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Abstract

The study focuses on the full simulation of a multiple coaxial configuration which typifies, on a model scale, the geometry and the
thermodynamic and injection conditions found in real rocket engines. Cryogenic reactants (liquid oxygen and gaseous methane)
are injected under transcritical conditions, a situation reached when the pressure is higher than the critical pressure of the reactants
and the injection temperature is lower than the critical temperature. The dynamics of high-pressure transcritical flames submitted
to high-frequency transverse acoustic modes is specifically considered. Calculations are carried out in the exact configuration of a
model scale combustor mounted on the Mascotte cryogenic test bench (ONERA and EM2C), operating at 6.7 MPa. This system
comprises five shear-coaxial injectors arranged on a line in the chamber backplane and it is equipped with a very high amplitude
modulator (VHAM). This device periodically and alternately blocks the two exhaust nozzles of the combustion chamber, inducing a
large amplitude transverse acoustic modulation. The flame region is then submitted to high amplitude transverse acoustic modes. The
Large-Eddy Simulation (LES) flow solver AVBP from CERFACS and IFPEN is used in this work. The solver has been previously
extended to handle high-pressure transcritical flows in a collaborative effort carried out by CERFACS and EM2C, CNRS. Results
obtained by exploiting high-end computational resources demonstrate the feasibility of such calculations and provide insight in the
process. The simulations highlight the mechanisms which can feed energy in the transverse mode and suggest possible descriptions
of the driving processes. It is shown that calculations retrieve features found in experiments: the flames are more compact when they
are made to interact with the transverse acoustic waves. The dense core length is notably reduced. The flames and dense cores are
flattened in the spanwise direction, a feature which is also found in experiments. The unsteady motion observed experimentally is
thus well obtained numerically. The transverse motion induced by the acoustic modulation is analyzed in detail. It is found that this

motion closely follows the acoustic waves formed in the chamber in good agreement with a model proposed by Mery et al. [1].
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1. Introduction

Combustion instabilities have often hindered developments of
Liquid Rocket Engines (LRE). Such extreme dynamical phenom-
ena were experienced in many high performance engines. It took
a considerable amount of testing to eliminate high frequency in-
stabilities arising in the F-1 of the Saturn V rocket [2]. Such
instabilities were also encountered during the Ariane develop-
ment program leading to the in-flight destruction of the second
launcher on November 23, 1980. After a few seconds of op-
eration high-frequency oscillations developed in the first stage
propulsion system resulting in a rapid erosion and melting of the
injection face due to the rapid intensification of heat fluxes un-
der large amplitude oscillations of the thrust chamber parameters.
Because this problem was so pervasive it has been extensively in-
vestigated. Most observations were made in real scale engines
with relatively few model scale investigations. Theoretical un-
derstanding and experimental data based on large scale testing
are summarized in [3] while more recent advances are reviewed
in [4-6].
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The present research project aims at advancing the state of the art
in this field by exploring the possibilities of Large-Eddy Simu-
lations (LES) with the following three objectives: (1) Check the
numerical methodology by comparing the LES data to the exper-
imental results, (2) Observe the dynamical response of coaxial
flames in a high-frequency transverse acoustic field and comple-
ment experimental data and (3) Underline differences in flame
dynamics depending on whether the flame is submitted to acous-
tic pressure or acoustic transverse velocity.

The simulations reported in what follows correspond to operat-
ing conditions prevailing in LREs reproduced in a multiple in-
jector laboratory scale test configuration (MIC) equipped with
an external actuator (designated as the VHAM). The VHAM in-
duces large amplitude transverse acoustic modulations which in-
teract with the multiple cryogenic flames established in the MIC.
This device is fed with liquid oxygen injected in the central chan-
nels of coaxial injectors and this stream is surrounded by gaseous
hydrogen or methane. The mean chamber pressure exceeds the
critical pressure of the liquid oxygen (p.(0,) = 5.04 MPa)
which is injected at a temperature well below its critical value
T.(0,) = 154 K. Under these transcritical conditions, the work-
ing fluid state departs from that of a perfect gas [7], surface ten-
sion vanishes and mass transfer from the dense oxygen stream
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to the lighter surrounding stream is essentially governed by tur-
bulent production of surface area and mixing. Combustion thus
takes place in a complex flow featuring large density gradients
and its simulation raises considerable physical and mathematical
difficulties.

The flame structure under transcritical conditions is now well
documented, for example in [8—11]. These data provide useful
information for numerical modeling and have been used to guide
simulation of transcritical flows. In the past decade, efforts have
been made to establish computational methodologies for trans-
critical injection and combustion including real gas thermody-
namics, transport models and modified algorithms for numeri-
cal integration. LES of turbulent transcritical jets and jet flames
have been carried out in the transcritical range by different re-
search groups ([12-20]). Much of this work has concerned coax-
ial flames formed by a transcritical oxygen stream surrounded by
a high speed annular flow of hydrogen or methane. These sim-
ulations constitute the first step towards the simulations of more
complex systems, representative of real engines.

The experimental configuration simulated in the present study
has served in recent years to obtain an understanding of the
driving and coupling processes in high-frequency instabilities.
The Multiple-Injector Combustor (MIC), featuring five injectors
representative of a LRE injection plane system, was conceived
[1, 21], and mounted on the Mascotte cryogenic combustion fa-
cility of ONERA.

The simulations presented in this article reproduce the MIC
equipped with the VHAM actuator that produces transverse
acoustic modes in the chamber. The experimental setup is briefly
described in Sec. 2. The LES solver and the numerical config-
uration used in the present investigation are reported in Sec. 3.
Results are discussed in Sec. 4. Attention is focused on the flame
motion induced by the transverse acoustic modulation.

2. Brief description of the simulated experimental setup

The experimental setup comprises a rectangular combustor
featuring a backplane with five coaxial cryogenic injectors. This
system is mounted on the Mascotte test-bench from ONERA [1].
The system operates at 6.7 MPa and liquid oxygen (LOx) is in-
jected through the inner channel at 80 K. The LOx stream is sur-
rounded by a high velocity flow of gaseous methane (GCHy).
The velocities of these LOx and GCH, streams are O(1) m.s™!
and O(100) m.s~!, respectively. Under such conditions, represen-
tative of rocket engine steady state conditions of operation, the
LOx is transcritical while GCHy is supercritical. The operating
point conditions are gathered in Tab. 1.

The MIC is equipped with an actuator, known as the Very High

MR J
1.1 3.7

Pcy[MPa]
6.7

ricw, [g.s71]
100

mLOx [g~sil]
106

Table 1: Operating point chosen for the simulation. P, is the chamber mean
pressure, it ox and ricp, are the mass flow rates of oxygen and methane, respec-
tively. MR is the mixture ratio and J the momentum flux ratio. The injection
temperatures are kept constant: 770, = 80K and Tcp, = 288K.

Amplitude Modulator (VHAM) [1, 22], which was designed to

generate extreme acoustic levels in the chamber in order to resp-
resent the pressure perturbations arising in combustion instabili-
ties. This system is shown in Fig. 1. It consists of a toothed wheel
that alternately blocks the two outlet nozzles of the chamber. The
whole mass flow is thus ejected alternately from the top and bot-
tom nozzles. For an appropriate rotation rate of the wheel cor-
responding to the transverse mode eigenfrequencies, strong reso-
nances are induced in the chamber. Because the nozzles are shut
by the wheel in an alternate fashion, transverse modes of odd or-
der are promoted.

The MIC is equipped with large quartz windows that give access
to the most of the flame region.

Injection lines

Toothed Wheel

Quartz Window

Burnt Gases

Ehanst riozzles Combustion chamber

Figure 1: Schematic representation of the MIC equipped with the Very High Am-
plitude Modulator (VHAM) [23]

3. Numerical setup

3.1. Large-Eddy Simulation solver

The unstructured AVBP compressible flow solver (see among
others [24, 25]) is used in what follows to integrate the three-
dimensional compressible Navier-Stokes equations for a multi-
component mixture of reactive fluids. The numerical method
uses a low-dissipation centered scheme, third-order in space and
time [26]. Boundary conditions are treated with the character-
istic wave decomposition method NSCBC [27]. A real-gas ver-
sion of the AVBP flow solver, called AVBP-RG, was recently de-
veloped [28, 29] with appropriate models to account for real-gas
non-idealities. The Soave-Redlich-Kwong equation of state [30]
was included in the solver:

_pT pzam(T)
" 1—-pb, 1+pb,

p ey
with T the temperature and » = R/W, where R designates the
universal gas constant and W is the molar mass. The coeffi-
cients a,(T) and b,, are calculated according to [31]. Equa-
tion (1) is used for a consistent derivation of the pressure de-
pendence of thermodynamic properties (internal energy, enthalpy,
specific heats, compressibility), as described in [31, 32]. Chemi-
cal conversion is handled using an infinitely fast chemistry model
presented in [20]. NSCBC boundary conditions are adapted to
real-gas thermodynamics [33]. Because of the steep density and



internal energy gradients, real-gas simulations require a specific
numerical stabilization procedure described in [29]. The WALE
model [34] is used to represent the sub-grid scale (SGS) shear
stress tensor. The SGS energy and species fluxes are modeled
using gradient transport assumptions with sub-grid Prandtl and
Schmidt numbers set to 0.7. Results of calculations in gaseous
atmospheric pressure situations as well as in high pressure tran-
scritical cases indicate that the AVBP-RG flow solver in combi-
nation with these models provides solutions which are in good
agreement with experimental data. These partial validations indi-
cate that one may use this code to examine transcritical combus-
tion dynamics problems.

3.2. Numerical configuration

Calculations are carried out in the exact configuration
(MIC+VHAM) used in the experimental investigation on the
Mascotte test-bench. The mesh shown in Fig. 2 comprises
11,800,000 nodes and 63,300,000 cells. The number of cells
used to represent the injector lips where the flame is anchored
is equal to 6 which is reasonable in view of previous experience
with similar calculations. Walls are treated with an adiabatic no-

Region of interest

Full geometry

Figure 2: Full 3D geometry and mesh. A is the local cell size, d,, is the nozzle
diameter and dy;, and A, are the lip and chamber widths, respectively.

slip condition and an anisotropic turbulence is injected at the inlet
following the methodology described in [35]. Bulk and rms pro-
files, resulting from an independent LES of a long tube with the
same Reynolds number and mesh resolution, are used to impose
velocity conditions of each injector. The MIC mean pressure is
imposed using non-reflecting conditions at the two outlets.

The acoustic perturbation generated by the VHAM is represented
by an alternate modulation of the two outlets with an imposed
pressure:

pup = Asin(2nf1),
Phown = A sinQnft + ),

2
3)

with A the amplitude of the modulation and f its frequency. The
present study focuses on the 1T1L modulation (Fig. 3(a)). In this
situation, flames are essentially modulated by a transverse acous-
tic velocity. Acoustic pressure fluctuations are zero for the center
flame, and modulate the lateral flames. This approach allows to
reach the modulation levels observed in the Mascotte experiments
and recorded using dynamic pressure sensors located on the up-
per and lower side walls (Fig. 3(b)). The resulting acoustic modes

suitably match the experimental data, as the frequency of modu-
lation is successively made to coincide with the eigenfrequencies
of the system.

"

HF1

o ’

. 4

(b) Time

Figure 3: (a) Experimental (plain) and numerical (dashed) dynamical pressure
signals recorded at HF1 and HF2. (b) IT1L mode structure in the MIC. The five
flames are represented by iso-surfaces of temperature (3000 K). The longitudinal
slice shows an instantaneous pressure field (blue: 6.6MPa; red: 6.85MPa).

4. Results and discussion

Simulation results are first briefly described and then compared
with experimental visualizations in Sec. 4.1. The discussion is
then focused on the unsteady flame motion in Sec. 4.2.

4.1. Simulation results and comparison to experimental data
Flame structure

It is first convenient to examine cuts of the velocity amplitude
(in red) together with density (greater than 100 kg.m™3, in blue)
shown in Fig. 4. In the absence of acoustic modulation, the typ-
ical transcritical flame geometry is observed [36]. The flame, lo-
calized between the oxygen and methane streams, has a limited
spreading rate but extends far downstream in the chamber. This
flame and the inner jet are strongly sheared by the high velocity
gaseous annular flow. The latter quickly transitions to a fully tur-
bulent flow. By opposition, the inner high density jet remains co-
hesive and penetrates up to 20 diameters into the chamber. Each
flame is essentially axisymmetric (Fig. 4(a)) in this case.
As acoustic modulation is activated, the jets structure changes in
a substantial fashion (Fig. 4(b)). The inner jet length is strongly
reduced and alternate shedding of large scale vortices takes place
in the annular gaseous stream. The methane jets are violently
shaken by the transverse acoustic velocity generated by the mod-
ulation. The inner jets (and the flames) no longer remain ax-
isymmetric, but are now flattened in the spanwise direction by
the transverse velocity modulation.
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Figure 4: LES of the MIC featuring 5 injectors. Instantaneous longitudinal slice of density and velocity magnitude. (a) Without external acoustic modulation. (b)

Submitted to a transverse acoustic modulation.

Figure 5: Left: Reconstructed emission images deduced from the simulations using a volume rendering of the temperature field (blue) and the density field (black)
without modulation (a), with a 1T1L modulation (c) - Right: Experimental instantaneous visualizations of the flame light emission (b) without modulation, (d) with a

1T1L modulation.

Comparison with experimental visualizations

Figure 5 compares LES results to instantaneous visualizations
from the experiment. Experimental images correspond to a direct
view of the flames, which integrates the light emitted along the
line of sight. This is qualitatively reproduced in the numerical
results by using a volumetric rendering of the temperature field
(in blue). The density field is also highlighted with a volumetric

rendering in black. This comparison indicates that simulations
are qualitatively able to retrieve what is observed experimentally,
in terms of flame length and spreading rate. The two peripheral
flames are slightly bent towards the chamber centerline. This is
also visible in the experiments (Fig. 5(b)). This feature can be
related to the formation of recirculation zones in the upper and
lower left corners of the chamber and to a reduced pressure re-



gion in the center of the chamber.

When transverse acoustic perturbations are generated in the sys-
tem (Fig. 5(c-d)), flames are shortened in both experiment and
simulation. It is also found that the center flames are longer than
the outer flames. The lateral flames bending towards the chamber
centerplane is noticeably larger when the acoustic modulation is
on. In Fig. 5(d), the dense cores become visible (dark region in
the center of each flame) and two thick layers of intense luminos-
ity form on their upper and lower sides. This phenomenon can be
attributed to the flames flattening (Fig. 4). Both in the LES and in
the experiments, the five flames oscillate as a block in the trans-
verse direction following the transverse acoustic velocity. This
aspect is investigated in details in Sec. 4.2.

4.2. Flames dynamics

Flame dynamics induced by the acoustic forcing is investigated

in this section. In what follows, the analysis is based on phase
averaged data. The different flames are referred as -2, —1, 0, +1
and +2 according to the corresponding injector transverse posi-
tion (see. Fig. 6). It is proposed to analyze the dense oxygen jets
motion as it is expected to drive the flames dynamics [37]. Each
individual jet displacement is analyzed by plotting the jet trans-
verse position yf) (where i is the flame number) for various phases
of the acoustic modulation along the downstream direction. This
position is defined as the transverse coordinate of the barycenter
of the oxygen mass fraction profile.
Results for the center flame (flame 0) are shown in Fig. 6 (left).
For x < 10d, one observes nearly sinusoidal oscillations. The in-
ner jet shows little sensitivity to the transverse modulation. This
flag-like motion is no longer visible further downstream. Instead,
the jet features a up-down ‘block’ motion. The same behavior is
noticed for the lateral flames. This is exemplified with flame +2
in Fig. 6(b). In addition to the transverse motion, lateral flames
are also bent towards the center of the domain. This behavior is
much more pronounced under acoustic modulation. Interestingly,
it seems that this inclination is super-imposed to the transverse
motion and does not alter its dynamics.

In an attempt to quantify the transverse flame displacement,
spatially averaged position yf)(t) — relative to time average posi-
tion — is computed over one period:

1 X1 fxz (yf)(x, - <y6(x)>) dx

X1

Vi) = 4)

where [x1, x,] is the interval of axial averaging and <y6(x)> is the
time average of yf)(x, ). A first simple procedure is to perform
the average over the whole flame length: x; = 0 and x, = 25d.
The resulting values are plotted over time during one period in
Fig. 7 (symbol X), for flame O (a) and flame +2 (b). A harmonic
motion, whose shape is similar to the mode shape induced by the
acoustic modulation is clearly identifiable. Of interest is also the
transverse position of the last part of the jet, the “block motion”
region, defined by x; = 15d and x, = 25d. Results are gathered in
Fig. 7 (symbol o) for both flames 0 and +2. As expected from Fig.
6, the amplitude of the transverse motion is larger in the second
part of the jet, but differences between the two average intervals
are limited. It is now interesting to compare these motions with
the analytical model proposed by Mery et al. [1] to describe the
flame movement induced by the transverse modulation.

(a)
0.3 T T i T T T
Flame +2
o
°
~
=)
I >
-0.3 | | | L
0 /2 n 3mn/2 2n
Phase [-]
(b)
Figure 7: Theoretical and numerical flame displacement. — From Eq. 6; X Av-

erage flame position for x < 25d; O Average flame position for 15d < x < 25d.

The model named FAME (Flame Acoustic Motion Equation)
[1] has been deduced from experimental observations. It consid-
ers each flame as a thin line put set in motion by the transverse
acoustic velocity. The flame transverse position in time is then
estimated as a function of the transverse acoustic velocity. Under
its simplest form, one can assume that the flame motion exactly
matches the transverse acoustic motion. We suppose for simplic-
ity a pure transverse mode here. The transverse acoustic velocity
fluctuation is then independent of the axial position and is given
by:

i

' )
VvV'(y,t) = Vcos A sin(wt) 5)

where V' is the transverse acoustic velocity generated by the mod-
ulation, V is the corresponding amplitude, y}l is the initial posi-
tion of flame i (i.e. the coordinate of the center of the injector),
L the lateral dimension of the chamber, ¢ the time and w = 2xf,
with f the modulation frequency. Under the assumption that the
transverse motion of the flame is small compared to the wave-
length of the acoustic mode, the transverse displacement induced
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Figure 6: Longitudinal phase averaged profiles of oxygen jet transverse position for eight phases over one period. Left: flame 0; Right: flame +2. — Under acoustic
modulation; — — — Without acoustic modulation; * * * Average position under acoustic modulation

by acoustic is given by:

i

i = ¥y, + Y cos —ﬂyﬂ cos(wt) 6)
Yo - yfl w L
One then obtains for flame O:
\%
Yo = —cos(wn) (7
w
and for flame +2:
\%
Yoi() =y +—0.9563 cos(wr) (8)
w

Equations 7 and 8 for flames 0 and +2 are plotted in Fig. 7
(continuous line). The model matches remarkably well the nu-
merical results for both flames, indicating that the displacement
model proposed by Mery et al. is able to properly account for the
transverse motions executed by the flames when they are inter-
acting with an imposed field of transverse acoustic velocity mod-
ulations.

5. Conclusion

This article reports results of Large Eddy Simulations (LES)
of a multiple injector combustor mounted on the Mascotte cryo-
genic combustion test-rig. The MIC features 5 coaxial injectors
forming a linear arrangement. This configuration is representa-
tive to some extent of real liquid rocket engines, and operates like
these engines under transcritical conditions. The MIC is equipped
with an acoustic actuator that produces transverse acoustic mod-
ulations, representative of a rocket engine instability. It is shown
that calculations are able to retrieve experimental observations,
both in presence or in absence of acoustic forcing. Under acoustic
modulation, the flame lengths are notably reduced and the flames
move in the transverse direction at the acoustic modulation fre-
quency. Moreover, flames are flattened in the spanwise direction
which nicely matches experimental observations. This phenom-
ena explain the sudden changes in flame topology observed ex-
perimentally. The transverse flame displacement is investigated
in detail. It is shown that a small amplitude flag-like motion is



present in the near injection region. Further downstream the jets
move in “block”. The flame transverse displacements are com-
pared with the modeled approach suggested in Mery et al. [1]. In
such a configuration the flames are supposed to follow the acous-
tic modulation field. Good agreement between simulations and
the reduced model are obtained. On-going work deals with the
analysis of a second simulation at higher frequency that corre-
sponds to the 1T2L acoustic mode of the chamber. The calcula-
tions may also be employed to estimate the Rayleigh source terms
which arise in the acoustic energy balance allowing a further dis-
cussion of the growth or decay of oscillations.
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