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Abstract

The coupling Fluid-Structure Interaction (FSI) procedure developed by Snecma Propulsion Solide,
SAFRAN Group jointly with ONERA and MSC.Software is described in this paper. Numerical results
are first confronted to experimental data on a reference test case. A good agreement that validates the
coupling methodology is obtained. Then a simplified small scale configuration of a segmented Solid
Rocket Motor is computed. The comparison between uncoupled and coupled simulations, still under
investigation, exhibits a frequency shift in the flow acoustic coupling. Hence, in this particular
configuration, FSI phenomena may alter the aeroacoustic instability.

I ntroduction

Numerical ssimulation of Solid Rocket Motors (SRMs) is a complicated and multi-physics problem. Numerous
physical fields such as fluid dynamics of reacting and multiphase flows, structural analysis with visco-elastic
behaviour, combustion of solid propellant, heat transfer and radiation are closely connected with each other. In order
to improve the analysis and optimization of SRMs design, multidisciplinary simulations have become a strong
industrial requirement.
Snecma Propulsion Solide, SAFRAN Group has been developing coupled smulations for three years, jointly with
ONERA and MSC.Software. Up to now, two kinds of multiphysics problems were addressed: fluid-solid thermal
coupling and Fluid-Structure Interactions (FSI). In this paper one focuses only on the latter interaction. The coupling
FSI strategy described in the first part of this article is used to improve the physical understanding of the two
following topics:
U theignition of SRMs, with the fluid flow and the structural displacements closely coupled during the first
milliseconds.
U the pressure and thrust oscillations in segmented SRMs.
In the present paper, only this last application is investigated. Such oscillations which could damage the payload are
commonly described as a feedback loop between longitudinal acoustic modes of the combustion chamber and
hydrodynamic instabilities of shear regions of the flow ™ @ [ Two mechanisms of vortex shedding are usually
described in the litterature:
U Obstacle Vortex Shedding (V SO) generated at the edge of the Frontal Thermal Protection (PTF) protruding
into the flow due to the regression of the burning surface,
U Parietal Vortex Shedding!” (VSP) originating from a natural instability of the bending flow resulting from
the propellant combustion.
FSI phenomena could alter this aeroacoustic instability either through the vibrations of the deformable PTF or
through the structural modes of the motor. Figure 1 describes a possible feedback loop of the relevant phenomena
involved during the transient regime of segmented SRMs.
Our purpose was first to validate the FSl approach in the context of highly transient compressible flows. The
comparison between experimental data” and numerical results are given in the 2™ part of this article. Then a
simplified small scale configuration of the Ariane 5 SRM is computed. This configuration allows us to study the
feedback loop between the acoustics of the chamber, Obstacle Vortex Shedding occurring at the edge of the PTF and
the PTF vibrations. Results of this simulation and comparison to an uncoupled one are presented in section 3.
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Figure 1 : Possible feedback loop during the transient regime of SRMs.
1. Coupling strategy

1.1 Coupling procedure

In the weakly coupled approach used here, the FSI is achieved by partitioning the problem into fluid and solid parts
solved separately with boundary conditions calculated by the other part. This leads to a sequential treatment of the
fluid and solid domains that can be seen as a Conventional Serial Staggered (CSS) procedure ¥ In this approach, the
structural and fluid are calculated independently from each other respectively with MSC.MARC and MSD. The
transfer of the physical data is performed by the coupling library MpCCI. Figure 2 shows the sequence of iteration
steps. It starts with the calculation of the aerodynamic field by an unsteady procedure (path 1). The resulting pressure
distribution P is transferred to the finite element nodes (path 2). Using this new interface conditions the structura
code computes the deformation U of the structure (path 3). The resulting displacements modify the fluid surface grid
and consequently change the boundary conditions (path 4) but aso the entire grid in the fluid domain in the next step

(path 5).
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Figure 2 : FSI numerical procedure

1.2 The Structural Solver : MSC.MARC

MSC.MARC is a general-purpose implicit nonlinear finite element analysis software that can simulate static and
dynamic structural problems for a wide range of design and manufacturing applications. In this paper, direct
integration, based on a Newmark-beta scheme, is used to solve the equations of motion of the structural part.

This code includes a comprehensive finite element library (solid or shell elements, linear or quadratic) and also
provides an extensive library of material models.

Mooney-Rivlin formulations are used for handling (quasi)incompressible material behaviour, aswell as ageneralized
Maxwell model (based on hereditary integral) for viscoelastic behaviour (section 3).

1.3 TheFlow Solver : MSD

The computer code in the fluid, called MSD, has been developed since the mid 1980s at ONERA [ 8 This code can
compute turbulent reactive flows of realistic aerospace configurations and is widely used in a great variety of
scientific and engineering problems : turbojet, ramjet, liquid and solid propellant rocket.

MSD is a 3D finite-volume structured code. The governing equations, written in the conservative form, are the
Navier-Stokes equations.
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In this paper, the equations are solved using a second-order upwind discretization scheme based on Roe's flux
difference splitting. The time integration is obtained by an implicit factored method. Various turbulence models of
different complexity are available in this code. In the coupled computation described in section 3, the main flow
equations are closed using the two equations k- turbulence model ! with wall functions. In the test case presented in
section 2, the fluid flow is assumed to be laminar.

1.4 The coupling library : MpCCI

The transfer of the physical data between the structured mesh for the fluid code and the unstructured mesh for the
structural solver is performed through the MpCCl (Mesh-based parallel Code Coupling Interface) library, developed
by Fraunhofer Institute SCAI, Germany 1", Each code uses its own grid generated independently and the user only
specifies the coupling surfaces, namely the basic geometries of the coupling surfaces and the transferred values.
MpCCl’stask is to calculate the neighborhood relations and to transfer the coupling values across the fluid-structure
interface. Consequently, it is responsible for transferring data at the fluid-solid interface, where the two grids are
non-matching.

2. Numerical smulation of a validation test case

2.1 Choice of the FSI reference case

In this part, our goal is to compare the coupling strategy described in section 1 with an unsteady FSI problem. Such a
constraint is very restrictive because of the lack of reference cases available to validate FSI in the context of highly
transient compressible flows. The experimental device proposed and designed by J. Giordand™ is studied. It is
congtituted of a deforming cantilever steel panel submitted to a shock tube flow. The base on wich the deformable
panel isfixed is assumed to beinfinitely rigid. A close-up view of this experimental set-up is givenin Figure 3.
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Figure 3 : Experimental set-up. Dimensionsin mm.

The panel is deformed by the pressure gradient induced by shock waves and, in response, its motion alters the fluid
flow. Two types of experimental diagnostics” are available to validate the numerical results : the panel displacement
and pressure evolution at the sensor position.

2.2 Numerical M odd

The coupled simulation is performed for a steel panel (Linear elastic, isotropic material : Y oung Modulus E=220
GPa, density r = 7600 kg/m3) with length equal to 40 mm. Its thicknessis 1 mm. No material damping is assumed.
The shock wave moves from the inlet boundary condition at Mach number of 1.2 in air at rest (1.0 10° Pa and 293
K). Thus the flow has to be considered as compressible. Turbulence will be neglected because of the short
experimental durations involved (of the order of afew ms).

The whole shock tube geometry has not been modeled. The fluid flow mesh plotted on Figure 4 is composed of
120000 cells. The inlet boundary condition is such that waves can pass through it without any reflection. Note that
the transversal dimension of the first fluid cell next to the deformable panel is equal to 0.05 mm.

The coupling time step is taken to be equal to 10 ns which is more than 100 times smaller than the experimental
structural period. Hence one can assume the coupled dynamics to be respected and also the Geometric Conservation
Law to be checked™.
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Figure 4 : Huid flow mesh. Dimensionsin mm.

2.3 Numerical results and comparison to experimental data

The description of the physical phenomena occurring into the shock tube are discussed in details by J. Giordano™.
One focuses here only on the quantitative comparison between our numerical results and the experimental datal.

Numerical schlieren images are given in Figure 5 in order to make easier the understanding of the time evolution of
pressure. This evolution at the probe position is plotted on Figure 6. Time t = 0.0s coincides with the arriva of the
incident shock wave at that position. When this shock wave interacts with the cantilever panel, reflected and
transmitted shock waves are created. In the simulation, the reflected shock wave passes through the sensor position at

t = 110 s and the reflected transmitted shock wave arrives at t = 1.44 ms. One can notice that the time evolution of
the numerical results agrees well with the experimental ones™.
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Figure 5 : Numerical Schlieren.
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Figure 6 : Time evolution of pressure (Ieft) and of panel displacement (right). thick line : numerical results, red
circles: experimental result!®,

Moreover, up to 2 ms, the coupling method provides pressure amplitudes that are very close to the experiment. For t
> 2ms, the numerical results cannot be compared any more with the experimental ones. The reflection of the
expansion waves is indeed not taken into account into the simulation because of the non reflecting inlet boundary

condition.

The time evolution of displacement is plotted on Figure 6. Asfar asthe period of the movement is concerned, results
of the simulation and experiment are close. Besides, the maximum displacement iswell predicted by the smulation.
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All the comparisons show a good agreement between the numerical results and the experimental data” in this
configuration that involves highly transient phenomena. This constitutes a first step in the validation process of the
coupling method. In the future, one plans to simulate new test cases involving stronger coupling phenomenain order
to assess the domain of validity of this coupling procedure.

3. Application to a simplified small scale configuration of the Ariane5 SRM

3.1 Choice of the geometric configuration

Pressure and thrust oscillations in segmented SRMs is a multi-physics problem, involving more particularly Fluid-
Structure Interaction™. In a first attempt to assess the importance of FSI phenomena, one simulates a simplified
small scale configuration of the Ariane5 SRM using the coupling methodology described above. The studied
geometry is similar to the one of the VALDO™ experimental facility designed by ONERA. It is constituted of a
cylindrical chamber (length=L=504mm, radius=30mm) with exit nozzle. An obstacle which stands for the Frontal
Thermal Protection (PTF) is placed at 336 mm (2/3*L) from the head (Figure 7).

The aerodynamic phenomena involved in the Ariane 5 SRM and VALDO experiments are simplified in the
simulation performed here. In particular, injection at the wall and the related Parietal Vortex Shedding (V SP) are not
taken into account. Indeed one focuses in this simulation only on the possible feedback loop between the longitudinal
acoustic mode of the chamber, Obstacle Vortex Shedding (VSO) occuring at the edge of the PTF and the PTF
vibrations (Figure 8).

504mm

| | 0.2mm # - -
; 336mm ‘ | 16mm et
! — 9¢ ¢ 10
3 // P PTF
77 : el = 0.8mm
Inlet o 1 °3 °5 8o | - . PO S e2=0.1mm
21mm|® 2 ° 4 30mm| e & 13mﬁ‘§ — Exit -
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —1 Nozzle 2

Figure 7 : left) General set-up of the VALDO geometry . right) Close-up view of the PTF geometry.
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Figure 8 : Simplified feedback loop investigated.
3.2 Numerical model

The combustion chamber isfilled with dinitrogen (N,) at rest (Pt = 0.1bar, Tisi: = 298K). Dinitrogen is also injected
at the inlet boundary condition at a temperature of 298 K with a mass flow-rate of 90 kg/s which is such that an
average chamber pressure of 2 bar is reached. The mass flux is prescribed with a ramp that allows not to create a
violent transient in the flow at the beginning. The static pressure imposed at the exit of the nozzle is 0.1bar. The flow
is assumed to be turbulent and a two equations k-l model with wall functions is used. A low rate of turbulence is
injected at the inflow (I = 10e-4mand t = u'/u = 0.005).

Both assumptions of quasi-incompressible and time-dependent (viscoelastic) behaviour are made for the PTF
(elastomeric material, r = 1100kg/m®). Hence, the Mooney formulation (within a Total Lagrangian framework) is
used in conjunction with a stress relaxation function, that is provided through the terms of a Prony series.

The fluid and structural meshes are respectively constituted of 18685 cells and 2011 nodes. The simulation is carried
out on 100ms in order to reach the mean pressure of 2 bar and have a long-enough quasi-stationnary period of
simulation to perform a frequency analysis. Numerical pressure sensors are placed as plotted on Figure 7.

3.3 Numerical results

Two different simulations are performed. The first one is a purely aerodynamical uncoupled simulation while the
second oneis afully coupled fluid-structure calcul ation.

The fluid flow solver MSD is used to compute the uncoupled CFD simulation. The PTF is assumed to be non
deformable with a geometry identical to the mean deformed one obtained from the coupled simulation (see below
and Figure 14.b). After a transient ramp-up regime, the pressure evolution becomes quasi-periodical with a mean
value of 2 bar as plotted on Figure 9. A Fourier analysis performed between 80 and 100 ms gives a frequency peak of
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650 Hz which corresponds to the 2™ ongitudinal acoustic mode (2L) frequency. A possible flow acoustic coupling
with 2 vortices lying between the PTF and the nozzle is observed in this uncoupled configuration. Rockwell

I I
expressed it with the following formuld™¥: mT = + + Dt ,where T isthe period of obstacle vortex

kU, c-Ug
shedding, | is the obstacle-nozzle distance, Ui is the mean velocity of the jet generated at the inhibitor, m is the
number of vortices lying between the obstacle and the nozzle, kU« is the convection velocity of the vorticesand [x is
a small time increment that represents the duration of creation of the vortices and that can be expressed as aT. The
uncoupled simulation provides the following values: U = 90m/s, kU, = 63m/s, ¢ = 322m/s, | = 0.164m. Besides for
the application to the SRM P230 booster, experimental results at full scale give a = 0.1™°. Applying Rockwell’s

formula with m=2, one finds f=574 Hz. Considering the uncertainties of the parameters Uj«, kU« and a , this
frequency is found to be close to the observed one.
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Figure 9 : Pressure evolution for the uncoupled calculation. a) complete evolution for sensors 1 (black) and 7
(orange). b) 80-100ms evolution for sensors 1 (black), 3 (red, circle), 5 (green, square), 7 (orange, star), 8 (blue,
diamond), 9 (yellow, triangle up) and 10 (brown, triangle l&ft).

To determine the influence of FSI phenomena, a coupled simulation is performed with the coupling methodol ogy.
The initial geometry of the obstacle (t=0.0s) is the non-deformed one. Pressure records and PTF displacements are
plotted on Figure 10 and Figure 11. The time evolution of these variables becomes quasi-periodical after 80 ms. The
mean axial and radial displacements of the inhibitor are respectively 3.75 mm and 1.05 mm (Figure 14). These
values determine the mean deformed geometry taken into account in the uncoupled simulation. During the quasi-
periodical regime, the pressure and displacements are found to oscillate at a frequency of 1200 Hz. This value
corresponds to the 4™ longitudinal acoustic mode (4L) which mode shape is plotted on Figure 12. The application of
Rockwell’s formula with the following values: U;g = 80m/s, kU; = 57mi's, ¢ = 322m/s, | = 0.164m and a = 0.1 gives
avortex shedding frequency equal to f = 1100Hz with m~=4. Hence a flow acoustic coupling with 4 vortices (Figure
13) lying between the obstacle and the nozzle is possibly observed in the coupled configuration.
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Figure 10 : Pressure evolution for the coupled calculation. @ complete evolution for sensors 1 (black) and 7 (orange).
b) 80-100ms evolution for sensors 1 (black), 3 (red, circle), 5 (green, square), 7 (orange, star), 8 (blue, diamond), 9
(yellow, triangle up) and 10 (brown, triangle left).
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Figure 11 : Displacement of the PTF on sensors 11 (axial in black, radial in blue circle) and 12 (axial in green, radial
inred circle) . @) total evolution. b) 80-100ms evolution.
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Figure 12 : 4L acoustic mode (M SC.Nastran Software).
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Figure 14 : Evolutions of the PTF obtained with the coupled calculation.

One natices a change in the main oscillations frequency and number of vortices lying between the obstacle and the
nozzle when FSI phenomena are taken into account. The 2L acoustic mode observed in the uncoupled simulation
shifts to the 4L mode when the PTF displacements are computed. At the moment, the origine of this frequency shift
is still under investigation. It may be explained by the presence of a node pressure in the 4L mode shape, just at the
position of the deformed inhibitor (Figure 12). Hence the maximum acoustic pressure gradient at that position in the
4L mode shape could be more likely to force the PTF to oscillate when its displacements are computed. To be more
precise, in the coupled simulation, the PTF sustains a forced regime at the 4L frequency without any resonance
between the structural eigenmodes and the acoustic ones. Indeed, a modal analysis of the PTF did not exhibit any
eigenfrequencies around 1200 Hz.
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Conclusion

The coupling procedure developed by Snecma Propulsion Solide, SAFRAN Group jointly with ONERA and
MSC.Software has been described and validated on an experimental configuration involving highly transient
compressible phenomena. This constitutes a first step in the validation process of this coupling method that will be
pursued in the future.

Then, a simplified small scale configuration of a segmented SRM has been computed. Even if this configuration is
not fully representative of the transient regime of segmented SRMs, it enables us to assess the possible importance of
FSI phenomena. One notices a frequency shift between the uncoupled and coupled simulations. The origine of this
phenomenon is still under unvestigation and could be explained by the position of the inhibitor relatively to the
acoustic mode shape. Hence it might be possible that FSI phenomena ater the flow acoustic coupling usually
depicted as the triggering process of the instability in segmented SRMs.

A great challenging issue in the near future for Snecma Propulsion Solide, SAFRAN Group is to be able to compute
the displacements inside a full scale SRM at a given operating point. Its real geometry is much more complicated
than the one studied in this article. The good assessment of its deformation requires a more adequate fluid mesh
deformation tool that should be available in the new unstructured ONERA code named CEDRE®. A great effort
should also be made to take into account more realistic material laws for the inhibitor.
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