-
fusion � ame of methane single fuel is investigated � rst for
constant conditions of Mach number (M = 3.0) and pressure
(P0 = 0.01 MPa) in air� ow, and of temperature (Tw = 700 K)
and velocity [Vw = 100 m/s (Mach number is about 0.1)] in
fuel � ow. In conclusion, a strong reaction zone cannot be es-
tablished in the Mach 3 air� ow at any air T0 under 1100 K,
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Fig. 5 Dependence of the air static temperature on the maximum
mole fractions of H2O and CO2 for M = 3.0.

Fig. 4 Dependence of the air static temperature on the maximum
temperature for M = 3.0.

Fig. 3 Temperature distribution on the centerline for M = 3.0,
T0 = 1100 K, Vw = 100 m/s, and Tw = 700 K.

although the stagnation temperature was higher than the igni-
tion temperature (about 1600 – 2000 K) in the experiments by
Bier et al.,8 in which methane was injected into a hot airstream
of Mach 2. This result is acceptable if considering a high
stretch rate of the � ow� eld in Fig. 1 and a low stretch rate at
extinction for methane � ame that is much smaller than it is
for hydrogen � ame. In addition, the diffusion layer is much
thinner than that of subsonic counter� ow. Figure 3 shows the
temperature distribution in the case of T0 = 1100 K on the
centerline of the cylindrical burner. The temperature jumps up
to about 2500 K behind a detached shock wave, and increases
gradually to a stagnation point. An increase of temperature
around the stagnation point caused by heat released by the
chemical reaction cannot be seen in Fig. 3. Furthermore, it is
suggested that the very high concentration of O radical re-
solved from O2 in air� ow at such a high temperature has no
effect on the establishment of the methane � ame.

Figure 4 shows the maximum temperature for M = 3.0 in
terms of air static temperature. The maximum temperature in-
creases linearly with air static temperature, coinciding with the
air stagnation temperature. Figure 5 indicates the maximum
mole fractions of CO2 and H2O vs air static temperature. All
products and radicals have the maximum concentration around
a stagnation point where temperature and pressure become
highest, as shown in the case of hydrogen.6 Mole fractions of
products and radicals increase with air static temperature; how-
ever, they are very small. For example, the maximum mole
fraction of H2O is only 0.005, even when air static temperature
becomes 1100 K and the stagnation temperature exceeds 2600
K. The increase in fractions of products on the log scale grad-
ually weakens with an increase of air static temperature, as
seen in Fig. 5. It is obvious from these results that an increase

of air static temperature cannot form a strong reaction zone in
the Mach 3 air� ow.

Calculations are discontinued at T0 = 1100 K, because above
that point the stagnation temperature is more than 3000 K,
making it impossible to estimate heat release by the chemical
reaction, and results in more complicated problems, for ex-
ample, the dissociation of N2, which cannot be negligible.

Effect of Mach Number on Flames of Methane Single Fuel

Temperature, pressure, and � ow velocity in the shock-layer
change with Mach number of the upstream air� ow. Therefore,
both positive and negative in� uences on the � ame stability
must be caused by a change of air� ow Mach number and the
� ame mechanism must undergo major complicated changes.
The � ame stability for different � ight Mach numbers is the
most fundamental and interesting problem for the design of
the scramjet engine.

The point at the left end in Fig. 4, whose boundary condi-
tions are T0 = 800 K, P0 = 0.01 MPa, Tw = 700 K, and Vw =
100 m/s, is chosen � rst, to investigate the effect of change in
Mach number in comparison with the change of air static tem-
perature. Figure 6 shows the maximum temperature in terms
of air� ow Mach number, and Fig. 7 is the maximum mole
fractions of CO2 and H2O. An increase of Mach number of
air� ow does not cause as strong a reaction in the stagnation-
� ow region as an increase of air static temperature, even
though the range of Mach number is limited. The � ame sta-
bility limit is independent of pressure for methane � ame, in
contrast to the case of hydrogen � ame in which the stability
limit proportionately increases with pressure, as reported by
Balakrishnan et al.11 Therefore, the positive effect of an in-
crease of Mach number is only an increase of the stagnation
temperature, and so it must result in the same effect as that of
air static temperature. To form a strong reaction zone of meth-
ane single fuel, a decrease of air� ow Mach number with high
total temperature, which results in a large standoff distance of
detached shock wave and a relaxation of high stretch rate, is
desirable. However, it results in an extremely large computa-
tional domain that requires many mesh numbers and a very
long computational time, because the stand-off distance of the
detached shock wave increases nonlinearly at low Mach num-
bers.5 This dif� culty can also be simulated in the case of a
cylindrical burner with a large diameter that has the same ef-
fect as a decrease of Mach number of air� ow. Whether the
counter� ow diffusion � ame of methane single fuel can be es-
tablished in supersonic � ow is a topic for future research.

Effect of an Addition of Hydrogen to Methane

It is obvious from the previous discussion that the change
of conditions on the air side is not so effective for the for-
mation of a � ame zone with a strong reaction. Moreover, our
previous study on hydrogen6 showed that conditions on the
fuel side also had a weak impact on the � ame stability limit,
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Fig. 6 Dependence of the Mach number of the upper air� ow on
the maximum temperature in the reaction zone, for T0 = 800 K
and Vw = 100 m/s.

Fig. 7 Dependence of the Mach number of air� ow on the max-
imum mole fractions for T0 = 800 K.

Fig. 8 Temperature distribution on the centerline for H2 20%,
M = 3.0, and T0 = 1100 K.

Fig. 9 Mole fractions of products in reaction zone for the case
of H2 20%.

Fig. 10 Temperature contour around the cylindrical burner for
the case of H2 20%.

except in the case of low-speed injection. Improvement in the
reactivity of methane is an effective way to stabilize a � ame
in supersonic � ow. Therefore, the effect of an addition of hy-
drogen to methane was investigated for constant air� ow and
fuel � ow conditions, based on the assumption that the location
of the shock wave and the stagnation plane does not change
much with the mixing ratio, and therefore, does not affect com-
bustion phenomena in the case of a small addition of hydrogen.
Hydrogen has a much higher reactivity and higher diffusivity
than methane, and so the addition of a small amount of hy-
drogen to methane may cause a strong reaction in the narrow
mixing area.

When the volume ratio of hydrogen in methane/hydrogen
mixed fuel becomes 20%, the maximum temperature abruptly
increases about 100 K more than the stagnation temperature
of air� ow. The hydrogen fuel is a good source of H, OH, and
O radicals. However, the consumption of H radicals by the
reaction with methane molecules suppresses chain branching
reactions at a low mixing ratio of hydrogen.9 It can be consid-
ered that the ratio of H radicals becomes suf� cient to maintain
a strong reaction when the mixing ratio of hydrogen reaches
20%. Figure 8 is the temperature distribution at the centerline
of the cylindrical body, clearly showing the heat release zone
created from the chemical reaction. Detailed distributions of
some products (H2O, CO, CH3, and O) at each grid point are
plotted in Fig. 9 to show grid resolution, and differences of
maximum point in each mole fractions can be recognized. Fig-
ure 10 shows the temperature contours around the cylindrical
burner. This is the region where a strong reaction gradually
disappears, as the distance from the centerline becomes larger.
This is caused by a temperature decrease of air� ow caused by
thermal expansion and an increase of the � ow stretch rate orig-

inating from the acceleration of the � ow velocity along the
� ame sheet. The change of the � ame temperature and mole
fractions of species along the � ame sheet is one of the typical
characteristics of the counter� ow diffusion � ame in supersonic
� ow, as described in the case of hydrogen fuel.6

Figure 11 shows the maximum mole fractions of CO2 and
H2O on the log scale vs the volume ratio of hydrogen in mixed
fuel. These mole fractions increase rapidly with the volume
ratio of hydrogen in contrast to the results shown in Figs. 5
and 7. It is revealed that the addition of hydrogen is much
more effective for the formation of a strong reaction zone of
methane fuel in the Mach 3 air� ow than an increase of Mach
number or air� ow static temperature.
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Fig. 11 Effect of an addition of hydrogen to methane on the
maximum mole fraction of H2O and CO2, for M = 3.0 and T0 =
800 K.

Fig. 12 Dependence of the mixing ratio of mixed fuel on the
maximum temperature for M = 3.0 and T0 = 800 K.

Fig. 13 Dependence of the mixing ratio of mixed fuel on the mole
fractions of H2O, CO, and CO2 for M = 3.0 and T0 = 800 K.

Overall Features of Methane/Hydrogen Mixed Fuel

Figure 12 shows the maximum temperature as a function of
the mixing ratio of hydrogen in mixed fuel from 0 to 100%.
In this � gure, the mixing ratio was changed so that the mo-
mentum of fuel injection could be kept constant to maintain
the same location of the shock wave and the stagnation plane;
the stretch rate on the air side is also the same. The maximum
temperature increases abruptly at 20% hydrogen. The reason
is that no appreciable reaction zone can be established in Mach
3 air� ow for a mixing ratio under 20%. The behavior of tem-
perature around 20% is just as it is at ignition limit.

On the other hand, the � ame temperature decreases with an
increase of the mixing ratio of hydrogen in the range above
20%. This is a distinctive characteristic of the counter� ow dif-
fusion � ame in supersonic � ow, in contrast to the adiabatic
temperature of premixed � ame of hydrogen/methane mixed
fuel, which increases monotonically with the mixing ratio of
hydrogen. Furthermore, it is very interesting from a practical
point of view, because it is generally expected that as the mix-
ing ratio of hydrogen in mixed fuel becomes higher, the ef� -
ciency or the capacity of the engine increases. Some reasons
for this result can be considered. When the momentum of fuel
� ow is constant, the fuel velocity increases with the ratio of
hydrogen, and hydrogen has larger thermal conductivity than
methane. Heat loss to fuel side by conduction and convection
increases with the ratio of hydrogen in such a thin reaction
zone very close to stagnation plane.

Figure 13 shows the maximum mole fractions of H2O, CO,
and CO2 for each mixing ratio of mixed fuel. The mole fraction
of CO is always higher than that of CO2 because of high total
temperature. The maximum values are obtained at 20% H2, the
same as the maximum temperature.

Concluding Remarks
Counter� ow diffusion � ames of methane and methane/hy-

drogen mixed fuel in supersonic � ow was numerically inves-
tigated. The summary of present results are shown as follows:

1) A strong reaction zone of methane single fuel cannot be
established in the Mach 3 supersonic air� ow at any air static
temperature under 1100 K.

2) When hydrogen with a volume ratio exceeding 20% is
added to methane, a strong reaction zone can be established
and the temperature increases more than the stagnation tem-
perature caused by the heat released by the chemical reaction.
The maximum mole fraction of CO2 and H2O increase rapidly
with the mixing ratio of hydrogen, but only slightly with Mach
number and static temperature of air� ow.

3) The maximum � ame temperature and the mole fractions
of reaction products decrease with the mixing ratio of hydro-
gen above 20%.
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