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Supersonic combustion of methane-
hydrogen (CH4-H,) fuel in a combustion
chamber model has been studied numeri-
cally. For this purpose, a reduced Kinetic
mechanism was elaborated and integrated
into a Navier-Stokes code. The simulation
conditions corresponded to a supersonic
combustion chamber, which was previously
tested on the experimental facility LAERTE
at ONERA. Computational results on the su-
personic combustion have been obtained for
various mass fractions of H; in fuel ranging
from 20 % to 100 %.

Introduction

MBDA-France and ONERA conduct a
joint project aimed at flight tests of a hyper-
sonic demonstrator at flight Mach numbers
from 4 to 8 [1]. The demonstrator will be
powered by a scramjet engine dedicated to
the study of the drag-to-thrust balance and
validation of the design and ground test
methodologies.

Among possible fuels, CHs-H,; mixture

is considered for the demonstrator because its
chemistry is well known and its ignition and
combustion properties can be widely varied by
changing the component fractions.

Computational fluid dynamics (CFD) is
considered as one of the main means for the
scramjet performance prediction. Since CFD
codes incorporate diverse models, they must
be validated for representative test cases pro-
vided by basic studies. Some of basic super-
sonic combustion tests were realized at
ONERA on the experimental facility
LAERTE. The experimental tests were per-
formed with different fuels such as Hy, CoHa,
and CHy4-H, mixture. Experimental data on the
H, combustion [2, 3, 4] were used in several
studies for the comparison with numerical
simulation results [5, 6].

CNRS-LCSR takes part in the develop-
ment of computational models to be integrated
into CFD codes used by MBDA-France and
ONERA. CNRS-LCSR obtained a Navier-
Stokes code called MSD for this purpose.
Some corrections have been introduced into
the turbulence model to improve its perform-
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ance when simulating round compressible
jets [7]. A reduced chemistry kinetic model
was developed and incorporated into the
code MSD for the CH4-H; combustion [8].
Since the first publication, the CH,-H, chem-
istry model has been revised and refined [9].
Its application to the supersonic combustion
simulation is the subject of the present work.

Supersonic combustion experiment

The supersonic combustion experiment
was carried out at ONERA on the test facility
LAERTE. The LAERTE configuration is
shown schematically in fig. 1. The combus-
tion chamber model was connected directly
to a supersonic wind tunnel consisted of a
flame heater and a supersonic nozzle.
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Fig.1 LAERTE configuration.

The heater provided a hot flow of viti-
ated air with the following parameters: mass
flow rate of 0.65 kg/s; total temperature of
1850 K; oxygen mole fraction of 21 %. The
air flow was preheated up to 850 K in a resis-
tance heater before coming to the flame
heater, where it was enriched with oxygen
and finally heated by burning some hydro-
gen.

The nozzle created a supersonic flow
with the following design parameters: Mach
number of 2, static pressure of 0.8 bar. The
nozzle had two symmetric profiled walls and
two flat sidewalls, all cooled with water.

A water-cooled axisymmetric fuel injec-
tor was installed along the combustion
chamber axis passing through the nozzle
duct. The injector had a 6 mm exit diameter
and was designed to accelerate the fuel flow

up to Mach 2.

The combustion chamber duct, made of
refractory steel, was uncooled. It consisted of
a constant area portion with a square cross
section 45 mm x 45 mm and a divergent por-
tion with a constant width of 45 mm and a half
angle of 1.15° in the vertical plane (see fig. 1).

More details on the experimental facility
can be found in [2-4, 6].

Numerical models

Numerical simulations of the supersonic
combustion were realized by means of the
code MSD. It was developed by ONERA for
scientific and industrial applications in aero-
space propulsion. The code was previously
utilized to simulate LAERTE experiments
with H, [6] and to make predictions on the
CHa-H; supersonic combustion [8].

This paper presents simulations performed
with improved computational models and tak-
ing account for methodological considerations
discussed in [6]. The used numerical schemes
and models were described in general in [6].
Only specific features of the computational
models are addressed here.

The k-¢ turbulence model had the standard
parameter set but it was enhanced with the
Sarkar compressibility correction and a modi-
fied version of the Pope correction (for refer-
ence see [7]). The turbulence model with the
corrections was tested by simulating several
compressible inert and reacting jets [7]. Based
on the test results, the turbulent Prandtl and
Schmidt numbers were taken equal to 0.8.

The chemistry model was represented by
the reduced kinetic mechanism including 21
reactive species: CHg, Hz, Oy, CO,, H,0, H,
O, OH, HO;, H,0,, CO, HCO, CH,0, CH,,
CHjs, CH30, C,Hg, CoHs, CoH4, CoH3, CoHo.

The reduced mechanism was obtained
from a skeletal mechanism with 123 reactions.
A similar skeletal mechanism was considered
in [8] but since that publication, several im-
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provements have been made such as: updat-
ing of reaction rate parameters according to a
newer version of LCSR natural gas mecha-
nism by Dagaut [10]; introduction of pres-
sure-dependent reaction rates; revision of 3"
body efficiencies.

The skeletal mechanism was further re-
duced via the reaction sensitivity analysis.
The authors developed and applied an auto-
matic procedure for reaction elimination [9]
that identified 80 important reactions. The
reactions were tested by simulating the
autoignition in a homogeneous constant-
pressure reactor. The domain of test condi-
tions was defined as follows: pressure 0.1-
10 bar; initial temperature 1000-2000 K; fuel
equivalence ratio 0.25-4; H, mass fraction in
fuel 0-0.5.

To make the reduced chemistry model
more efficient in CFD applications, the
quasi-steady state (QSS) approximation was
applied to some reactive species. The net
production rate of a QSS species is sup-
posed to be 0 so its concentration can be de-
termined from an algebraic equation, instead
of solving a differential one. The QSS as-
sumption is valid if the contribution of chemi-
cal factors to the species mass balance is
much greater than that of convection and dif-
fusion processes, and associated chemical
time scales are much shorter compared to the
other species.

Examination of concentration profiles
and the role of species in the mechanism in-
dicated that 5 species namely H,O,, CH,,
CH30, C;Hs, and C,H3 could be assumed in
the QSS. These species have no common re-
actions thus their concentrations can be ex-
pressed explicitly though the concentrations
of non-QSS species. Computational tests
confirmed that the QSS approximation is
correct for all the 5 species.

No coupling was assumed between the
turbulence and chemical kinetics thus the re-
action rates were calculated for mean tem-
perature and species concentrations.

COMBUSTION WITH CH4-H,; FUEL

Computational cases

Simulations of the CH4-H; combustion
could be conducted only in a 2D approximation
because of limited computational resources.
Thus for the combustion chamber geometry, we
adopted a simplified approach, which consisted
in the substitution of a 2D axisymmetric con-
figuration for the real 3D shape. The duct pro-
file was adjusted to have cross-section areas
equivalent to the real geometry. The injector
configuration being axisymmetric remained
unchanged. A previous analysis of 2D and 3D
simulations of the H, combustion demonstrated
a very satisfactory general agreement with
some local differences [9].

Solutions were obtained on a fine compu-
tational mesh with a minimum cell size of
0.05 mm in both spatial directions. The main
computational domain, downstream from the
injection station, had 750 cells in the longitudi-
nal direction and 200 cells in the transversal
one, 1.5x10° cells in total.

Initial parameter profiles were obtained
from computations of the nozzle and injector
channels. Temperature distributions were im-
posed on the wall boundaries. The wall tem-
perature rose from 500 K to 1000 K along the
constant area duct and further decreased to
900 K in the divergent duct. A constant tem-
perature of 1000 K was imposed on the exter-
nal wall of the center body.

Simulations were made for 5 fuel composi-
tions. Table 1 presents fuel feed parameters
such as the mass flow rate, Gge, overall
equivalence ratio, o¢se, and calorific power,
Qrwel, depending on the mass fraction of H, in
fuel, n.

For n =1 and 0.51, the experimental mass
flow rate was taken. For the other composi-
tions, Grer Was evaluated providing a static
pressure of 0.8 bar at the injector exit. The
calorific power was estimated from the stan-
dard calorific capacities of H, and CHa.
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Table 1
n Gruel, 9/ Ofuel Qfuet, KW
1 6.2 0.307 744
0.51 8.1 0.304 694
0.4 9.5 0.330 741
0.3 10.5 0.340 147
0.2 12.0 0.357 766

The computations were conducted on a
PC cluster operating under the Linux system
with the parallel environment MPICH. One
computational job was shared between 8
processors working at 3 GHz. One simulation
needed 8000 iterations that corresponded to a
real time about 43 hours.

Results and discussion

Combustion of pure H,

The computational approach is validated
by comparing experimental and simulation
results in case of the H, combustion. Wall
pressure distributions are shown in fig. 2.
Pressure values are normalized by the total
pressure in the heater.
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Fig. 2 Wall pressure distributions at H, combustion.

The agreement between the experiment
and simulation is good indicating that the
overall heat release is predicted correctly.
Pressure fluctuations are well reproduced in

the constant area duct (x < 0.34 m) where the
pressure rises. In the divergent duct
(x >0.34 m), experimental pressure distribu-
tions feature considerably more intense fluc-
tuations than the computed ones. This fact
may be explained by a certain displacement of
the injector from the axial position and by duct
wall deformations cased by thermal stresses.

Combustion of CH4-H, fuel with = 0.51

Computational results on the Mach num-
ber, M, total temperature, T, and species mass
fractions, Ycua, YH2, Yco, Yco2, Yo, are pre-
sented in fig. 3 for the CH4-H, combustion with
n = 0.51. Parameter fields, being symmetric,
are shown only above the axis.

Within each parameter field, a white line
traces the stoichiometric surface, which re-
mains far from the axis. At x=0.8m, the
equivalence ratio on the axis is about 4.8.
These two facts indicate rather a poor overall
mixing.

The Mach number field shows that the
flow is supersonic except for some transonic
spots localized within the fuel-rich zone. One
can note also the presence of expansion waves
followed by recompression shocks, which are
generated by the center-body profile and inter-
action between the main stream and fuel jet.
The expansion and shock waves travel down-
stream producing pressure fluctuations similar
to those shown in fig. 2.

The total temperature field features several
distinct regions: cold jet core and mixing zone
around the axis (blue colors); cooled boundary
layers near the walls of the center body and
chamber duct (green colors); hot combustion
zone (yellow and red colors). The self-ignition
takes place at x ~ 0.15 m in the fuel-lean zone.
The temperature maximum then installs near
the stoichiometric surface. Expanding combus-
tion products narrow the passage for the fuel jet
and air flow and cause a noticeable decrease of
the overall Mach number in the constant area
duct.
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Fig. 3  Computed parameter fields corresponding to the CH4-H, combustion with n = 0.51.
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The mass fractions of CH, and H; have
similar fields. However Ycns decreases more
rapidly in the fuel-rich zone because of faster
thermal decomposition and partial oxidation
of CHjy. It is not seen in fig. 3 but it was pre-
viously found that H, is consumed preferen-
tially in the fuel-lean zone before the ignition
[11].

CO, one of the most abundant intermedi-
ate species, mainly forms in the fuel-rich
zone. Then CO is consumed by reactions pro-
ducing CO, whose maximum concentration is
near the stoichiometric surface. The maxi-
mum of H,O is in the fuel-rich zone where O,
is fully depleted. Formation of CO, and H,O
provides major exothermic effect so that the
hot zone in the total temperature field corre-
sponds to the superposition of the zones with
high concentrations of these species.

From a close examination of the Ynzo
field, one can find out the beginning of H,O
production at x ~ 0.1 m, i.e. somewhat earlier
than the quick rise of the total temperature.
This fact indicates that in the fuel-lean zone,
where H, is preferentially consumed, the H;
oxidation causes some thermal effect.

From the experimental measurements of
the wall pressure, we estimated the ignition
distance and found it close to the simulation
result. The experimental data on the CH4-H,
combustion are not available for the publica-
tion so we do not illustrate them.

Effect of the fuel composition

Computed distributions of the wall pres-
sure are presented in fig. 4 for the five fuel
compositions given in Table 1.

The same simulations are represented in
fig. 5 by distributions of the maximum total
temperature Timax and mass-average total
temperature Tiar, Which illustrate the com-
bustion process development.

When the CH, fraction in fuel increases,
the ignition delay first grows by 50%
(n =0.51), then it doubles (n =0.4) and tri-

ples (n = 0.3). Atn = 0.2, there is no ignition at
all. This last observation contradicts the results
of the previous simulations [8, 11] that showed
the presence of combustion at n =0.2. This
disagreement is because of different boundary
conditions and computational meshes. In the
previous simulations, the walls were supposed
adiabatic including the center-body wall, in ad-
dition the mesh was significantly coarser. Both
factors can effectively accelerate the simulated
ignition process. Problems associated with the
boundary conditions were addressed in [6].
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Fig.4  Wall pressure distributions at various 7.
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Fig. 5 Distributions of maximum and average total
temperatures at various n.

The curves of Timax indicate that the com-
bustion starts later at smaller n, nevertheless
Tt max gets to the same final level.

The wall pressure distributions follow the
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overall heat release illustrated by the evolu-
tion of Tiavr. At =1, the wall pressure at the
duct end is higher than at n = 0.51 by several
reasons: greater Qger; more complete mixing;
faster formation of combustion products due
to the rapid chemistry. When m decreases
from 0.51 to 0.2, the available calorific power
grows, but the final pressure level is practi-
cally constant being in agreement with the av-
erage total temperature. A detailed analysis
shows, that the efficiency of fuel mixing and
fuel chemical consumption are practically the
same. However the process of combustion
product formation becomes less intense (ef-
fects of slower chemistry and duct expansion)
and the residence time after the ignition de-
creases as well. As a result, the growth of the
available calorific capacity is compensated by
the reduction of the combustion efficiency.
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