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Abstract

Large Eddy Simulations of recessed central-duct coaxial injectors under
transcritical and two-phase conditions are detailed in this paper, with
the objective of assessing the ability of recently develop models [1, 2] to
recover the experimental observations of an augmentation of the flame
expansion rate and its dynamics due to the recess. The simulated cases
correspond to the LOx/GH2 Mascotte A10 and C10, both operating at
10 bar with two-phase flow conditions, and Mascotte C60, injected under
transcritical conditions in a chamber at 60 bar [3]. Cases A10 and C10
qualitatively reproduce the experimental visualizations. However, the
simulation with recess for case C60 produces a more disrupted inner jet
and a shorter flame than in the experiment. In addition, a fine grid res-
olution is necessary to capture the absolute instability in this case. Case
C60 is then examined. It is observed in particular that heat release rate
distribution is importantly modified once the LOx injector is recessed,
nearly doubled up to 10 LOx injector diameters. This huge increase of
heat release has two origins: 1) an enhanced turbulent mixing in the near
injector region due to an increased injector exit velocity because of the
thermal expansion in the recessed part, in line with the model proposed
by Kendrick et al. [4] ; 2) a larger flame surface because of the quicker
destabilization and larger spreading rate of the flame at the injector exit.

Keywords: Large-Eddy Simulation, Liquid rocket coaxial injector,
transcritical flow, two-phase flow
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1 Introduction

Important progresses have been achieved in the last decade concerning the
numerical modeling and the Large Eddy Simulation (LES) of cryogenic coaxial
flames, like those encountered in liquid rocket engines [5–10]. In particular, LES
now allows a good representation of single cryogenic coaxial flames operating
at supercritical pressure [1, 11, 12] and encouraging results have been obtained
on more complex configurations [13–15] and at subcritical pressure [2]. To the
author’s knowledge, the numerical assessment of the solvers has been so far
restricted to configurations without recess of the the LOx tube, i.e. geometries
in which the LOx injector exit is aligned with the hydrogen injector exit.
However, actual rocket injectors generally feature recessed LOx injectors. This
geometrical change is known to improve combustion efficiency, augmenting
the flame expansion rate [4, 16]. This phenomenon is first attributed to an
acceleration of the outer stream because of the volumetric expansion generated
by the flame in the recessed part of the injector [4, 16]. It is also found that
recess favors the development of long wavelength instabilities [17]. The confined
wake becomes globally unstable, while the flow in the absence of recess is only
convectively unstable or marginally absolutely unstable. The global instability
of the recessed flow aids rupture of the liquid jet and enhances mixing of the
gas and liquid flows downstream.

Large-Eddy Simulations (LES) of recessed coaxial injectors are reported
in this article. The main objective of this work is to assess the ability of LES
to properly reproduce the experimental observation. It is also of interest to
identify the ressources needed to properly simulate such configurations with
LES. The three configurations investigated here correspond to the LOx/GH2

Mascotte A10, C10 and C60 case operating at 10 bar and 60 bar [3, 4, 16, 18],
on which experimental tests with and without recess are available, in particular
through experimental OH*-emission visualizations for the three cases [4, 16]
and backlighting images for case C60 [16]. It was found the inner dense LOx
stream features large scale oscillations when the LOx tube is recessed. A flow
pattern not observed when the injector is not recessed.

The paper is organized as follow. The experimental configuration is first
described in Sec. 2. The models and the numerical approach are then detailed
in Sec. 3. A statistical and mesh convergence study is proposed in Sec. 4 and 5.
Numerical results are then compared with experimental visualisations in Sec.
6. Finally, a discussion on the effect of recess is offered in Sec. 7.

2 Experimental reference case, computational
domain and injection conditions

The experimental setup simulated in this paper corresponds to the single injec-
tor configuration of the Mascotte test-bench [3, 18]. Low-velocity liquid oxygen
surrounded by high-velocity gaseous hydrogen are injected through a coax-
ial injector in the chamber at 10 bar and 60 bar. The injection conditions of
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interest correspond to the cases A10, C10 and C60 in [16]. They are detailed
in Tab. 1, in which P is the chamber pressure, ṁ is the mass flow rate at
O2 and H2 inlets, uinj the injection velocities and J=(ρH2

u2
H2

)/(ρO2
u2
O2

) is
the momentum flux ratio between the hydrogen and oxygen jets. For all the
cases, the injection temperatures Tinj are set to 80 K for oxygen and 288 K
for hydrogen. Under such conditions, both reactants are injected at supercrit-
ical pressure and the injection is in this study considered as transcritical for
case C60 while the cases at 10 bar are at subcritical pressure for the oxygen
and the flow is two-phase.

Table 1 Injection conditions used in the simulations.

Case P [bar] ṁO2 [g/s] ṁH2 [g/s] uinj,O2 [m/s] uinj,H2 [m/s] J
A10 10 50 23.7 2.6 300 14.5
C10 10 50 15.8 2.6 195 6.5
C60 60 100 45 5.2 160 6.8

The computational domain is shown in Fig. 1 and reproduces the geometry
of the experimental chamber, but without the exit nozzle. The domain features
a square-shaped section (50 mm x 50 mm) combustion chamber and its length
is 500 mm. Two injector arrangements are considered in this study (Fig. 2).
Cases NR include a flush mounted inner injector while in cases R, the LOx
tube has a recess length r equal to 1d [4, 16], d being the LOx injector exit
diameter.

Fig. 1 Tri-dimensional visualization of the computational domain and boundary conditions.

Fig. 2 Longitudinal cut of the coxial injector (here shown for case C60). Left: non recessed
injector ; right: recessed injector.
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3 Models and numerical strategy

3.1 Models and boundary conditions

The simulations performed in this work rely on the methodology detailed
in [1] and [2]. It is here briefly recapped, more details can be found in the
aforementioned references. The Favre-filtered fully compressible Navier-Stokes
equations are solved in a Large-Eddy Simulations (LES) framework. The fluid
viscosity and the heat diffusion coefficients are calculated following the Chung
et al. method [19], and the species diffusion coefficients are obtained under the
assumption of unity Lewis number. The Soret and Dufour effects are neglected.
The sub-grid scale (SGS) stress tensor is modeled with the WALE model [20].
The SGS energy and species fluxes are considered using the gradient transport
assumption with turbulent Prandtl and Schmidt numbers both set to 0.7.

Chemical conversion is handled using an infinitely fast chemistry model [1].
This model accounts for the following species: H2, O2, H2O and OH, in order
to properly calculates the burnt gas temperature. Equilibrium reference mass
fractions are tabulated in terms of the mixture fraction Z and its variance
Z”2, both transported during the simulations. The filtered species source terms
and heat release rate are then computed following the relaxation procedure
described in [1].

Thermodynamic non-idealities are accounted for using the Soavre-Redlich-
Kwong equation of state (EoS) [21], used for a consistent derivation of all
thermodynamic coefficients and functions [22]. The thermodynamic model is
shown to be accurate for the flow conditions under consideration (see [1] for
more details). For the subcritical pressure cases at 10 bar, featuring a two-
phase flow, the 3-equation homogenous equilibrium multi-fluid model from [2],
assuming an approximate multi-species liquid / vapor equilibrium in thermo-
dynamically unstable control volumes, is used. The approximate equilibrium
consists in assuming that both phases have equal composition. Such an approx-
imation is reasonable as long as phase separation is not dominated by a
chemical instability [2].

The compressible unstructured solver AVBP [23, 24] is used for this
study. Its Taylor-Galerkin weighted residual central distribution scheme, called
TTGC, is third-order in time and space [25]. Numerical stabilization uses arti-
ficial viscosity as described in [1]. Inlet and outlet boundaries are treated with
the characteristic wave decomposition method NSCBC derived for non-ideal
thermodynamics [2, 26]. Walls are treated using adiabatic slip wall-law bound-
ary condition [27, 28]. Heat losses at the chamber walls may possibly impact
the whole flame, however this aspect has not been treated here, as being out
of the scope of this study.

3.2 Meshing strategy

An adaptative mesh refinement technique is used in this work. It is based on
the method developed by Daviller et al. for AVBP [29], based on the MMG3D
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library of Dapogny et al. [30]. The concept is to refine the mesh in regions
where given quantities are poorly resolved. This is done in a static way: the
refined mesh is built using averaged solutions. The method is repeated until
a mesh convergence is obtained (this aspect is discussed in Sec. 5). As the
refinement criteria used in this work differ from the one proposed in [29], they
are detailed below. The less resolved regions of the flow are detected using a
gaussian filter:

Gϕ(x, y, z) = ∥ < ϕ̂(t, x, y, z) > − < ϕ(t, x, y, z) > ∥ (1)

where < · > denotes temporally averaged data and ·̂ indicates a spatial gaus-
sian filtering. Note that in practice, this gaussian filter is approximated by a
second order derivative [31]:

Gϕ(x, y, z) ≈ ∆2
x

2
∥∇ · ∇(< ϕ(t, x, y, z) >)∥ (2)

where ∆x is the characteristic cell size. As the objective is to properly retrieve
the flow dynamics and the flame topology, the criteria is based on the velocity
ϕu =

√
u2 + v2 + w2, the sound speed ϕc = c, with c the sound speed, and the

heat release rate ϕω = ω̇T , with ω̇T the heat release rate.
Then, for a given flow variable ϕ, a mesh scaling factor fϕ is defined [29]:

fϕ(x, y, z) =

1−

︷ ︸︸ ︷
Gϕ(x, y, z)−Gϕ

min

Gϕ
max −Gϕ

min

 (1− ϵ) + ϵ (3)

where ϵ determines the smallest scaling factor (sets to 0.5 here) and Gϕ
min

and Gϕ
max are respectively the minimum and maximum values of Gϕ in the

domain. The overbrace
︷︸︸︷
· indicates that the variable is filtered applying 5

times the approximate Gaussian filter detailed in Eq. 2. This smooths the field
to make it more homogeneous and removes possible localized oscillations that
may pollute the final criteria.

The final local mesh scaling factor F (x, y, z) is computed first by tak-
ing the minimum between the ones built from the different flow variables,
F = min (fu, f c, fω), and then by applying a sequence of propagations of the
smallest factor over 5 cells in order to avoid any confinement by the grid.

3.3 Meshes and simulated cases

The initial mesh, referred to as M0, is shown in Figs. 3a and 4a. Inlets are
meshed with 10 cells in the hydrogen stream and 17 cells in the oxygen flow.
The characteristic cell size is constant in the near injector region, except near
the injector lip, where it is refined to ensure at least 3 cells behind the lip
(Fig. 4a). The mesh is then coarsened further downstream. It contains 650 000
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nodes and 3 500 000 tetrahedra (Tab. 2). The mesh is then refined several
times following the procedure depicted in Sec. 3.2, leading to meshes M1, M2
and M3 obtained after 1, 2 and 3 refinement iterations, respectively. Resulting
meshes are shown in Figs. 3bc and 4bc. The cell size is essentially reduced in
the injector region and in particular in the annular stream and behind the lip.
Tab. 2 details the meshes characteristics. Note that the mesh characteristics
of the recessed and non recessed geometries are very similar, thus only the
injector with recess is shown here. Similarly, details given in this table are for
case C60, as differences with cases C10 and A10 are small. The associated
CPU cost (on AMD Rome (Epyc) processors running at 2.6 GHz) increases
quickly with the refinement iterations and mesh M2 is about 100 times more
expensive than M0.

Table 2 Details of the meshes used for the simulation. ∆t is the time step during the
simulation. “kh” stands for kilo CPU hours. M0, M1, M2 and M3 are typically run on
1024, 4096, 8192 and 16384 cores on AMD Rome (Epyc) processors running at 2.6 GHz.

Mesh Nb nodes Cells LOx Cells GH2 Cells lips ∆t [ns] CPU (10 ms) [kh]
M0 650 000 17 10 3 13.0 6.5
M1 2 500 000 20 20 6 6.5 76
M2 10 000 000 20 ≈30 12 3.0 650
M3 40 000 000 20 ≈40 24 1.3 4 600

a)

b)

c)
Fig. 3 Longitudinal slices of the 3 meshes (case C60 with recess). Top: initial mesh M0,
middle: mesh M1 and bottom: mesh M2.

Simulated cases are summarized in Tab. 3. The first part of the acronym
corresponds to the experimental conditions, A10, C10 or C60. Cases are
referred as “-NR” for the injector without recess and “-R” for the simulations
with a 1d-recessed LOx tube. The associated grid is given by the case num-
ber. Simulations are started on the coarser grid (M0) with an initially uniform
domain filled with hydrogen at its injection temperature. Once convergence is
reached, the mesh is adapted following the procedure described in Sec. 3.2 and
the last solution is interpolated on the new grid. The procedure is repeated for
the successive mesh refinements performed in this work. Statistics are gath-
ered during a time τav after a transient time τtransient (to ensure the flow
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a) b)

c)
Fig. 4 Longitudinal slices of the 3 meshes in the injector region (cases with recess). Top:
initial mesh M0, middle: mesh M1 and bottom: mesh M2.

is properly converged). These times could be compared with the convective

time defined by τconv =
∫ 60d

0
1/ucenterline(x)dx ≈ 30 ms, 60d being the length

of interest for the comparisons with experiments and between the cases and
ucenterline the axial velocity along the inner jet centerline. Despite the larger
injection velocity for the cases C60, τconv is eventually similar for all the cases
due to the presence of a low velocity region around 15d for the latter cases.
The oxygen injection velocity is used here as it is the lowest velocity at injec-
tion. It is thus expected that this convective time is the limiting one. At least
one convective time is used for τav for meshes M0 and M1 for cases A10, C10
and C60 and for mesh M2 for cases C60. The issue of statistical convergence
is investigated more in detail in Sec. 4. Finally, case C60-R3, which is very
expensive, and case C10-R2 are only used for a study in the recessed part, jus-
tifying their small averaging times, since one through time of the LOx stream
in the recessed part is estimated to be around 1 ms for case C60 and 2 ms
for case C10. Similarly, case A10-R2, with only 10 ms of averaging time, is
restricted to a comparison in the near injector region, up to 10d.

Table 3 Simulated cases. The averaging time used for statistics is given by τav and
τtransient is the transient time before averaging is started.

Case Exp. conditions Recess Mesh τav [ms] τtransient [ms]
A10-R0 A10 1d M0 60 30
A10-R1 A10 1d M1 60 30
A10-R2 A10 1d M2 10 10
A10-NR1 A10 0 M1 30 30
C10-R0 C10 1d M0 60 30
C10-R1 C10 1d M1 60 30
C10-R2 C10 1d M2 6 3
C10-NR1 C10 0 M1 30 30
C60-R0 C60 1d M0 60 40
C60-R1 C60 1d M1 60 40
C60-R2 C60 1d M2 30 10
C60-R3 C60 1d M3 2.7 1.5
C60-NR2 C60 0 M2 36 30
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4 Statistical convergence

The influence of the averaging time is investigated here. We will concentrate
on cases with recess as conclusions are similar with the other geometry and
cases. Statistical convergence in the recess for cases A10-R2, C10-R2 and C60-
R3 is shown in Annex A. Radial profiles of temperature and axial velocity for
different averaging times are shown in Figs. 5 and 6, Figs. 7 and 8 and Figs. 9
and 10 for case A10-R1, C10-R1 and C60-R2, respectively.

Results for 30 ms and 60 ms are very close from each other, for both cases
A10-R1 and C10-R1. It indicates that 30 ms is a proper averaging time for
these cases, as suggested in Sec. 3.3 from the estimation of the convective time,
and that a good statistical convergence is achieved.

For case C60-R2, it is found that results between 20 ms and 30 ms are very
close from each other, both in terms of mean and rms data. The statistical
convergence is thus considered as achieved for case C60-R2.
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Fig. 5 Case A10-R1, statistical convergence. Radial profiles of temperature. − mean pro-
files, −− rms profiles.
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Fig. 6 Case A10-R1, statistical convergence. Radial profiles of axial velocity. − mean pro-
files, −− rms profiles.
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Fig. 8 Case C10-R1, statistical convergence. Radial profiles of axial velocity. − mean pro-
files, −− rms profiles.
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Fig. 9 Case C60-R2, statistical convergence. Radial profiles of temperature. − mean pro-
files, −− rms profiles.

5 Mesh convergence

The influence of the grid resolution is studied in this section. Proper results
should provide mean quantities that are independent of the mesh. Mesh
convergence is shown here for the recessed cases A10-R, C10-R and C60-R.
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Fig. 10 Case C60-R2, statistical convergence. Radial profiles of axial velocity. − mean
profiles, −− rms profiles.

5.1 Case C10-R

Longitudinal slices of mean oxygen mass fraction, temperature and axial veloc-
ity are shown in Fig. 11 for cases C10-R0 and C10-R1. The initial opening of
the flame is similar for both meshes. Also, for both cases, the oxygen pene-
trates the chamber up to 35d, indicating the two flames have the same length.

This is confirmed by the longitudinal profiles of transversally averaged tem-
perature and velocity plotted in Fig. 12. The sudden increases of temperature
corresponds to the region where the flow interacts with the walls and the
inner jet destabilizes. The two grids predict the same evolution of the mean
temperature and axial velocity.

Finally, in order to follow a similar methodology than for case C60 (detailed
in Sec. 5.3), an additional grid refinement is performed. Because this case is
CPU demanding, the analysis is restricted to the recessed region. The latter is
expected to be the most critical region where the instability should be captured
and will determine the rest of the flame dynamics. Radial profiles of temper-
ature, axial velocity and oxygen mass fraction for case C10-R2 are plotted in
Figs. 13 to 15. The profiles for case C10-R0 are slightly shifted compared with
the ones from cases C10-R1 and C10-R2, but their shapes are similar. Very
close results are obtained for cases C10-R1 and C10-R2: mean and rms pro-
files are similar. From all the analysis presented in this section, it is concluded
that simulation results are independent of the grid resolution for mesh M1 and
allow a proper comparison with the experimental visualizations.
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Oxygen mass fraction [0 - 1]

Temperature [80 - 2 800 K]

Axial velocity [-30 - 250 m/s]

Fig. 11 Cases C10-R, mesh convergence. Longitudinal slices of averaged oxygen mass frac-
tion, temperature and axial velocity for cases C10-R0 and C10-R1.
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Fig. 12 Cases C10-R, mesh convergence. Transversally averaged (a) temperature and (b)
axial velocity.

5.2 Case A10-R

Similarly than for C10-R, longitudinal slices of mean oxygen mass fraction,
temperature and axial velocity are shown in Fig. 16 for cases A10-R0 and A10-
R1. While the initial spreading rate of the flame is close for the two grids,
A10-R1 seems to produce a flame (looking at the oxygen mass fraction field
for example) that is longer than A10-R0. Also, the temperature field is more
diffused after 10d for case A10-R0 than for case A10-R1.
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Fig. 13 Cases C10-R, mesh convergence. Radial profiles of oxygen mass fraction. − mean
profiles, −− rms profiles.
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Fig. 14 Cases C10-R, mesh convergence. Radial profiles of temperature. − mean profiles,
−− rms profiles.
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Fig. 15 Cases C10-R, mesh convergence. Radial profiles of axial velocity. − mean profiles,
−− rms profiles.

The departures observed with the longitudinal slices are also present in
the longitudinal profiles of transversally averaged temperature and velocity
(Fig. 17). An additional grid refinement is then considered, case A10-R2.
Given the simulation time for the later case, comparison is limited to 10d,
but is sufficient to see that the flame spreading occurs at the same axial posi-
tion (≈10d) between cases A10-R1 and A10-R2. Moreover, temperature and
velocity increases are similar between the two cases.

The convergence in the recessed region is plotted in Figs. 18 to 20. Cases
A10-R1 and A10-R2 have similar mean and rms profiles shape (slope, width
or maximum), but the curves are not superimposed, slightly more eccentric
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Oxygen mass fraction [0 - 1]

Temperature [80 - 2 800 K]

Axial velocity [-50 - 350 m/s]

Fig. 16 Cases A10-R, mesh convergence. Longitudinal slices of averaged oxygen mass frac-
tion, temperature and axial velocity for cases A10-R0 and A10-R1.
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Fig. 17 Cases A10-R, mesh convergence. Transversally averaged (a) temperature and (b)
axial velocity.

for A10-R1. Based on all the comparisons made in this section, it is expected
that the departure between R1 and R2 in the recess part will not affect the
whole flame dynamics and convergence is considered sufficient with mesh M1
for the study proposed in this work.
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Fig. 18 Cases A10-R, mesh convergence. Radial profiles of oxygen mass fraction. − mean
profiles, −− rms profiles.
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Fig. 19 Cases A10-R, mesh convergence. Radial profiles of temperature. − mean profiles,
−− rms profiles.
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Fig. 20 Cases A10-R, mesh convergence. Radial profiles of axial velocity. − mean profiles,
−− rms profiles.

5.3 Cases C60-R

Mesh convergence is shown now for the recessed case at 60 bar. The longi-
tudinal profiles of averaged temperature and axial velocity in Fig. 21 show
that cases C60-R0 and C60-R1 give close results, even-though the transition
observed around 10d occurs sooner for case C60-R0 than C60-R1. Case C60-R2
departs from the two other grids: the increase of temperature happens closer
to the injector and the increase of axial velocity is stronger for case C60-R2
than C60-R1. Case C60-R2 predicts a shorter flame than the two other cases.

The sudden change of flame topology with the grid resolution is confirmed
with longitudinal slices of oxygen mass fraction, temperature and axial velocity
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Fig. 21 Cases C60-R, mesh convergence. Transversally averaged (a) temperature and (b)
axial velocity.

in Fig. 22. As the mesh is refined the flame spreading angle is increased and
its length is strongly reduced. Interestingly, the departure between the cases
seems to increase as the mesh is refined. From observations of the flow field,
it seems unlikely that this phenomenon is due to insufficient mesh resolution
in the chamber, but it is rather associated with a false reproduction of the
natural instability in the recess. The mesh convergence study is then continued
by performing another mesh refinement and focusing on the recessed part.

Radial profiles of oxygen mass fraction, temperature and axial velocity
inside the injector, after the LOx tube exit at x=-0.5 d and x=0, are plotted
in Figs. 23 to 25 for cases C60-R0, C60-R1, C60-R2 and C60-R3. As expected,
case C60-R2 strongly departs from cases C60-R0 and C60-R1. Mean profiles of
oxygen mass fraction and temperature are more diffused and the amplitude of
rms fluctuations are larger for case C60-R2, suggesting a stronger dynamics in
the recess for this case compared with C60-R0 and C60-R1. The refined mesh
(case C60-R3) leads to results that are close to case C60-R2. In particular
the shape of the mean profiles and the level of fluctuations are comparable
between the two cases. It is concluded that cases C60-R0 and C60-R1 are
not able to capture the expected absolute instability, contrary to cases C60-
R2 and C60-R3. From this grid convergence study, it seems that mesh M2 is
able to reasonably reproduce the dynamics of the flow and can thus be used
confidently for the rest of the study.
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Oxygen mass fraction [0 - 1]

Temperature [80 - 2 800 K]

Axial velocity [-40 m/s - 200 m/s]

Fig. 22 Cases C60-R, mesh convergence. Longitudinal slices of averaged oxygen mass frac-
tion, temperature and axial velocity for cases C60-R0, C60-R1 and C60-R2.

6 Comparison with experiments

6.1 Cases A10 and C10

To allow for a qualitative comparison of the mean flame position, mean OH
mass fraction is compared with OH* emission visualizations for cases A10 and
C10 in Fig. 26. The white dashed line represents the position of maximum
OH* emission in the experiments from an average between the upper and lower
part of the picture. The red dashed line shows the position of maximum OH
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Fig. 23 Cases C60-R, mesh convergence. Radial profiles of oxygen mass fraction. − mean
profiles, −− rms profiles.
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Fig. 24 Cases C60-R, mesh convergence. Radial profiles of temperature. − mean profiles,
−− rms profiles.
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Fig. 25 Cases C60-R, mesh convergence. Radial profiles of axial velocity. − mean profiles,
−− rms profiles.

mass fraction in the simulations. Flush mounted injector cases show a reason-
able agreement with the experimental flame topology, even though both cases
seem to lead to a little longer flame than in the experiment. There is also a
departure directly at the injector exit for case C10, where the small pinch of
the flow is not captured by the simulation. It is believed that this difference is
due to an incorrect prediction of the flow separation in the tapered part of the
LOx injector for this case. However, the overall agreement is satisfactory. Once
the LOx injector is recessed, the initial opening of the flame is properly cap-
tured by the simulations. In particular, the nearly straight opening of the flame
immediately at the injector exit, characteristic of these flames with recess,
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is well retrieved. This suggests that the near injector dynamics are qualita-
tively reproduced. Moreover, the maximum radius axial position is reasonably
recovered for both cases. The flames obtained with the recessed injector are
slightly shorter than the ones without recess (the axial position of the maxi-
mum radius is decreased), and their initial expansion seems augmented, but
differences remain limited.

Fig. 26 Comparison with experiment, cases A10 and C10. Comparison between Abel trans-
formed OH* mean emission images from experiments [4] and mean OH mass fraction from
LES (between 0.01 and 0.05).

6.2 Cases C60

The flame topology from LES is now compared with experimental results from
[16]. First, the mean flame position is analyzed. This is done in Fig. 27 by
comparing experimental OH* emission pictures and OH mass fractions fields
from LES for both the non recessed (left) and recessed cases (right). The white
dashed line represents the position of maximum OH* emission in the experi-
ments from an average between the upper and lower part of the picture. The
case without recess is in agreement with the experimental visualization: the
flame location and both the initial and final spreading rates are reasonably
reproduced. However, the flame seems shorter in the simulation, the down-
stream spreading rate around x ≈ 11d being different between the experiment
and the simulation. There is no clear explanation for these discrepancies at
the moment. It could be associated with the inlet turbulent injection profiles
and intensity chosen in this work or the way solid boundaries are treated in
the chamfer. Interestingly, case C60-R2 is in better agreement with the exper-
imental visualization of Juniper et al. [32] operating under close conditions
(not shown here). This is in line with similar simulations performed in [1].
The simulation with a recessed injector (Fig. 27 right) does not match as well
the experimental picture. The spreading rate is over-estimated and the flame
seems shorter. Such a discrepancy suggests that LES predicts a more intense
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mixing of the LOx jet with the surroundings compared with the experiment.
This is analyzed in the following.

Fig. 27 Comparison with experiment, cases C60. Bottom: Mean backlighting and Abel
transformed OH* emission images from experiments [16] ; Top: Mean OH mass fraction from
LES (from 0.01 to 0.04). Left: non recessed injector, right: recessed injector.

The inner jet topology and dynamics are now qualitatively compared with
experiments in Fig. 28, thanks to the experimental instantaneous backlight-
ing images from [16]. These images show the dense oxygen jet and the regions
containing steep refractive index gradients in the gas. The intensity of light
defines the edge of the oxygen jet. Experimentally, the ducted oxygen jet fea-
tures large scale oscillations that are not observed without recess. Our objective
is a qualitative comparison that highlight the dynamics of the inner jet. It
was found that instantaneous slices of oxygen mass fractions seem appropri-
ate to that purpose. In agreement with the experiments, the inner jet of the
non recessed case is weakly perturbed while the recessed case shows more
dynamics. However, it seems that the numerical results feature much larger
oscillation amplitudes than those from the experiments. The inner jet presents
large scale transverse oscillations and breaks in large parcels. The jet pene-
tration seems to be shorter than in the experiment. These dynamics could
explain the larger spreading rate that is obtained in LES. There is no clear
justification at the moment for the discrepancy between LES and experiments.
However, this departure may originate from the usage of non-reflecting bound-
ary conditions at inlet, not accounting for the actual acoustic response of the
injection lines. Another possibility comes from the hypothesis of adiabatic walls
in the injector. Accounting for heat losses in the injector and feeding lines may
change the inflow conditions and possibility the resulting instability. Finally,
the impact of turbulence at injection should be investigated and may influence
the development of the instability.

7 Influence of recess

The impact of the recess on the flame topology and its dynamics is analyzed
below on case C60-R2 and C60-NR2. In the following, these cases are simply
referred as R and NR, respectively. A similar analysis is performed on cases
A10 and C10 in Annex B and C. Mean fields are first compared in Sec. 7.1. The
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Fig. 28 Comparison with experiment, cases C60. Top: instantaneous backlighting images
from experiments [16], bottom: instantaneous slice of oxygen mass fraction from the simu-
lation (between 0.5 and 1).

dynamics are detailed in Sec. 7.2. Finally, the origin of the important increases
of heat release rate due to the addition of the recess is discussed in Sec. 7.3.

7.1 Flame topology

The recess has a strong impact on the average flame shape. This is exempli-
fied in Fig. 29, where longitudinal slices of mean temperature, density, oxygen
mass fraction and axial velocity are shown. The initial spreading angle, mea-
sured using the radial position of the maximum temperature between x=0
and x=10d, is increased from 5.4◦ to 11.1◦ as the injector is recessed. The
jet penetration is strongly reduced and the flame appears much shorter than
without recess. This reduction is observed on all the variables shown here, i.e.
temperature, density and oxygen mass fraction. The axial position of the max-
imum flame radius (measured here with the temperature field) is consequently
lowered for the recessed case, passing from x=11.4d to x=9.9d.

This is analyzed more quantitatively in Fig. 30a with transversally aver-
aged profiles of mean oxygen mass fraction. A flame length LO2

can be defined
based on the distance from the injector exit to the position at which the mean
oxygen mass fraction is below 0.005, leading to LO2

=36d and LO2
=61d for

cases R and NR, respectively. Accordingly, the heat release axial distribution
is importantly changed. Near the injector exit, the heat release rate is approx-
imatively doubled for case R. In the second part of the chamber (x>20d), the
remaining unburned oxygen for case NR leads to an elongated profile of heat
release, larger than for case R. Such modifications of heat release distribution
may have important consequences for flame / acoustic interaction and com-
bustion instabilities. The heat release rate is discussed more in detail in Sec.
7.3.

7.2 Flow dynamics

Instantaneous fields of temperature, density, oxygen mass fractions and axial
velocity are shown in Fig. 31. Contrary to case NR, the flame formed with
case R is strongly disrupted immediately at the injector exit. The inner core
features a large amplitude transverse motion and finally breaks apart into large
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Temperature [80 - 3 000 K]

Density [10 - 1 100 kg/m3, log scale]

Oxygen mass fraction [0 - 1]

Axial velocity [-40 - 200 m/s]

Fig. 29 No recess vs recess comparison. Longitudinal slices of average temperature, density,
oxygen mass fraction and axial velocity. Blue: minimum, red: maximum.

a)
0 10 20 30 40 50 60

x/d [-]
0

0.05

0.1

0.15

O
xy

ge
n 

m
as

s f
ra

ct
io

n 
[-

]

Recess
No Recess

b)
0 10 20 30 40 50 60

x/d [-]
0

5

10

15

20

25

30

H
ea

t R
el

ea
se

 [M
W

/m
] Recess

No Recess

Fig. 30 No recess vs recess comparison. Longitudinal profile of transversely averaged oxy-
gen mass fraction and transversely integrated heat release per unit length.

parcels. Footprints of the inner jet motion are visible on the annular stream
velocity, regularly perturbed. This dynamics promote an augmented initial
spreading rate of the flame.

The natural frequency of the instability is analyzed at the injector exit.
Two probes are placed in the hydrogen and oxygen flows, at 0.5d from the
injector exit (Fig. 32). Power spectral densities of axial velocity at probe H2
and of radial velocity at probe O2 are shown in Fig. 33, for both cases R and
NR. As expected, the dynamics for case R is much stronger than for case NR,
the red curve corresponding to case NR being barely visible because of its
much lower amplitude than for case R. The instability is characterized by a
large band response, and a dominant frequency around 1250 Hz.
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Temperature [80 - 3 600 K] Density [10 - 1 100 kg/m3, log scale]

Oxygen mass fraction [0 - 1] Axial velocity [-50 - 250 m/s]

Fig. 31 No recess vs recess comparison. Longitudinal slices of instantaneous temperature,
density, oxygen mass fraction and axial velocity. Blue: minimum, red: maximum.

Fig. 32 No recess vs recess comparison. Position of the two probes used for dynamical
study.
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Fig. 33 No recess vs recess comparison. Power spectral density of (a) axial velocity in the
annular stream and (b) radial velocity in the inner jet. A Welch’s method is used, with 12
and 24 blocks for recessed and no recessed cases, respectively. The frequency resolution is
500 Hz.

7.3 Discussion

The addition of the recess on the LOx post leads to an important modification
of the average heat release rate. To better characterize this phenomena, the
mean heat release rate per unit length q̇l plotted in Fig. 30b is decomposed as
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follow:

q̇l(x) = q̇s(x)Σl(x) (4)

In Eq. 4, q̇s is the mean heat release rate per flame surface unit and Σl(x) is
the mean resolved flame surface per unit length. The latter is defined following
[33] by Σl(x) =

∫
S(x)

< ∥∇Z̃(x, y, z, t)∥ > dS, with <> indicating a temporal

averaging and S(x) being the transverse surface at the axial position x. q̇s is
then obtained by dividing q̇l by Σl. Σl and q̇s as a function of the distance to
the injector exit are plotted in Fig. 34 for the recessed and non recessed cases.
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Fig. 34 No recess vs recess comparison. Longitudinal profile of (a) transversely integrated
resolved flame surface per unit length and (b) transversely integrated heat release rate per
resolved flame surface.

The resolved flame surface is importantly increased for case R compared
with case NR, up to x=10d. This was expected because of the large amplitude
motion of the inner jet induced by the instability observed previously in Sec.
7.2. Interestingly, the heat release rate per flame surface is also augmented
close to the injector, up to x=7d. At the injector exit, q̇s is approximatively
doubled for case R compared with case NR.

In order to better understand the mechanism driving this increase at the
injector exit, a set of radial profiles at x=0d for case R and x=1d for case
NR are plotted in Fig. 35. The two profiles are not taken at the same axial
position to account for the recess in the comparison and ensure similar resolved
flame surfaces for the two cases, so that only q̇s is responsible for the change
in total heat release. As expected from the previous analysis, the heat release
rate (Fig. 35a) is importantly augmented for r between 0.2d and 0.6d as the
LOx tube is recessed. The mean oxygen mass fraction and density are modified
accordingly, showing more diffused profiles for r<0.6d, while the profile of mean
temperature is essentially shifted with larger values for r<0.5d. The level of
oxygen mass fraction and temperature fluctuations is increased for r<0.5d.

An important departure is noticed concerning the mean axial velocity, plot-
ted in Fig. 36. The latter is strongly increased for case R for r<1d. This is
in line with the analytical work presented in [4]. It suggests that the thermal
expansion due to the combustion in the recessed, confined, part of the injector
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Fig. 35 No recess vs recess comparison. Radial profiles of heat release rate, oxygen mass
fraction, temperature and density at the injector exit (x = 0 for case R and x = 1d for case
NR). − mean profiles, −− rms profiles.

increases the exit annular flow velocity. As a consequence, the resolved veloc-
ity fluctuations given by k =

√
u′2 + v′2 + w′2, where u′, v′ and w′ are velocity

rms in each spatial directions, are also augmented in this region. They are
plotted in Fig. 37a. As for the heat release rate, case R features much larger
velocity fluctuations than case NR for r<0.6d. These velocity fluctuations are
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Fig. 36 No recess vs recess comparison. Radial profiles of axial velocity at the injector exit
(x = 0 for case R and x = 1d for case NR). − mean profiles, −− rms profiles.

found to be strongly correlated with the heat release. This is shown in Fig.
37b by plotting normalized heat release rate and velocity rms for cases R and
NR. Normalized values ϕ are defined by ϕn = (ϕ − ϕmin)/(ϕmax − ϕmin),
where ϕmax and ϕmin are their maximum and minimum value for 0<r<1d. It
suggests that the augmentation of velocity fluctuations enhances the turbu-
lent mixing in the reactive layer and is at the origin of the augmented heat
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release in the near injector region. Further downstream, the increase of heat
release rate is a combined effect between the augmented turbulence and the
augmented resolved flame surface because of the rapid destabilization of the
inner jet.
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Fig. 37 No recess vs recess comparison. Radial profiles of (a) velocity rms k =√
u′2 + v′2 + w′2 and (b) normalized heat release rate ωn and velocity rms kn at the injec-

tor exit (x = 0 for case R and x = 1d for case NR).

8 Conclusions

Large-Eddy Simulations (LES) of LOx/GH2 coaxial injectors operating at high
pressure and featuring a recessed LOx tube are shown in this article. The
configurations correspond to the experimental Mascotte test-case A10 and C10
[4] at 10 bar and C60 [16] at 60 bar on which experimental tests with and
without recess are available, in particular through experimental backlighting
images for C60. For the latter, it was found experimentally that the inner dense
LOx stream features large scale oscillations when the LOx tube is recessed.

For the case operating at 60 bar, mesh convergence is difficult to reach
and a very fine grid is necessary for the natural instability of the recessed
injector to properly develop. On the contrary, the cases at 10 bar, which do
not feature such strong oscillations once the oxygen injector is recessed, show
a more efficient mesh convergence. When compared with the experimental
backlighting images, the simulation with a recessed injector at 60 bar shows a
more intense dynamics of the inner jet. As a consequence the flame spreading
rate is over-predicted by the LES. However, the sudden change for the inner
jet dynamics as the injector is recessed is captured by the simulation. Cases
at 10 bar qualitatively reproduce the experimental visualizations: the initial
expansion of the flame is well retrieved and the maximum radius axial position
is reasonably recovered for both cases.

A comparison with a flush mounted injector is performed for case C60. The
recessed case features a much shorter flame. Its spreading rate is also strongly
increased. One consequence is an important modification of the heat release
rate distribution near the injector, nearly doubled up to 10 diameters. This
behavior is of importance for combustion instabilities, since the flame response
to an acoustic perturbation should be drastically changed by this geometrical



Springer Nature 2021 LATEX template

Assessment of Large-Eddy Simulation for the prediction of recessed inner-tube coaxial flames 27

modification. It is found that the increase of heat release rate has two origins.
First, because of the combustion occurring in the recess, the flow velocity at the
injector exit is augmented. The turbulent mixing is consequently augmented
which in turn increases the heat release. This phenomenon dominates at the
injector exit. Further downstream, the increase of heat release is also due to
an augmentation of the flame surface because of the enhanced dynamics of the
recessed case, increasing the expansion of the flame. For cases A10 and C10,
the increase of heat release is found to be essentially due to the augmentation
of the flow velocity at the injector exit while the change of resolved flame
surface is more limited than for case C60.
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A Statistical convergence in the recess for
cases A10-R2, C10-R2 and C60-R3

Radial profiles of temperature and axial velocity are plotted for different aver-
aging times in Fig. 38, 39 and 40 for cases A10-R2, C10-R2 and C60-R3,
respectively. For all the cases, the different profiles are close from each other,
suggesting the simulation is properly statistically converged in the recess.

B Mean fields for cases A10 and C10

Longitudinal slices of average temperature, density and oxygen mass fraction
for cases A10 and C10 are shown in Fig. 41 and 42. As could have been
expected from the lowered annular injection velocity, the flame for cases C10
penetrates further into the chamber than for cases A10. The recess of the LOx
tube leads to a reduction of the flame length, for both cases. This is similar
to the observations made on case C60. This reduction is associated with a
modification of the heat release rate distribution in the chamber, as depicted
in Fig. 43. For both cases, the heat release rate is augmented up to x≈8d.
Differences between recessed and non recessed cases are less noticeable further
downstream. The change of heat release due to the recess is lower than the
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Fig. 38 Case A10-R2, statistical convergence in the recess. Radial profiles of axial velocity.
− mean profiles, −− rms profiles.
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Fig. 39 Case C10-R2, statistical convergence in the recess. Radial profiles of axial velocity.
− mean profiles, −− rms profiles.

one obtained at 60 bar, but an important growth of 70% is however measured
at x=2d.
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Fig. 40 Case C60-R3, statistical convergence in the recess. Radial profiles of axial velocity.
− mean profiles, −− rms profiles.

Temperature [80 - 2 800 K]

Density [1 - 1 100 kg/m3, log scale]

Oxygen mass fraction [0 - 1]

Fig. 41 Cases A10-NR and A10-R. Longitudinal slices of average temperature, density,
oxygen mass fraction and axial velocity. Blue: minimum, red: maximum.

C Flame surface and heat release rate for cases
A10 and C10

Following the procedure depicted in Sec. 7.3 and Eq. 4, resolved flame surfaces
for cases A10 and C10 are plotted in Figs. 44a and 45a, respectively. Con-
trary to cases C60, the modification of the flame surface is here limited, and
essentially corresponds to a one diameter shift of the curve once the injector is
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Temperature [80 - 2 800 K]

Density [1 - 1 100 kg/m3, log scale]

Oxygen mass fraction [0 - 1]

Fig. 42 Cases C10-NR and C10-R. Longitudinal slices of average temperature, density and
oxygen mass fraction. Blue: minimum, red: maximum.
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Fig. 43 Longitudinal profiles transversely integrated heat release per unit length for (a)
cases A10 and (b) cases C10.

recessed. The change of heat release is thus provoked by a modification of the
heat release per flame surface q̇s. This is shown in Figs. 44b and 45b, where q̇s
increases as the LOx injector is recessed. This is a consequence of the thermal
expansion in the recess that augments velocity and turbulent mixing at the
injector exit.
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Fig. 44 Cases A10-NR and A10-R. Longitudinal profile of (a) transversely integrated
resolved flame surface per unit length and (b) transversely integrated heat release per
resolved flame surface and per unit length.
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References

[1] Schmitt, T.: Large-eddy simulations of the mascotte test cases operating
at supercritical pressure. Flow, Turbulence and Combustion 105, 159–189
(2020). https://doi.org/10.1007/s10494-019-00096-y

[2] Pelletier, M., Schmitt, T., Ducruix, S.: A multifluid taylor-galerkin
methodology for the simulation of compressible multicomponent sepa-
rate two-phase flows from subcritical to supercritical states. Computers
& Fluids 206, 104588 (2020). https://doi.org/10.1016/j.compfluid.2020.
104588

[3] Habiballah, M., Orain, M., Grisch, F., Vingert, L., Gicquel, P.: Exper-
imental Studies of High-Pressure Cryogenic Flames on the Mascotte
Facility. Combustion Science and Technology 178(1), 101–128 (2006).
https://doi.org/10.1080/00102200500294486

[4] Kendrick, D., Herding, G., Scouflaire, P., Rolon, C., Candel, S.: Effects of
a recess on cryogenic flame stabilization. Combustion and Flame 118(3),
327–339 (1999). https://doi.org/10.1016/S0010-2180(98)00168-0

[5] Oefelein, J.C.: Mixing and Combustion of Cryogenic Oxygen-Hydrogen

https://doi.org/10.1007/s10494-019-00096-y
https://doi.org/10.1016/j.compfluid.2020.104588
https://doi.org/10.1016/j.compfluid.2020.104588
https://doi.org/10.1080/00102200500294486
https://doi.org/10.1016/S0010-2180(98)00168-0


Springer Nature 2021 LATEX template

32 Assessment of Large-Eddy Simulation for the prediction of recessed inner-tube coaxial flames

Shear-Coaxial Jet Flames at Supercritical Pressure. Combustion Sci-
ence and Technology 178(1), 229–252 (2006). https://doi.org/10.1080/
00102200500325322

[6] Zong, N., Yang, V.: Cryogenic Fluid Jets and Mixing Layers in Transcriti-
cal and Supercritical Environments. Combustion Science and Technology
178(1), 193–227 (2006). https://doi.org/10.1080/00102200500287613

[7] Müller, H., Niedermeier, C.A., Matheis, J., Pfitzner, M., Hickel, S.:
Large-eddy simulation of nitrogen injection at trans-and supercritical con-
ditions. Physics of Fluids 28(1), 015102 (2016). https://doi.org/10.1063/
1.4937948

[8] Matheis, J., Hickel, S.: Multi-component vapor-liquid equilibrium model
for les of high-pressure fuel injection and aplication to ecn spray a.
International Journal of Multiphase Flow 99, 294–311 (2018). https:
//doi.org/10.1016/j.ijmultiphaseflow.2017.11.001

[9] Zips, J., Traxinger, C., Breda, P., Pfitzner, M.: Assessment of presumed/-
transported probability density function methods for rocket combustion
simulations. Journal of Propulsion and Power 35(4), 747–764 (2019).
https://doi.org/10.2514/1.B37331

[10] Ma, P.C., Wu, H., Jaravel, T., Bravo, L., Ihme, M.: Large-eddy simu-
lations of transcritical injection and auto-ignition using diffuse-interface
method and finite-rate chemistry. Proceedings of the Combustion Insti-
tute 37(3), 3303–3310 (2019). https://doi.org/10.1016/j.proci.2018.05.
063
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