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presents a numerical study of a reacting LOX/methane thruster using large
eddy simulation combined with a Lagrangian description of the LOX spray.
This model is successfully employed to simulate reacting flow in the Reaction
Control System (RCS) breadboard combustor at DLR, achieving spray behav-
ior that is qualitatively similar to the pre-ignition experimental data. This
work represents a forward step towards simulating the startup process of this
thruster via laser ignition.
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I. Nomenclature
2 = heat capacity
� = progress variable
� ; = LOX inlet diameter
�" = mass transfer potential
9 = species flux
� = momentum flux ratio
! = LOX cone length
<3 = droplet mass
#D = Nusselt number
? = pressure
%A = Prandtl number
q = heat flux
'4 = Reynolds number

(2 = Schmidt number
(ℎ = Sherwood number
u = velocity
,4 = Weber number
.: = species mass fraction of the :-th species
/ = mixture fraction
\ = axial spray injection angle
` = dynamic viscosity
d = density
f = surface tension
g = viscous stress tensor
gG = characteristic time associated with G
¤l = reaction source term

II. Introduction
Traditionally, chemical thrusters for spacecraft have used hypergolic propellants, commonly

dinitrogen tetroxide (NTO) and variants of hydrazine [1]. This is largely because of their reliability
– their hypergolicity ensures ignition with no need for an external energy source. Nonhypergolic
propellants, however, are of increasing interest in recent years due to some critical advantages.
Chief among these is their ease of handling, in comparison to the high toxicity and material
incompatibilities of hypergolic fuels. Among the candidate alternative propellants, the combination
of liquid oxygen and gaseous methane is a promising one, as it combines a high specific impulse
with low cost and high sustainability. Moreover, methane is also particularly attractive for use
in future space vehicles taking advantage of in-situ resource utilization, as it may be synthesized
on the surface of the Mars or other planetary bodies by taking advantage of the Sabatier process
[2]. Compared to the combination of hydrogen/oxygen, methane has the advantage of a greater
volumetric density, leading to lower structural mass, [3] and a higher boiling temperature, which
simplifies the thermal control of the spacecraft and enables a longer fatigue life expectancy [4].

The ignition and stable combustion of LOX/methane, however, is a significant engineering
challenge. Common approaches to ignition in primary stage engines include secondary hypergolic
fuel systems and electric sparks. Laser ignition features advantages such as improved precision
in both ignition location and time as well as increased flexibility in propellant and environmental
conditions [5]. This approach has been experimentally studied at the DLR Institute of Space
Propulsion using the Reaction Control System (RCS) breadboard combustor at the M3.1 test bench
in two configurations: laser ablation of a metal target and direct plasma ignition. The ignition
process has also been characterized in a numerical study of its predecessor, the microcombustor of
the M3 test bench, using gaseous methane and oxygen as propellants [6]. The goal of this work
is to numerically model the Manfletti 2014 gaseous methane liquid oxygen case, using large eddy
simulation (LES) in conjunction with a Lagrangian spray model to describe the liquid oxygen
injection and phase transition by heat transfer and flash evaporation. As a step towards this goal, we
present a simulation of combustion in this device. We also present the formulation of a model for
simulating its full ignition process in the future, using finite rate chemistry with a Gaussian energy
deposition model for the laser ignition.
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III. Reference Experiment
TheRCSbreadboard combustor is an experimental thruster withwindows for opticalmeasurement

and laser access. In the Manfletti 2014 configuration, a shear-coaxial injector is installed, with
gaseous methane injected in an annulus surrounding the LOX core. The parameters of this injector
are summarized in Table 1, yielding a rich oxygen-fuel ratio of 3.17. Prior to startup, a vacuum
pump reduces the chamber pressure to approximately 20-75 mbar. Subsequently, LOX is injected
to chill the chamber for a period of 200 ms. The ignition process then begins with either fuel or
LOX preflow, and, some time after the other propellant flow begins, the laser pulse is fired to trigger
ignition. The chamber pressure is approximately 200 mbar at this time for the GCH4 case, and rises
to 1.5-1.7 bar after steady state combustion is reached. Note that the GCH4 flow is significantly
underexpanded, and the listed properties represent the state at the fuel dome.

Table 1 Injection Conditions [5]

GCH4 LOX
Mass flow rate (g/s) 18 57
Dome pressure (Pa) 12.5 ×105 2.5 ×105

Temperature (K) 205 90
Injector ID (mm) 3.2 ∼

Injector OD (mm) 5 2.4

Rather than modeling the entire startup sequence from the moment the propellants start to flow,
the ignition simulation will first verify that the flow has reached a non-reacting steady state by the
time the laser pulse occurs. The combustion model will then be applied as the ignition is triggered
from this steady state injection condition, in order to capture the flame evolution. This simplification
is justified by the following analysis: we may approximate a time scale associated with the LOX
flow along the length of the core as

gcore =
!

D;
, (1)

where ! is the length of the LOX cone (described in greater detail in Sec. V) and D; is the LOX feed
velocity. For this case, gcore ≈ 1.25 ms. In comparison, gig, the time between full propellant flow
and ignition, is no less than 75 ms [5]. Therefore, the ratio of these time scales

gig

gcore
≈ 60

demonstrates that the flow can safely be assumed to have reached steady state by the time ignition is
triggered.

IV. Mathematical Formulation

A. Gas-phase equations
The model to be used in this work combines the standard Eulerian LES equations with a

Lagrangian model for the spray phase. Details of this formulation are described in [7]. The coupling
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from the spray phase appears as additional source terms in the LES equations, yielding

�C d̄ = −d̄∇ · ũ + ¤̄(d (2a)

d̄�C ũ = −∇ ?̄ + ∇ · 3̄a+C + ¤̄Yu (2b)

d̄�C 4̃C = −∇ · ( ?̄ũ) + ∇ · (3̄a+C · ũ) − ∇ · q̄a+C + ¤̄(4C (2c)

d̄�C.̃: = −∇ · j̄:,a+C + ¤̄l: + ¤̄(.: (2d)

where �C = mC + ũ · ∇ is the material derivative, and u, d, ?, and 3 are the velocity vector, density,
pressure, and viscous stress tensor, respectively. q is the heat flux and 4C is the specific total energy.
.: , j: , and ¤l: are the species mass fraction, species flux, and reaction source term, respectively,
for the :-th species, and subscripts a and C correspond to viscous and turbulent contributions. The
¤( terms are sources from the spray phase. The large droplet mass loading in the configuration
considered results in reduced numerical stability. In the present simulation, only the source terms in
the mass and species equations were activated, leaving the particles effectively one-way coupled in
momentum and energy. Activating source terms in all conservation equations while maintaining
numerical stability remains a goal of the future work.

The Vreman model [8] is used for subgrid-scale turbulence, and the dynamic thickened-flame
model [9] is applied to interactions between the flame and the turbulence. As the both the methane
and liquid oxygen in this system are subcritical with respect to pressure, the ideal gas equation of
state is used to close the system.

B. Lagrangian spray particle approach
The behavior of spray droplets in the flow field is governed by Lagrangian equations [10]:

3Cx3 = u3 , (3a)

3Cu3 =
51
g3
(ũ (x3) − u3) , (3b)

3C)3 =
Nu

3Pr6
2?

2;

52
g3

(
)̃ (x3) − )3

)
+ !E
2;

¤<3

<3

, (3c)

3C<3 ≡ ¤<3 = −
Sh

3Sc6
<3

g3
�" , (3d)

where x3 , u3 , are the droplet position and velocity vectors, and )3 , <3 and ¤<3 are the droplet
temperature, mass, and mass evaporation rate, respectively. g3 , the droplet relaxation time, is defined
as

g3 ≡
d;�

2
3

18`6
(4)

where d; is the liquid density, �3 is the droplet diameter, and `6 is the dynamic viscosity of the
surrounding gas phase. The gas and spray phases are coupled by )̃ (x3) and ũ (x3), the gas-phase
temperature and velocity. Pr6, Sc6, and 2? are the Prandtl number, Schmidt number, and specific
heat capacity of the gas phase, and 2; and !E are the heat capacity and heat of vaporization of the
spray phase. Nu and Sh are the droplet Nusselt and Sherwood numbers as defined by [11], and 51 is
a Stokes drag correction [10]. Model M7 from [10] is used to close 52, the evaporative heat transfer
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correction, and �" , the mass transfer potential. Additional considerations and adjustments related
to using LSP in conjunction with the dynamic thickened flame model are described in [7].

As the LOX spray is also significantly superheated during injection, flash evaporation is another
important consideration in the ignition process of this system. In the final simulation, a droplet flash
evaporation model based on heterogeneous nucleation will be implemented as an additional mass
evaporation rate source term in the LSP equations.

C. Finite rate chemistry
In the full ignition simulation, the GRI-Mech 3.0 methane mechanism [12] will be used for finite

rate chemistry, with simplification by removing the species and reactions associated with nitrogen
and argon, as they do not appear in this system. This yields a mechanism with 34 species and 215
reactions.

D. FPV model
In the present simulation, the flamelet-progress variable (FPV) model formulation [13] was used

to model combustion chemistry, whereby instead of solving Eq. (2d) for each species in the chemical
mechanism, transport equations are only solved for the mixture fraction /̃ and non-normalized
progress variable �̃:

d̄�C /̃ = −∇ · j̄/,a+C + ¤̄(/ (5a)
d̄�C�̃ = −∇ · j̄�,a+C + ¤̄l� (5b)

All other scalar quantities are mapped onto a table of /̃ and �̃, which was generated with one-
dimensional simulations of a counterflow diffusion flame using FlameMaster [14] and the GRI-Mech
3.0 methane mechanism [12]. The progress variable was defined as � = .H2O + .H2 + .CO2 + .CO
[15].

E. Numerical methods
The governing equations are solved using an unstructured, fully-compressible finite-volume

LES solver. As described by [16, 17], the Euler fluxes are spatially discretized using a sensor-based
hybrid scheme, and a nominally fourth-order scheme is used for the viscous fluxes. For the full
finite-rate chemistry simulation, time integration will be performed using a second-order operator
splitting algorithm [18]. In the present case employing the FPV model, a third-order Runge-Kutta
scheme is used.

V. Propellant Injection
As the propellants are injected, the momentum flux ratio between the methane and liquid oxygen

causes the formation of a shear layer, which leads to breakup and atomization of the LOX stream.
Primary breakup and atomization of the injected LOX will not be modeled explicitly; rather, the
LOX stream is assumed to take the shape of a cone, and Lagrangian particles of LOX are injected
along it, as described by Potier [19]. In the Eulerian phase, the cone is modeled as an adiabatic wall.
A no-slip condition is applied to this wall because, as compared to a slip wall, the resulting velocity
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profile better represents the effect of the large velocity gradient in the shear layer between the liquid
and gas phases. The ratio of this cone’s length to the initial stream diameter is determined using the
correlation of Woodward [20]:

!/� ; = 0.0025
(
d6

d;

)−0.44
'40.76

; ,4−0.22
6 (6)

where ! and � ; are the length and base diameter of the cone, respectively, and d6 and d; are the
gas and liquid phase densities. '4; is the liquid phase Reynolds number and,46 is the gas phase
Weber number, respectively defined as:

'4; =
d;D;� ;

`;
(7)

,46 =
d6 (D6 − D;)2� ;

f
(8)

where `; is the liquid-phase kinematic viscosity, D6 is the gas-phase velocity, and f is the surface
tension. After accounting for the expansion of the methane flow as it enters the chamber, this yields
a cone length of 10.27 mm in this case.

Fig. 1 LOX injection cone spray angle. (Adapted from [19].)

As depicted in Fig. 1, the spray is injected at an angle relative to the cone’s axis, starting from
a fixed \lip and decreasing to 0 at the tip of the cone. \lip is computed using the correlation of
Hopfinger [21]:

\lip =
c

4
− tan−1

(√
�

12

)
(9)

where � is the momentum flux ratio of the propellants. This yields a value of 0.637 radians in this
case. The angle \ varies along the length of the cone according to the following relationship from
Potier [19]:

tan(\) = � ;

2(G − G�)
(10)

where G is the axial distance from the focal point position, G� . This focal point position is computed
as:

G� =
� ;/2

tan
(
\lip

) (11)
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The diameter of the LOX droplets is assumed to follow a Rosin-Rammler distribution, and the
parameters of this distribution are based on the work of Ramcke et al. [22] which modeled LOX
flashing in the same Manfletti case. The minimum diameter is 10 `m, the maximum is 20 `m, and
the mean is 16 `m.

VI. Ignition
The laser ignition process comprises plasma kernel creation, absorption of laser energy by the

plasma kernel, and relaxation of the non-equilibrium plasma to an equilibrium state, thus releasing
heat energy. Precise simulation of all processes involved in forming and developing the plasma
kernel requires detailed consideration of plasma physics [23] and is beyond the scope of this work.
Instead, in the final simulation, we will only model the long-time heat release by the plasma kernel
to the surrounding flow field as a Gaussian energy deposition in time and space [6].

VII. Model Configuration
A fully block structured 3D mesh was developed for the RCS breadboard combustor, with the

geometry simplified by the removal of the optical window regions on the side of the chamber. This
mesh, comprised of approximately 1.8 million cells, is depicted in Fig. 2

(a) Full mesh. (b) Highlight of LOX cone.

Fig. 2 Fully structured mesh of the RCS breadboard combustor with simplified geometry.
The LOX cone has been removed from the mesh as described in Sec. V.

The boundary conditions for the simulation are depicted in Fig. 3. The chamber walls and the
walls of the fuel injector are assumed adiabatic, with a no-slip condition. The outlet is a supersonic
pressure outlet, and the fuel inlet is a subsonic mass flow inlet. As discussed in Sec. V, the LOX
cone is modeled as an adiabatic, no-slip wall, along which the spray is injected. A parcel size of
1000 was used to reduce the computational cost of simulating the droplets by reducing the number
of particles, while maintaining the proper evaporation rate of the individual droplets at the specified
diameter.

In the present simulation, the domain was initialized as a stoichiometric mixture, with progress
variable � = 0.2, with a corresponding temperature of 1162.2 K. The pressure was initialized to the
nominal chamber pressure of the Manfletti case, 1.6 bar. By doing this, the simulation is effectively
already ignited, allowing the flame to reliably develop over time. To allow time for this development,
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Fig. 3 Prescribed boundary conditions for the present simulation.

the present simulation was run for approximately 4.5 flow-through times (where a flow-through time
based on volume replacement is approximately 8 ms).

VIII. Results
The results of the reacting simulation are depicted in Fig. 4. Several features are notable. Firstly,

in the plot of mixture fraction, it is evident that the annular fuel stream is flared out away from
the LOX cone as it enters the chamber. This behavior is caused by the LOX spray, which expands
significantly as it evaporates. Correspondingly, there is a region of high O2 concentration near the
cone, as shown in Fig. 5. We can observe qualitatively similar behavior in the pre-ignition Schlieren
imagery of the Manfletti case [5], where the flashing LOX spray expands significantly to form a
wide, dense region of O2.

In the plot of normalized progress variable, we may note that most of the combustor is filled
with equilibrium products of combustion. In the majority of the combustor, the mixture fraction
corresponding to a well-mixed composition also corresponds to near-equilibrium �̃ values. We may
also note that there is a significant region of unburned mixture exiting the chamber through the
nozzle, indicating that the flame is not yet fully developed at this time in the simulation.

In the plot of temperature, the low temperature of the reactants is clearly visible. Since the
chamber walls were modeled as adiabatic, there is no thermal boundary layer present, indicated by
the lack of temperature gradients normal to the walls. We may note that the region of unburned
mixture exiting the chamber has been heated to combustion temperatures but has not yet had time to
react.

Fig. 5 depicts the Lagrangian LOX spray in an isometric view. In this figure, we may note the
large concentration of droplets located near the LOX cone, where they are injected. The droplets
quickly evaporate, rapidly reducing in diameter as they are carried by the flow, and creating the
region of high O2 concentration. Eventually, shear-layer instabilities lead to mixing of the gaseous
O2 with the CH4 stream, as is visible in the turbulent eddy structures.
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Fig. 4 Instantaneous contours of mixture fraction, normalized progress variable, and tem-
perature are shown in a section of the combustor. The stoichiometric contour is highlighted
in each with a bold black line.

Fig. 5 A 3D, isometric view of the combustor is shown, with the LOX spray depicted as
black spheres, each representing a parcel of 1000 droplets. The diameter of the spheres is
proportional to the diameter of the droplets. Contours of O2 mass fraction are also shown in
a section, with the stoichiometric contour highlighted in black.
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IX. Conclusion and Future Work
The present work has successfully demonstrated the application of the LSP model to LOX

droplets in a reacting simulation of the RCS breadboard subscale rocket combustor at the DLR M3.1
test bench. The spray evaporated and burned as expected, and exhibited behavior that is qualitatively
similar to the experimental results. This research has effectively laid the groundwork for a full
simulation of ignition in this combustor. In the future, an ignition model will be implemented and
verified. The flash evaporation model will also be implemented, and the entire ignition sequence will
be simulated using finite rate chemistry. Mesh convergence analysis will be performed to verify that
the solution is accurate. The final work will track the ignition process over time, following the flame
through the four phases described by Schmidt et al. [24]: primary ignition, propagation, anchoring,
and stabilization. It will compare these data to the experimental results of Manfletti, and provide
information on quantities of engineering interest such as chamber pressure and wall heat flux.
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