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Combustion modeling study for a GOX-GCH4
multi-element combustion chamber
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The present study investigates the effect of recess length on CH,4/O. combustion flow
field of a rocket injector using the compressible Navier-Stoke equations with a skele-
tal reaction mechanism. The recess length parametrically changes with four different
lengths, while the other geometrical parameters are fixed. The results with recessed
injectors are compared to those with a non-recessed injector. A main difference of com-
bustion flow fields between the non-recessed and recessed injectors lies in the interac-
tion mechanism of a large recirculation flow in the corner of combustion chamber with
the incoming CH,4 jet and flame anchoring region behind the post, which indicates that
a stable flame anchoring and combustion can be achieved with recessed injectors. With
increasing the recess length, the combustion in the recessed region is more promoted,
resulting in the earlier formation of higher-temperature combustion gas regions in the
combustion chamber. However, the temperature increase in the combustion chamber
is saturated with a longer recess length because no significant change of combustion
happens in the recessed region due to the complete consumption of the incoming CHy.
On the other hand, the influence of the combustion gas on the CH, upper and lower
walls becomes larger with increasing the recess length due to the formation of larger
amount of combustion gases.

1. Introduction

Recessed injectors have been widely used in the design of injector elements for lig-
uid rocket engines since some preferable performance such as increasing combustion
efficiency or reducing the risk of combustion instabilities may be achieved with an ap-
propriated recess length. An experimental study [1] investigated the effect of a recessed
injector on flame stabilization using an optically accessible sub-scale rocket combustor.
The study presented that a recessed injector significantly increases the flame expansion
shortly after injection and the pressure drop in the recessed region increases strongly
compared to a non-recessed injector. In addition, the study observed that a smaller
combustion roughness is generally achieved with a recessed injector. However, the ex-
periment was only conducted with a single recessed injector geometry, which may bring
some uncertainty for understanding the effect of recessed injector, e.g., the effect of
a recess length, on combustion characteristics. Further, due to the limitation of optical
access into the recessed region, less information are available for detailed combustion
flow fields such as spatial temperature or chemical species distributions.
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Recently, a numerical study in a context of Reynolds-averaged Navier-Stokes simula-
tions (RANS) was performed for a single-element combustion chamber with various re-
cess lengths [2] in comparison with an experiment [3]. The computational result showed
that the experimental trends of the wall heat flux and wall pressure distributions are sim-
ulated well for moderate recess lengths. However, the prediction unfortunately failed with
increasing recess lengths, in which the pressure increase in the combustion chamber of
the experiment cannot be simulated by the RANS simulation. The study suggested that
the disagreement may come from a fact that the combustion phenomena in the recessed
region cannot be captured properly by the RANS simulation due to the lack of unsteady
flow features. Thus, it was concluded that resolving unsteady combustion phenomena
in the recessed region may be a key for accurately predicting the experimental trend.

The aim of the present study is to numerically investigate the effect of recess length on
combustion flow fields of a recessed injector element. The present study applies a two-
dimensional (2-D) direct numerical simulation in order to address detailed combustion
flow fields with resolving unsteady flow features in the recessed region, which include
a significant interaction between flow and chemical reaction. The recess length para-
metrically changes to obtain the effect of recess length on combustion flow fields. A 2-D
simulation is used here for properly resolving the combustion flow fields with affordable
grid points and computational times, while a discussion on the combustion performance
such as efficiency is difficult to be achieved.

2. Numerical method
2.1. Governing equations

The governing equations are the two-dimensional compressible Navier-Stokes equa-
tions with the mass conservation equations of each chemical species in a curvilinear
coordinate system and a thermally perfect gas is assumed, which are written as follows:
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where p is the density, u is the velocity vector, p is the pressure, § is the unit tensor, 7
is the viscous stress tensor, F is the total energy (F = pe + %pu -u), q is the heat flux
vector, e is the internal energy, Y; is the mass fraction, D, is the diffusion coefficient, w;
is the production rate of each species s. R is the universal gas constant (R = 8.314 J
mol~! K—1), T is the temperature, and M, is the molar mass of each species. Here the
subscript s = 1 ~ N where N is the total number of species.

The single component viscosities and binary diffusion coefficients are calculated by
the standard kinetic theory expression of Hirschfelder [4], and the single component
thermal conductivities are calculated by Warnatz’'s model [5]. For mixtures, the thermal
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conductivity is modeled with the formula of Mathur et al. [6], and analogous to the ther-
mal conductivity, the mixture-averaged viscosity is purposely modeled with an empirical
approximation [7] for the low computational cost. The mixture diffusion coefficient Dy is
given by a mixture-averaged model based on Fick’s Law [8,9]. 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 sepa-
rately in temporal direction. The fluid parts in Egs. (2.1) — (2.4) are integrated under the
assumption that the chemical reactions are frozen, ws; = 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:
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where e, is the internal energy of each species and ¢, is the specific heats at a constant
volume for mixture. The spatial derivatives in Egs. (2.1) — (2.4) are neglected in the
chemical reaction part.

CHEMKIN-II libraries [10, 11] 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. Fluid part

For the Navier—Stokes equations without chemical reaction terms, the numerical flux
is evaluated using the Harten—Lax—van Leer—Contact scheme [12] with a modifica-
tion [13]. Higher-order spatial accuracy is achieved using the Monotone Upstream Cen-
tered Schemes for Conservation Law with primitive variable interpolation and a min-
mod limiter [14]. Velocity reconstruction by Thornber et al. [15] is applied to the reduce
numerical dissipation introduced by low Mach number features. The viscous, heat con-
ductivity, 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 [16]. In this study, no sub-grid scale model is used, i.e., the interactions between
the fluid and chemical reaction are expected to be resolved properly with computational
grids.

2.3. Chemical reaction part

A robust and fast explicit time integration method [17] 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
under a wide range of conditions [17]. These numerical techniques have been success-
fully applied to various compressible reactive flow simulations [18—20].
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Face plate

FIGURE 1. Schematic of a recessed injector.

TaBLE 1. Dimensions for recessed injectors.

mm
GOX internal diameter, d; 4
GCHy,4 internal diameter, do 5
GCHy4 external diameter, ds 6
GOX post wall thickness 0.5

Recessed length, r 0,3,6,9, 12

3. Computational conditions

In this study, a two-dimensional (2-D) domain without an engine nozzle and injector
tube is considered for simplicity. As shown in Fig. 1, gaseous oxygen is injected from
the inner tube, which is surrounded by gaseous methane injected from the outer tube.
The distance between the post and face place, denoted by r, is defined as the recess
length. Table. 1 presents the dimensions for the recessed injector shown in Fig. 1. The
present study parametrically changes the recess length from 0 to 12 mm, while the
other geometrical parameters are fixed. Hereafter, each injector is denoted as RO (non-
recessed injector), R3, R6, R9, and R12 for brevity. The size of combustion chamber is
250 mm x 12 mm.

Figure 2 shows a computational grid for modeling combustion flow fields in the re-
cessed injector and combustion chamber, where a grid for the recess length of r = 9
mm, R9, is presented as an example. The number of grid points for R9 is 1157 x 403,
which depends on the recess length, e.g., the grid for RO consists of 498 x 403 points.
The minimum grid size is As = 1.0 um to resolve the boundary layer profiles near the
walls. The post height is resolved with 60 grid points. Note that a grid convergence study
preliminarily conducted for a non-recessed injector case with four different grid resolu-
tions demonstrates that the present grid resolution is sufficient for resolving combustion
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FIGURE 2. Computational grid for R9.

flow features such as methane/oxygen non-premixed flame dynamics discussed in the
following section. Since a single rectangular domain is used, an immersed boundary
technique is applied in order to handle the grid points inside the wall (see the upper-left
and lower-left regions in Fig. 2).

The injection conditions are presented in Table. 2. The injection velocity is determined
from a preliminary result using a RANS simulation, in which the complete 3-D geometry
of the injector and chamber is simulated. The chamber pressure is set to 2.0 MPa as a
target combustion pressure and the injection temperature is 300 K for both jets. Thus,
three key parameters are determined as in Table. 3. While similar values to 3-D or
experiment hold for the velocity and momentum flux ratios, the mixture ratio O/F ends up
with a very large and unrealistic value due to the 2-D geometry assumption. Therefore,
the combustion performance of this injector and chamber would not be discussed.

The initial velocity profile at the inlet is obtained with the 1/7th power law. At the jet
inlet, the pressure is extrapolated from an interior point while the temperature and mass
fractions are specified with the initial values. The constant mass flow rate is enforced
and therefore the velocity profile at the inlet may change during the computation. All the
domains is initially assumed to be filled with the equilibrium gas, which is determined
using NASA-CEA2 [21] with a stoichiometric condition for methane/oxygen and a tem-
perature of 300 K at constant pressure and enthalpy. The high-temperature equilibrium
gas initiates the ignition of methane/oxygen jets injected into the chamber. An adiabatic
wall is assumed with a non-slip velocity condition for the inlet, CH, side wall, and com-
bustion chamber wall. A non-reflecting boundary condition [22,23] with a mean pressure
of 2.0 MPa is applied to the outlet boundary.

The Courant-Friedrichs-Lewy (CFL) number is set to 0.8, which corresponds to a
physical time step size of approximately At = 5 x 107!° s. A reaction mechanism of
methane proposed by DLR, which consists of 21 species and 97 reactions, is used for
calculating the reaction rate in Eq. (2.4).

4. Results
4.1. Unsteady combustion flow fields

Figure 3 shows instantaneous combustion flow fields with the temperature and mass
fractions of CH4 in comparisons between RO and R9. In both cases, non-premixed
flames are generated between CH, and O, jets which are initiated by the high-temperature
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TABLE 2. Injection conditions.

p, MPa T, K wu, m/s

GOX for inner jet 2 300 150
GCHy4 for outer jet 2 300 170

TABLE 3. Injection parameters, where a reference area A is calculated using the jet height with an
assumption of the unit span. A symbol J is the momentum flux ratio and O/F is the mixture ratio.

_ (puw)cn, 17 _ ucHy _ (puA)cny
J= (puu)o, T uo, O/F= (pud)o,
0.64 1.13 7.06

equilibrium gas initially occupied in the combustion chamber. A flame anchoring is
achieved in the region behind the post, where a small recirculation flow field is estab-
lished and hence sufficient amounts of fresh CH, and O, are steadily supplied. Two
large recirculation regions are formed in the upper and lower corners in the combustion
chamber, where some amounts of combustion gases and unburnt CH,4 are captured and
thus a high-temperature gas recirculation region is established. Strong unsteadiness is
only observed in the recessed region and the corner region of the combustion chamber,
while high-temperature burnt gases steadily flow through in the downstream region.

A main difference between R0 and R9 can be observed in the interaction between the
large recirculation flow in the corner of combustion chamber and the flame anchoring re-
gion behind the post. For RO, the large recirculation flow directly interferes the incoming
CHy4 jet and the flame anchoring flow region behind the post, whereas no interferences
exit for R9 simply due to the recessed geometry. Thus, the result may indicate that the
non-premixed flame can be stably generated in the case of recessed injector because
of no external disturbances compared to non-recessed injector. Since the large amount
of high-temperature combustion gases is produced in the recessed region, the temper-
ature in the corner of the combustion chamber becomes apparently higher along with
lower mass fraction of CH, in the case of R9 as shown in Fig. 3. Therefore, the present
result demonstrates that there are significant differences of the combustion flow fields
such as temperature or chemical species distributions near the face plate between non-
recessed and recessed injectors. No significant differences are found in the qualitative
flow features among the recessed injectors.
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(b) R9: recess length of 9 mm

FIGURE 3. Comparison of instantaneous combustion flow fields at approximately ¢ = 1.138 ms
from the injection. Left: temperature, right: mass fraction of CH,4

4.2. Comparison of mean flow fields

Figure 4 shows a comparison of mean temperature distributions and streamlines among
all the injectors. As mentioned above, it is also confirmed with the mean flow field that the
large recirculation flow region is generated in the corner of combustion chamber for all
the cases, while no significant differences are observed for the size of recirculation flow
region. For RO, the recirculation region is formed close to the flame anchoring region
behind the post, indicating that a stronger interaction occurs between the two regions
compared to the recessed injectors. With increasing the recess length, since larger
amounts of combustion gases are produced in the recessed region, higher-temperature
gas regions are eventually formed in the chamber region near the face plate. In the
combustion chamber, it looks like the flame, the high-temperature region above 2000 K,
expands largely with the recessed injectors compared to the non-recessed one, which
is a consistent trend with the past experimental observation [1].

It is also found that the injected O, is consumed earlier with increasing the recess
length. For fair and quantitative comparison, Fig. 5 shows a comparison of a jet potential
core length from the post, which is defined with a position where the value of 90%
mass fraction of O, is observed on the ceternline. In the case of recessed injectors,
the potential core length linearly decrease with increasing the recess length because
the combustion in the recessed region is more promoted with increasing the recess
length. However, the potential core length with R12 shows a different trend, providing a
similar value to R9. This fact may indicate that the combustion is almost completed in
the recessed region with R9 and R12.

Thus, the mean distribution of mass fraction of CH,4 for the recessed injector is pre-
sented in Fig. 6. In shorter recess lengths such as R3 and R6, certain amounts of CH,4
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FIGURE 4. Comparison of mean temperature distributions.

are supplied into the combustion chamber with the generation of relatively large CH,4
fraction region in the corners, whereas less CH4 exit in the combustion chamber with
R9 and R12 because of a complete combustion achieved in the recessed region. Thus,
the combustion flow field may not change with further increase of recess length, sug-
gesting that some effects of recess length may be saturated with a certain recess length.
On the other hand, the RANS simulation [2] showed that large amount of CHy is still in-
jected to the combustion chamber even with a very long recess length of 21 mm, which
may be one of the reasons that the RANS fails to capture the experimental trend [3]
against the recess length.

Figure 7 shows the temperature profiles on the wall. The x coordinate means the dis-
tance from the jet inlet along the CH4 upper wall (until 0 cm), the face plate wall (from
0 to 0.3 mm), and the combustion chamber wall. It is found that, with increasing the
recess length, the combustion gas interacts with the CH4 upper and lower walls due
to the consumption of low-temperature fresh CH, jet, resulting in a significant increase
of wall temperature. The region where the wall temperature increases becomes larger
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FIGURE 6. Comparison of mean mass fraction of CHy4 distributions.

with increasing the recess length, which may be an important fact on heat protection of
injector wall. In the combustion chamber, the wall temperature gradually increases with
increasing the recess length, since some amounts of higher-temperature combustion
gases are supplied in the corner region of the combustion chamber. However, no fur-
ther temperature increase is observed with R12 due to the complete combustion in the
recessed region, which is a consistent result with the O, jet potential core shown in Fig.
5. Therefore, no significant changes of combustion flow fields by increasing the recess
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length would be expected. The present result may suggest that a limitation exists for
the effect of recess length on combustion flow fields and thus combustion performance,
providing that a key lies in the combustion behavior in the recessed region. Further
studies on the effect of recess length would be required for the connection between the
combustion flow fields and combustion effciency.

5. Conclusions

A 2-D DNS simulation with a skeletal reaction mechanism has been performed for
a CH4/Oq injector in order to investigate the effect of recess length on the combustion
flow field, where four recess lengths with a non-recessed injector are parametrically
compared. A main difference between non-recessed and recessed injectors lies in the
interference of large recirculation flow to the incoming CH, jet and the flame anchoring
region behind the post, indicating that stable combustion is highly possible with recessed
injectors. With increasing the recess length, the combustion in the recessed region is
more promoted, resulting in the earlier formation of higher-temperature combustion gas
regions in the combustion chamber. However, the temperature increase in the com-
bustion chamber is saturated with the recess lengths with R9 and R12 because of the
complete combustion in the recessed region, indicating that no further changes of the
combustion flow field are expected with longer recess length. On the other hand, the
influence of the combustion gas on the CH4 upper and lower walls becomes larger with
increasing the recess length.
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