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Combustion Modeling Study for a GCH4/GOX
single element combustion chamber: Steady

State Simulation and Validations
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1. Introduction
Oxygen/methane is a very attractive propellant combination for the rocket propulsion

of spacecraft because it provides a specific impulse improvement of several dozen sec-
onds compared with storable propellants. The LOX/LCH4 combination may be said to
be “space storable” (liquid temperature is 90 K-130 K depending on tank pressure).
With passive thermal protection, boiling rates of methane are significantly lower than
those of hydrogen. Another significant advantage is the absence of human health risks.
Therefore, the investigations of this research field in recent decades have focused on
the application of methane for propulsion in space [1-3]. Improving our knowledge of
heat transfer processes and cooling methods in the combustion chamber is crucial to
develop high-performance liquid rocket engines.

Within this framework, an experimental test campaign was performed at TUM on a
gaseous oxygen (GOX)/gaseous methane (GCH4) shear coaxial single-element injector,
and wall heat transfer characteristics were discussed. Numerically, steady state and un-
steady simulations were performed. The steady state simulation for Reynolds-averaged
Navier-Stokes simulations (RANS) was used to reproduce the combustion pressure and
wall heat flux distributions, and the results were compared with experimental data. In ad-
dition, the different combustion models were compared with each other to improve the
understanding of the heat transfer and flame structure. The focus of the unsteady sim-
ulation was the flame structure near the face plate. The unsteady simulation results are
provided in a separate report. To accurately predict heat transfer properties in an actual
thrust chamber of a specific size, a simulation tool based on RANS is a prerequisite
from an engineering perspective. The simulation code in this study was validated by a
comparison with experimental heat flux data in actual H2/O2 thrust chambers with single
and multi-injections [4-6]. This simulation code was applied to a combustion simulation
of the GOX/GCH4 coaxial single-element injector.

2. Experimental and Numerical Setup
2.1. Experimental Setup

The test campaign described in this study was performed at TUM [7]. A single-element
injector combustion chamber was used, featuring the same injector design and chamber
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FIGURE 1. Single-element injector combustion chamber and details of injector configurations

O/F Mass �ow rate
of O2

Mass �ow rate of
CH4

Temperature of
O2

Temperature of
CH4

- [kg/s] [kg/s] [K] [K]

2.65 0.045 0.017 278 269

TABLE 1. Inlet conditions.

contraction ratio as those of experimental multi-injector combustion chambers, to un-
derstand the injector-wall interaction. The combustion chamber has a 12 mm side cross
section and a length, up to the throat, of 303 mm. Figure 1 shows the configuration of the
single-element injector combustion chamber. Table 1 shows injection conditions for the
static firing test. These parameters were used as boundary conditions for the numerical
simulation.

2.2. Computational Setup
The numerical simulations in this study were performed using the density-based solver
CRUNCH CFD, which was developed by Combustion Research and Flow Technology
(CRAFT Tech) [8]. CRUNCH CFD is an unstructured/multi-element flow solver based
on a cell-vertex method [9, 10]. The governing equations are the three-dimensional
(3D) compressible Favre-averaged Navier-Stokes equations. Inviscid fluxes are calcu-
lated using a second-order linear reconstruction procedure based on a total variable
diminishing scheme. Viscous fluxes are computed by estimating gradients at cell faces.
The standard high Reynolds number k -ε and k -ω SST turbulence models [11] are used.
The near-wall treatments of k -e model are based on the damping function [12] and the
two layer model [13]. For time integration, an implicit solution procedure is employed,
allowing for Gauss-Seidel or generalized minimal residual solver options with a pre-
conditioning matrix using a distance-one neighbor bandwidth [10]. For the combustion
model, laminar finite rate model with a skeletal chemical reaction set of CH4/O2 pro-
posed by DLR is used. This model includes 21 species and 97 chemical reactions. As
more attractive method for the computational cost, flamelet model is selected. To un-
derstand the difference between the laminar finite rate model and flamelet model, the
simplest option which is laminar equilibrium chemistry is chosen. The result using the
flamelet model was compared with that using the laminar finite rate model.

Figure 2 shows the 3D computational domain with boundary conditions. Moreover
the figure shows the magnified views of the computational grid for several regions. In
this case, a symmetry condition is assumed in the circumferential direction, and only a
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FIGURE 2. Computational grid and boundary conditions for the square thrust chamber with a
single-element injector

quarter of the chamber is simulated. The number of computational grid points is approx-
imately 3 million, in which the y+ of the near-wall grid is about 0.1 along the entire region
and 15 grid points are used on the GOX post. Grid resolution studies are performed to
satisfy grid convergence for the wall heat flux using 2, 3, and 5 million grid points. The
computational grid with 3 million grid points is used in this report. For boundary condi-
tions, the supersonic outflow condition is imposed on the nozzle outlet, and the mass
flow rate and static temperature of CH4 and O2 are specified at inlet boundaries for each
fluid, as shown in Table 1, and thus, the chamber pressure obtained by the computa-
tion can be compared with the experimental value. A no-slip and isothermal wall with a
temperature distribution estimated from the experiment is applied to the thrust chamber
wall. For the other walls, no-slip and adiabatic conditions are imposed.

3. Results
3.1. Validations

In this section, comparisons between the simulation results and experimental data are
presented. The k -ε turbulence model with the two-layer model [13] and the laminar finite
rate model were selected for the comparison as turbulence and a combustion models,
respectively. Figure 3 shows a comparison of pressure profiles on the chamber wall
between the experimental data and simulation results, as well as the temperature dis-
tribution in the thrust chamber. The experimental data shows a steep rise from point 1
and 2 near the face plate and then a gradual decrease. The final two points at the end
of the chamber show the same pressure level. These characteristics of the pressure
distribution can be explained using the temperature distribution in the thrust chamber.
The steep rise of the pressure distribution corresponds to the low temperature region
at the corner, where recirculation occurs. The diffusion flame starts from the GOX post.
The high temperature region, which corresponds to the diffusion flame, extends grad-
ually. On the other hand, the low temperature region, which corresponds to the GOX
core, narrows gradually. Moreover, combustion in the diffusion flame gradually induces
a pressure drop along the axis. Therefore, because the final two points in the experimen-
tal data have the same pressure level, it can be inferred that combustion has already
done. In the simulation results, the pressure does not show a flat profile at the end of the
combustion chamber. This means that the GOX core length in the experiment is shorter
than that in the simulation. In addition, the combustion pressure in the simulation result
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FIGURE 3. Temperature distribution and pres-
sure profiles on the wall for the experimental
data and simulation results

FIGURE 4. Heat flux profiles for the
experimental data and simulation results

is 2.75 % lower than that in the experimental data. This tendency is consistent with the
prediction of the GOX core length.

Figure 4 compares the heat flux distributions along the center line of the chamber wall
for the experimental data and simulation results. The simulation results underestimate
the value near the faceplate and overestimate it at the end of the combustion chamber. In
the middle of the combustion chamber, the simulation results recreate the experimental
data very well. The total wall heat flux of the simulation results is 2% higher than that of
the experimental data. This tendency is consistent with the prediction for the combustion
pressure. Based on the above discussion, it appears that there is a shortage of heat
release near the face plate. To improve heat flux estimation near the face plate, the
mixing between GCH4 and GOX in that region is important. Increasing heat release
near the face plate induces a shorter GOX core and flattens the heat flux distribution at
the end of the combustion chamber.

3.2. Effects of turbulence and combustion models

In this section, using the simulation results for the GCH4/GO2 single-element injector,
the effects of the turbulence and combustion models are discussed. Figure 5 shows the
temperature distributions in the thrust chamber and the pressure profiles of the simula-
tion results using k -ε with the near-wall treatments [12], k -ε with the two-layer model [13],
and k -ω SST [11]. The temperature distributions between k -ε with the near-wall treat-
ment and k -ε with the two-layer model are almost identical. This is because the damping
function only affects the flow field near the wall. On the other hand, turbulence models,
such as k -ε and k -ω in this study, have an effect on temperature distributions. The low
temperature region on the center line, which indicates the GOX core, reaches the throat
position in the results for k -ω SST. The combustion pressure levels are different but the
shapes of the pressure distributions are almost identical qualitatively, e.g., the steep rise
near the face plate and then a gradual decrease. The combustion pressure of k -ε with
the two-layer model is slightly higher than that of k -ε with the near-wall treatment. This
difference is discussed with the heat flux distribution shown in Fig. 6. The combustion
pressure of k -ω SST is the lowest among the three turbulence models. In other words,
the combustion efficiency in the result for k -ω SST is lower than that for k -ε because



GCH4/GOX single element combustion chamber: Steady Simulations 145

FIGURE 5. Temperature distributions and
pressure profiles

FIGURE 6. Wall heat flux distributions along
the center line of the combustion chamber

combustion does not finish at the end of the chamber, as shown in the temperature
distribution.

Figure 6 shows the wall heat flux distributions of the simulation results using k -ε with
the near-wall treatments [12], k -ε with the two-layer model [13], and k -ω SST [11]. The
effect of the damping function can be observed in the heat flux distributions. The heat
flux of k -ε with the near-wall treatment is higher than that of k -ε with the two-layer model.
On the other hand, the pressure difference between k -e with the near-wall treatment and
k -e with the two-layer model is relatively small, and temperature contours are almost
identical as shown in Fig 5. Therefore, this difference in the heat flux arises from an
effect of the damping function. The heat flux of k -ω SST is lower than that of k -ε with
the near-wall treatment. As shown in Fig. 5, the pressure and combustion efficiency of
k -ω SST are lower than those of k -ε with the near-wall treatment. Even if the pressure
correction q̇ ∝ p0.44

c proposed in a previous study [7] is applied to the heat flux of k -ω
SST, the profile of the heat flux does not much that of k -ε with the two-layer model.
Therefore, this difference in the heat flux is not caused by the pressure effect but by the
effect of the turbulence models in the thermal boundary layer.

The laminar finite rate combustion model needs the same number of equations as
included species. On the other hand, the flamelet model needs just two equations. The
computational time required for using the laminar finite rate combustion model is seven
times higher than that required for using the flamelet model in CRUNCH CFD with the
methane chemical reaction set proposed by DLR. The flamelet model is a very attractive
combustion model from the view point of computational cost. In this section, we discuss
problems with the flamelet model. CRUNCH CFD [8] has several flamelet model op-
tions. To understand differences between the laminar finite rate combustion model and
flamelet model, the simplest flamelet option, i.e., the laminar equilibrium chemistry op-
tion, was selected. Figure 7 shows the temperature distributions and pressure profiles of
the simulation results using the laminar finite rate model and flamelet model with laminar
equilibrium chemistry. The turbulence model in the both cases is k -ε with the near-wall
treatment. The temperature distributions are almost identical in the combustion cham-
ber. It means that the reaction rate is very fast and that the diffusion of chemical species
determines the flow field. In the nozzle part, the temperature of the flamelet model is
lower than that of the laminar finite rate model. The flamelet model does not consider
the pressure effect in the flamelet table. Therefore, chemical compositions at the throat
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FIGURE 7. Temperature distributions and pressure profiles

are different between the two models. This effect appears in the combustion pressure.
The combustion pressure obtained using the flamelet model is lower than that using the
laminar finite rate model.

Figure 8 shows the wall heat flux distributions of the simulation results using the lam-
inar finite rate model and flamelet model with laminar equilibrium chemistry. The heat
flux distributions are almost identical in the range 0 < x < 200 mm. Beyond 200 mm,
the wall heat flux of the simulation results using the flamelet with laminar equilibrium
chemistry is lower than that using the laminar finite rate model. As shown in Figure 7,
the temperature distributions are almost identical in the combustion chamber. There
is no specific characteristic around 200 mm that affects the temperature distributions.
Therefore, the difference in the heat fluxes between the laminar finite rate model and
flamelet model appears in a very thin thermal boundary layer on the chamber wall. In
general, the species mass fractions should change because of the heat loss effect at the
chamber wall. However, the table of this flamelet model was generated under adiabatic
conditions. The heat loss effect in the combustion simulation appears in the species
mass fraction on the wall. Figure 9 shows the CO2 mass fraction distributions of the
simulation results on the combustion chamber wall at the center using the laminar finite
rate model and flamelet model with laminar equilibrium chemistry. The flamelet model
underestimates the CO2 mass fraction downstream of x = 200 mm, indicating the oc-
currence of recombination near the low temperature wall in the result of the laminar
finite rate model, such as in CO2 and H2O. The diffusion flame has heat loss near the
combustion chamber wall. The flamelet model cannot recreate the recombination due to
such heat loss because the flamelet table does not assume the heat loss effect. There-
fore, the flamelet model without the heat loss effect is not appropriate for wall heat flux
estimation.
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FIGURE 8. Wall heat flux distributions along
the center line of the combustion chamber

FIGURE 9. CO2 mass fraction distributions
along the centerline of the combustion

chamber

FIGURE 10. Contours in the cross sections of (a) temperature, (b) CH4, (c) O2, (d) CO, and (e)
CO2 mass fraction

3.3. Three-dimensional characteristics of square chamber flow
A characteristic of this test is the shape of the combustion chamber, which has a square
cross section. In this square chamber, there are 3D characteristics that must be consid-
ered. These 3D properties are discussed in this section. Figure 10 shows the contours
in the cross sections of (a) temperature, (b) CH4, (c) O2, (d) CO, and (e) CO2. The high
temperature region, which corresponds to the diffusion flame, is the round shape in the
cross section near the face plate. In the downstream, this shape changes into that of
diamond because of corner effects in the square chamber. There are low temperature
regions at the corners of the combustion chamber shown in Fig. 10a. These low temper-
ature regions include the unburned fuel, i.e., CH4, as shown in Fig. 10b. This unburned
fuel comes from the recirculation zone near the face plate, shown later. The low temper-
ature region on the center line corresponds to the unburned oxidizer, i.e., O2, as shown
in Fig. 10c. This distribution in the cross sections also changes from a round to diamond
shape further downstream. The CO mass fraction appears between CH4 and CO2, as
shown in Fig. 10d and 10e. The products, such as CO2, are generated on the flame.
The distribution also takes a diamond shape at the nozzle exit.

Figure 11 shows (a) the contour of the wall heat flux and (b) its distributions in the cir-
cumferential direction at x = 25, 50, 100, 150, 200, and 250 mm. Note that the definition
of the wall heat flux is negative in Fig. 11a. There is a distribution in the circumfer-
ential direction. The center line shows the highest wall heat flux in the circumferential
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FIGURE 11. Contour of heat flux on the chamber wall and heat flux distributions in the
circumferential direction

direction. The 0 and 6 mm points indicate the center line and corner of the combustion
chamber wall, respectively. The wall heat flux at the corner is 0 MW/m2. Therefore, the
inclination at x = 250 mm is very large near the corner. In this frame work, the experi-
ment and simulation results for the distribution in the circumferential direction cannot be
compared. The simulation strongly demands the comparison of the wall heat flux in the
circumferential direction with the experimental data.

Figure 12 shows stream lines near the face plate. Each figure corresponds to a differ-
ent view; (a) bird’s eye, (b) face plate, (c) upper wall, and (d) side wall. The color of the
stream lines indicates the temperature of the flow field. The recirculation flow direction is
a characteristic feature of this flow. The recirculation flow at the corner passes through
the center line on the wall surface. This flow direction is the same as the injection flow.
On the other hand, the direction of the recirculation flow on the wall of a round combus-
tion chamber is opposite to that of the injection flow. If a film cooling flow is injected from
the faceplate along the chamber wall, film cooling effects between the square and round
combustion chambers will be different. In the square chamber, the film cooling flow will
be accelerated by the recirculation flow, thereby increasing the film cooling efficiency.

4. Conclusions
3D RANS simulations were performed for the static firing test of a GOX/GCH4 coax-

ial single-element injector with the square chamber, which was performed at TUM. The
simulation code, CRUNCH CFD, was validated using the heat flux and pressure distri-
butions, and showed good agreement with the experimental data overall. In detailed,
the simulation results underestimate the value near the faceplate and overestimate it
at the end of the combustion chamber. The combustion pressure in the simulation re-
sult was 2.75 % lower than that in the experimental data. All characteristics of these
errors indicated that the mixing between GCH4 and GO2 was not sufficient in the simu-
lation results. The comparison results indicated that the flame length in the experiment
was shorter than that in the simulation. Using the simulation results for the GCH4/GO2

single-element injector, the effects of the turbulence and combustion models were dis-
cussed. The turbulence model and the damping function for the near-wall treatment had
a big effect for the wall heat flux estimation. The problems of the flamelet model with
laminar equilibrium chemistry were revealed. The flamelet model with laminar equilib-
rium chemistry of CRUNCH CFD does not consider the pressure and heat loss effects.
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FIGURE 12. Figure 12 Stream lines near the face plate; (a) bird’s eye view, (b) face plate view,
(c) upper wall view, and (d) side wall view

Therefore, the changes of species mass fraction for the pressure drop in the nozzle
and the recombination near the low temperature wall could not be recreate using the
flamelet model. Finally, 3D characteristics of the combustion chamber with the square
cross section were discussed. The distributions of species mass fraction and tempera-
ture showed the diamond shapes in the downstream region. The wall heat flux had the
distribution in the circumferential direction. To understand the multi element injector flow
field, these 3D characteristics should be validated as a next step.
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