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1. Introduction
Large-eddy simulations (LES) or direct numerical simulations (DNS) have been con-

sidered a more attractive approach than Reynolds-averaged Navier-Stokes simulations
(RANS) for the prediction of unsteady flow features. In addition to the RANS simula-
tions, we have performed a two-dimensional (2-D) DNS for the combustion flow fields of
a GOX/GCH4 single injector, while introducing a detailed chemical kinetic mechanism for
resolving an interaction between unsteady fluid dynamics and chemical reactions. The
detailed unsteady flow structures obtained during the summer program are presented
below.

2. Numerical method
2.1. Governing equations

The governing equations are the two-dimensional Navier-Stokes equations with the
mass conservation equations of each chemical species in a curvilinear coordinate sys-
tem and a thermally perfect gas is assumed, which are written as follows:

∂ρ

∂t
+∇ · (ρu) = 0, (2.1)

∂(ρu)

∂t
+∇ · (ρu ⊗ u + pδ − τ ) = 0, (2.2)

∂E

∂t
+∇ · [(E + p)u − τ · u + q] = 0, (2.3)

∂(ρYs)

∂t
+∇ · (ρYsu − ρDs∇Ys) = ω̇s, (2.4)

p = ρR

N∑
s=1

Ys
Ms

T, (2.5)

where ρ is the density, u is the velocity vector, p is the pressure, δ is the unit tensor, τ
is the viscous stress tensor, E is the total energy (E = ρe + 1

2ρu · u), q is the heat flux
vector, e is the internal energy, Ys is the mass fraction, Ds is the diffusion coefficient, ω̇s
is the production rate of each species s. R is the universal gas constant (R = 8.314 J
mol−1 K−1), T is the temperature, and Ms is the molar mass of each species. Here the
subscript s = 1 ∼ N where N is the total number of species.
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The single component viscosities and binary diffusion coefficients are calculated by
the standard kinetic theory expression of Hirschfelder [1], and the single component
thermal conductivities are calculated by Warnatz’s model [2]. For mixtures, the thermal
conductivity is modeled with the formula of Mathur et al. [3], and analogous to the ther-
mal conductivity, the mixture-averaged viscosity is purposely modeled with an empirical
approximation [4] for the low computational cost. The mixture diffusion coefficient Ds is
given by a mixture-averaged model based on Fick’s Law [5,6]. The Dufour effect for the
heat flux, the Soret effect and the pressure diffusion for the diffusion flux are neglected
in this study.

The fluid and chemical reaction parts in the governing equations are solved separately
in the time integration. The fluid parts in Eqs. (2.1) – (2.4) are integrated under the
assumption that the chemical reactions are frozen, ω̇s = 0 in Eq. (2.4), whereas the
chemical reaction parts are treated under the assumption that the volume and internal
energy of fluids are constant. Thus, the governing equations for the chemical reactions
are derived as follows:

ρ
dYs
dt

= ω̇s, (2.6)

ρcv
dT
dt

= −
N∑
s=1

esω̇s, (2.7)

where es is the internal energy of each species and cv is the specific heats at a con-
stant volume. The spatial derivatives in Eqs. (2.1) – (2.4) are neglected in the chemical
reaction part.

CHEMKIN-II libraries [7, 8] are used to evaluate the variables related to thermody-
namics, transports, and chemical reactions. Primitive variables such as the temperature,
mass fractions, and pressure are exchanged between the fluid equations (2.1) – (2.4)
and the chemical reaction equations (2.6) and (2.7) at each time step.

2.2. Numerical methods for the fluid part
For the Navier–Stokes equations without chemical reaction terms, the numerical flux is
evaluated using the Harten–Lax–van Leer–Contact scheme [9] with a modification [10].
Higher-order spatial accuracy is achieved using the Monotone Upstream Centered
Schemes for Conservation Law with primitive variable interpolation and a minmod lim-
iter [11]. Velocity reconstruction by Thornber et al. [12] is applied to the reduce numer-
ical dissipation introduced by low Mach number features. The viscous, heat conduc-
tivity, and diffusion terms are evaluated by the second-order central differencing. The
time integration is performed with the third-order total variation diminishing Runge–Kutta
scheme [13]. In this study, no sub-grid scale model is used, i.e., the coupling between
the fluid and chemical reaction terms is expected to be resolved with computational
grids.

2.3. Numerical method for the chemical reaction part
A robust and fast explicit time integration method [14] is used to efficiently conduct the
time integration of the reaction equations (2.6) and (2.7) while overcoming possible stiff-
ness. The method is based on a quasi-steady-state assumption and a general formula
that preserves conservation laws for any integration operator. The performance and ac-
curacy have been comprehensively validated with zero-dimensional ignition problems



GCH4/GOX single element combustion chamber: unsteady simulations 153
L

HGOX

GCH4

GCH4

Equilibrium gas

y

x

(a) Computational domain

O2

CH4

d1 d3d2

CH4

LOX post

(b) Injector

FIGURE 1. Schematic of dimensions for injector and computational domain (not to scale)

mm

GOX internal diameter, d1 4
GCH4 internal diameter, d2 5
GCH4 external diameter, d3 6
GOX post wall thickness 0.5

Domain hight, H 12
Domain length, L 250

TABLE 1. Dimensions for injector and computational domain.

under various conditions [14]. These numerical techniques have been successfully ap-
plied to various compressible reactive flow simulations [15–17].

3. Computational conditions
In this study, a two-dimensional (2-D) rectangular domain without a nozzle or injector

is considered, which is reduced from the original three-dimensional (3-D) combustion
chamber geometry. As shown in Fig. 1, gaseous oxygen is injected from the inner tube,
which is surrounded by gaseous methane injected from the outer tube. Table. 1 shows
the dimensions for the injector and computational domain shown in Fig. 1.

The chamber pressure is set to 2 MPa as a target combustion pressure. It is assumed
that the chamber is initially filled with the equilibrium gas, which is determined using
NASA-CEA2 [18] with a stoichiometric condition for methane/oxygen and a tempera-
ture of 300 K at constant pressure and enthalpy. The high-temperature equilibrium gas
initiates the ignition of methane/oxygen injected into the chamber. The injection con-
ditions are presented in Table. 2. The injection velocity is obtained from a preliminary
result using a RANS simulation, in which the complete 3-D geometry of the injector and
chamber is simulated. An adiabatic wall is assumed with a non-slip velocity condition for
the inlet, upper and lower walls, although it is not expected that the wall boundary layer
is fully resolved by the computational grids used in this study. A non-reflecting boundary
condition [19,20] with a mean pressure of 2 MPa is applied to the outlet boundary.

The baseline grid used in the following discussion consists of 607×481 grid points with
a minimum grid spacing ∆smin of approximately 25 µm. Note that a grid convergence
study preliminarily conducted with four different minimum grid resolutions ranging from
18 to 50 µm demonstrates that the baseline grid resolution is sufficient for resolving
combustion flow features such as methane/oxygen non-premixed flame dynamics or
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p, MPa T , K u, m/s

GOX for inner jet 2 300 150
GCH4 for outer jet 2 300 170

TABLE 2. Injection conditions.
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FIGURE 2. Error functions with Cε = 2 used for the inlet profiles.

quenching behaviors discussed in the following section. The Courant-Friedrich-Lewy
number is set to 0.6, which corresponds to a physical time step size of approximately
1× 10−8 s with a minimum grid spacing of 25 µm.

The profiles of pressure, temperature, and mass fractions of species at the inlet are
smoothly generated in the y direction using an error function,

f(∆h) = erf (∆h/(Cε∆smin)) , (3.1)

where ∆h is the distance from the center of the GOX jet and Cε is the adjustable pa-
rameter Cε = 2.0 is used unless otherwise noted. An example of the error function at
the inlet is shown in Fig. 2. The present study also uses an adjustable parameter of
Cε = 0.0, i.e., a flat inlet profile, to investigate the effects of inlet profiles on combustion
flow fields, which is discussed later.

A detailed reaction mechanism of methane, which consists of 33 species and 150
reactions, is used for calculating the reaction rate in eq. (2.4). The present mechanism
is carefully reduced by DRG [21] from the original one of 68 species and 334 reactions
generated by KUCRS [22], and it has been thoroughly confirmed that prediction accura-
cies for ignition delay and the laminar flame velocity are almost identical to those of the
original mechanism under various conditions.

4. Results
4.1. Overall combustion flow fields

Figure 3 shows an instantaneous combustion flow field with the temperature and mass
fractions of CH4 and O2. Non-premixed flames are generated between CH4 and O2 and
are initiated by the presence of high-temperature equilibrium gas that initially occupies
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FIGURE 3. Instantaneous combustion flow fields at t = 8.071× 10−4 s from the injection.

the chamber. Two large recirculation regions are established in the upper and lower
corners near the injector inlet, in which non-premixed flames and unburnt CH4 are cap-
tured and introduced. Hence, a high-temperature recirculation region is established in
the corner, along with an enhanced rate of thermal decomposition of the unburnt CH4

(see Fig. 3(b)), which is generally difficult to simulate using RANS assumptions. Strong
unsteadiness is only observed in the recirculation regions near the injector inlet between
x = 0.0 and 2.0, while high-temperature burnt gases steadily flow through in the down-
stream region. Thus, the discussion below is focused on detailed flow structures near
the injector inlet.

4.2. Detailed unsteady behavior near the injector

Figures 4(a) and 4(b) show two views of the temperature distributions, while highlighting
detailed unsteady behaviors near the injector inlet. It is shown that the non-premixed
flames between the CH4 and O2 jets are initiated in the recirculation regions formed
behind the LOX posts, to which unburnt CH4 and O2 are steadily supplied. While the
non-premixed flames are continuously generated behind the LOX posts, the flames in
the downstream region split intermittently like vortex shedding phenomena behind a
cylinder. This is mainly caused by unsteady behavior, not just from the jet instability
but also from the recirculation flow in the corner. The mass fraction of CH4 in Fig. 4(c)
demonstrates that most of the CH4 jet is captured and introduced into the recirculation
region in the corner, and the rest of the CH4 flows along the walls towards the down-
stream region. Since the flames between the CH4 and O2 jets exist stably under the
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(a) Temperature at t = 1.151× 10−4 s (b) Temperature at t = 2.495× 10−4 s

(c) Mass fraction of CH4 at t = 2.495 × 10−4

s
(d) Mass fraction of O2 at t = 2.495× 10−4 s

FIGURE 4. Representative contours in a stable combustion case.

present conditions, it is confirmed in Fig. 4(d) that the majority of the O2 jet is naturally
used in flame generation and therefore little O2 leaks into the upper and lower regions.

4.3. Unstable combustion mode
While stable combustion is observed under the current conditions, an additional simula-
tion was also performed to investigate the effects of inlet conditions on combustion flow
fields of a coaxial-type injector. Here a sharp profile is intentionally generated at the inlet
with an adjustable parameter of Cε = 0.0, in order to assume the jet injection with a very
thin boundary layer. Only the inlet profile is modified, while the other conditions are kept
the same as in the previous simulation.

Figure 5 shows a sequential view of the temperature distribution near the injector inlet.
Although the non-premixed flames are initially generated between the CH4 and O2 jets,
it is shown in Fig. 5(b) that the lower flame behind the LOX post first disappears followed
by the disappearance of the upper flame in Fig. 5(c). Once the flames disappear, some
of unburnt O2 jets are able to mix with unburnt CH4 in a low-temperature state due to
the absence of high-temperature flames. As a result, the premixed CH4/O2 gases are
partly produced in the combustion chamber. Since these premixed CH4/O2 gases are
surrounded by high-temperature gases initially generated and captured in the recircu-
lation region in the corner, autoignition of the premixed gases eventually takes place at
several locations with certain ignition delay times, possibly generating strong pressure
waves in the combustion chamber. Thus, as shown in Fig. 5(d), the resulting combustion



GCH4/GOX single element combustion chamber: unsteady simulations 157

(a) t = 0.8573× 10−4 s (b) t = 1.1124× 10−4 s

(c) t = 2.1104× 10−4 s (d) t = 3.5050× 10−4 s

FIGURE 5. A sequential view of temperature distributions in an unstable combustion case.

flow field seems very unstable and fluctuating compared to the previous one, although
quantitative analysis is required. Nevertheless, the present result indicates that, in a
coaxial-type injector system, the disappearance of non-premixed flames between the
fuel and oxidizer can be a trigger for an unstable combustion mode through the produc-
tion of premixed gases and autoignition. At this point, although the detailed mechanism
behind the disappearance of the flames remains unclear, it seems that strong mixing
due to the sharp inlet profile, i.e., the thin boundary layer, induces much incursion of the
low-temperature jets into the recirculation region behind the LOX post, which weakens
the flame sustainability in the recirculation region.

5. Conclusions
A 2-D DNS simulation is performed for a CH4/O2 coaxial injector using detailed chem-

ical kinetics with the compressible Navier-Stokes equations, where the fluid dynam-
ics and chemical kinetics are fully coupled. The result shows that the relatively high-
temperature and CH4-rich recirculation region is established in the upper and lower
corners, unlike in the case of the RANS simulations. The result, with a sharp inlet pro-
file, interestingly shows the generation of an unstable combustion mode, which is not
observed with a smooth inlet profile and RANS simulations. It is shown that the dis-
appearance of non-premixed flames behind the LOX post is a trigger for the unstable
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combustion mode through the production of partly premixed gases and the generation
of autoignition at several locations in the combustion chamber. The resultant combus-
tion flow field is very unstable and fluctuating. The disappearance of the flames may
be caused by strong mixing in the recirculation region behind the LOX post due to the
sharp inlet profile.
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