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1 Introduction

To ensure a correct description of the combustion process in a liquid rocket engine (LRE), validated chem-
istry is required as well as adequate thermochemistry and transport properties suitable for high-pressure
conditions. In the literature, the kinetic schemes describing the combustion of methane with air are well val-
idated at low-pressure, see for example the considerable work carried out on the GRI3.0 [15] mechanism,
but studies remain scarce for higher pressure levels [12, 15, 20]. The present work concerns the design of
the future European rocket which will require the use of methane as fuel and pure oxygen as oxidizer [11],
for a pressure in the combustion chamber greater than 5.0 MPa. The RAMEC mechanism [12] or the one
developed by Zhukov and Kong [20] can be used for such extreme thermodynamic conditions. However, the
number of chemical species involved makes the numerical simulation of detailed or skeletal kinetic mech-
anism highly prohibitive [2, 3] in the case of high performance computing. As a consequence, a reduced
CH4/O2 combustion mechanism has been recently designed [10] from RAMEC kinetic (38 species and 190
reversible reactions) [12] using the ORCh procedure [9]. The performances of this reduced mechanism (17
species and 44 reversible reactions) were examined through the computation of canonical cases to recover
auto-ignition delays as well as the structure of laminar premixed and non-premixed flames, obtained with the
detailed chemistry. A more severe test case, consisting in simulating the evolution of a O2-CH4 premixed
flame in a homogeneous isotropic turbulent (HIT) environment at 56 bar, was also successfully performed.
In the present study, the reduced chemistry is evaluated on a O2-CH4 non-homogeneous high-pressure mix-
ture. Such a situation is closer to the cases encountered in real LRE where the methane is injected separately
from the oxygen by means of a coaxial injector. In non-homogeneous mixtures, triple flames appear, which
is a severe setup for testing the accuracy of reduced kinetic schemes over the entire range of equivalence
ratio.

2 Configuration and Numerical Setup

Simulations are performed with the numerical code SiTCom-B [1, 6], which solves the conservation equa-
tions of species mass fractions, with complex molecular transport properties, momentum and total sensible
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energy in their fully compressible form over the structured mesh in a finite volume formulation resorting
to a skew-symmetric-like scheme for the convective fluxes [4] and to a fourth-order centred scheme for the
viscous and diffusive fluxes. An addition of second and fourth-order artificial dissipation terms [16, 17, 19]
is used to overcome spurious oscillations [13]. Time is advanced with a fourth order Runge-Kutta scheme.
Navier-Stokes characteristic boundary conditions [13] are applied to describe in/outflows. Code accelera-
tion for the calculation of chemical source terms follows the recommendations of [3].
The fully coupled conservation equations are thus summarized:

∂U

∂t
+
∂F j

c

∂xj
+
∂F j

d

∂xj
= S (1)

where the vector of conservative variables (U ), the conservative variables flux vectors (F j
c ), the diffusive

fluxes (F j
d ), and the source term vector (S), are expressed as,

U = [ρui, ρE, ρYk]
T , (2)

F j
c = [ρujui + δjip, ρujE + ujp, ρujYk]

T , (3)

F j
d = [−τij ,−uiτij + qj ,−ρVk,jYk]T , (4)

S = (0, ω̇E , ω̇k)
T . (5)

ui are the velocity components, E is the total non chemical energy decomposed as the sum of sensible
energy and kinetic energy. Yk is the kth chemical species in a pool of Nsp species. τij is modeled with
the Newtonian viscous stress tensor, and qj , the jth component of the heat flux vector, is given for a multi-
component flow in [7]. ω̇k is the chemical rate of species k and ω̇E , the heat release due to combustion. To
complete the above set of equations, the Soave-Redlich-Kwong (SRK) equation of state (EoS) is used

p =
ρRuT

W − bρ
− ρ2aα(T, ω)

W (W + bρ)
, (6)

instead of the ideal EoS, which is unable to predict correctly dense fluids. Eq. (6) links pressure, p, temper-
ature, T and density, ρ. Ru is the universal gas constant and W the molecular weight of the fluid mixture,
W =

∑Nsp

k=1XkWk withXk the mole fraction of species k (amongNsp species). The Van der Waals mixing
rules are used for mixtures:

aα =

Nsp∑
i=1

Nsp∑
j=1

XiXj
√
αiαjaiaj(1− κij) and b =

Nsp∑
i=1

Xibi. (7)

κij is the binary interaction coefficient. The constants ai (attractive forces), bi (co-volume of particles) and
αi are determined from universal relationships [14], involving the critical temperature and partial pressure
of species k, Tck and pck , respectively, as well as the acentric factor. The evaluation of such coefficients
at high pressure is based on kinetic theory considerations for dense gas mixtures. They are expressed as
Dbin

kl = Fc ×Dbin,◦
kl , with Dbin,◦

kl , the binary diffusion coefficients at standard pressure given by the kinetic
theory of dilute gases [8], i.e. using polynomial fits, or coming from the empirical correlation of Fuller
et al. [5, 14]. Fc is a correction factor that takes into account for volume effects. Using the Takahashi
approach [18], the scaling factor Fc is tabulated as a function of the reduced temperature and pressure.
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3 Results

The reduced chemistry proposed in [10] was used to follow the evolution of a premixed flame over time,
but without any chance of observing non-premixed combustion. However, this combustion regime is that

Figure 1: Temporal evolution of O2/CH4 combustion at 56 bar. Row #1: TCH4 = TO2 = 300 K, HIT off, 1
blob. Row #2: TCH4 = TO2 = 300 K, HIT on, 1 blob. Row #3: TCH4 = TO2 = 300 K, HIT on, multi-blob.
Row #4: same as Row #3, comparison between reduced (green) and detailed (blue) chemistry on the heat
release rate (line for HRR = 2e13). Row #5: TCH4 = 288 K, TO2 = 85 K, HIT off, 1 blob. Stoichiometric
isoline in pink.

expected in the context of combustion in LREs, and one way of approaching this reality, but keeping a
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feasible configuration in order to validate the new reduced scheme, is to consider one (or more) blob of
methane surrounded by oxygen, and analyze the flame propagation mode once the mixture is ignited. A
triple flame must thus appear, i.e. a non-premixed reaction zone will separate the lean premixed branch
located on the oxygen side from the rich premixed branch located on the methane side. This benchmark
will thus be decisive in the validation of the reduced kinetic scheme. In Fig. 1, a pocket of methane having
a diameter of 3.0× 10−5 m is fired using a hot spot of diameter 1.5× 10−5 m. A two-dimensional uniform
structured mesh is used (box 0.15 mm long) and each direction is discretized with 600 mesh cells, i.e. the
mesh resolution is 0.25 µm. The pressure is set to 56 bar.
In Row #1, a twin flame spreads all around the pocket of methane from right to left before merging again.
Each flame has three reaction zones, clearly visible on the field of heat release rate: one is on the methane
side, the other one on the oxygen side, and the latter between the two first and located on the stoichiometric
isoline and corresponding to a diffusion flame. The field of temperature develops around the pocket of
methane and reach a value close to the one observed in 1D counterflow flames. The addition of turbulence
(HIT parameters are similar to those used in [10]) to the velocity field (Row #2) results in multiple triple
flames which follow the pockets of methane that break away from the initial methane blob. The complexity
of the flow is exacerbated when multiple methane blobs are added to the turbulent velocity field (Row #3).
Here again, triple flames appear and disappear locally according to the local composition of methane and
oxygen. This case has been simulated with both reduced and detailed chemistry and a good comparaison can
be observed in Row #4 on the heat release rate. The flame front location found with the reduced chemistry is
somewhat delayed in time compared to the one found with the detailed chemistry. This behavior has already
been observed in [10] on the simulation of premixed flames. Finally, in Row #5, when firing the dense
(ρ ≈ 1200 kg/m3) and cryogenic (TO2 = 85 K) oxygen, Rayleigh-Taylor-like instabilities, i.e. instabilities
due to the difference in density of two fluids, appear prior to the flame propagation. Such instability is
initiated by the pressure wave resulting from the addition of the hot spot to the cold flow at ignition. The
flame propagation is similar to the one observed in Row #1 with a twin triple flame developing around the
methane pocket. However, the propagation velocity is modified due to the fact that the flame is unable to
surround the methane pocket, i.e. to follow the pseudo interface separating the oxygen from the methane.
Rather, the flame pushes the dense blob to the left while consuming it.

4 Conclusion

The good performance of the reduced scheme proposed by Monnier and Ribert in [10] is evaluated on non-
homogeneous O2/CH4 mixtures at high-pressure. When firing such mixtures, triple flames appear separating
the methane blob from the surrounding oxygen. The behavior of the reduced scheme is compared with the
results obtained using the detailed kinetic from which it was created. A very good agreement is observed on
a configuration where multi-blob of methane interact with oxygen in a turbulent environment. Finally, when
decreasing the temperature of the oxygen up to 85 K leads to the appearance of instabilities of Rayleigh-
Taylor type which modify the propagation velocity of the resulting triple flame.
The present study shows that the reduced chemistry of Monnier and Ribert can be used to simulate high-
pressure non-premixed flames.
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