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Abstract

Numerical simulations are rapidly emerging as a design tool for modern liquid rocket
engine (LRE) injection systems. Yet, experimental validation remains limited by the
extreme thermodynamic conditions, particularly for propellant injection under
transcritical conditions. In this work, we first evaluate three flamelet-based closures
for a splitter-plate configuration representative of the near-injector zone of a shear
coaxial injector. The steady laminar flamelet model (SLF), flamelet progress
variable (FPV), and flamelet generated manifold (FGM) have been tested at multiple
LES resolutions and compared with a 2D DNS-like solution. Both 2D and 3D
simulations have been performed. While all the approaches reproduce the global
flame topology, only FPV and FGM show the existence of both premixed and non-
premixed regimes. It is also observed how coarsening the grid and performing 3D
simulations reduces the integrated heat release rate in the domain and the premixed
contributions. Additionally, a thermodynamic stability analysis has been performed,
showing that unstable states can occur despite the 100 bar operating pressure,
although they remain confined to metastable regions. Finally, following the
thermodynamic stability analysis, a vapor-liquid equilibrium (VLE) framework has
been applied to a lab-scale combustion chamber with subcritical oxygen injection.

Introduction

Methane/oxygen propulsion is attractive for reusable liquid rocket engines because
it combines compact cryogenic storage with reduced coking tendency compared
with hydrocarbon fuels [1]. In thrust chambers, the pressure is typically above the
critical pressure of oxygen, while one or both injected propellants can remain
cryogenic. The resulting transcritical and doubly transcritical conditions generate
steep density gradients, strong real-fluid effects, and micrometric flame structures
that are difficult to access experimentally. Recent DNS-like simulations of a
methane/oxygen splitter-plate flame [2] showed that nominally non-premixed
injection can produce mixed combustion regimes, including lean and rich premixed
regions. It is important to assess if flamelet-based models on LES frameworks can
reproduce the relevant physics at resolutions affordable for rocket combustion
chambers calculation.
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Methods

The reference configuration is the doubly transcritical methane/oxygen splitter
plate investigated by Monnier et al. [2]. LES are performed with an in-house
OpenFOAM-based solver using the Soave-Redlich-Kwong equation of state [3-4],
Chung transport properties under a unity-Lewis assumption, the WALE sub-grid
model, and a presumed beta-PDF for mixture-fraction fluctuations. Three tabulated
chemistry strategies are compared. SLF uses non-premixed flamelets
parameterized by mixture fraction, variance, and stoichiometric scalar dissipation
rate. FPV also relies on non-premixed flamelets but introduces a progress variable
to access partially reacted states. FGM uses premixed flamelets and therefore
represents a different archetype for the same transcritical flame. The two-
dimensional grids range from H10 to H60, where the label denotes the number of
points across the injector lip; selected H10 and H30 cases are also extruded in the
spanwise direction to assess three-dimensional effects.
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Figure 1 (a) Schematic of the 2D numerical setup; (b) instantaneous temperature field from
the H150 DNS-like simulation; (c) corresponding results obtained with the three flamelet

models at different grid resolutions.
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Results and discussion

As observed in Fig.1c, simulations reproduce the main topology of the reference
flame: downstream of the splitter tip, the reaction zone forms between two dense
cryogenic streams and progressively opens as turbulence wrinkles the flame front.
Grid resolution has a first-order impact: H10 captures a smooth and nearly
diffusion-controlled flame, whereas H30 and H60 recover stronger wrinkling and a
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broader distribution of thermochemical states. The SLF model remains close to
equilibrium because its manifold is controlled mainly by scalar dissipation;
increasing resolution increases local gradients but does not provide access to the
low-temperature, partially reacted states observed in the DNS-like reference. By
contrast, FPV and FGM populate a wider temperature-mixture-fraction scatter
when the progress variable is transported, yielding a closer representation of mixed
combustion regimes. Non-premixed combustion develops in the central region
behind the splitter plate, while lean- and rich-premixed regions appear near the
oxygen and methane streams. These premixed regions are absent in SLF but are
recovered by FPV and FGM when the grid is sufficiently fine. As the mesh is
coarsened, the premixed fraction decreases, indicating that part of the multi-regime
structure is filtered out at practical LES resolution. The same trend is amplified in
the three-dimensional simulations, where turbulent mixing and additional
wrinkling reduce the normalized heat release rate and make the flame appear more
diffusive.
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Figure 2. Integral heat release rate and percentage of premixed contribution for the
flamelet-based LES.

The integral heat release rate shown in Fig. 2 provides a compact assessment of the
models. SLF underpredicts the total heat release because the resolved and modelled
scalar dissipation rates remain far from the near-quenching region where the non-
premixed manifold reaches its maximum heat release. FPV and FGM provide
better predictions of the integral heat release in two dimensions, especially at finer
resolution. However, both the total heat release and the premixed contribution are
reduced when the calculation is performed in three dimensions, suggesting that part
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of the intense multi-regime behaviour observed in high-resolution two-dimensional
studies is progressively weakened at practical LES conditions.

Then, thermodynamic stability is assessed by applying a tangent-plane-distance
criterion to the instantaneous fields. The analysis shows that thermodynamically
unstable points are present in all simulations despite the nominally supercritical
pressure of 100 bar. Their occurrence increases with resolution in FPV and FGM
because these models recover colder, far-from-equilibrium states on both the
oxygen-rich and fuel-rich sides. Flash calculations indicate that these points remain
inside the metastable region, without crossing the spinodal boundary; therefore,
spontaneous phase separation is unlikely, and the condensed fraction is expected to
remain small.

Finally, the proposed framework based on the SLF model, combined with
thermochemical properties evaluated under vapor—liquid equilibrium assumptions,
has been applied to the DLR BKN combustor [5], a single-element shear coaxial
research chamber that includes operating conditions at subcritical pressures.
Specifically, the stable load point at approximately 40 bar with LOX/CNG
injection (LP4 in [5]) will serve as a reference case, for which experimental data on
flame topology are available in a regime where phase separation effects may be
relevant. This test case represents a step toward a consistent numerical framework
capable of addressing both supercritical and subcritical injection conditions.
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