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Abstract

The aim of this paper is to analyze the aeroelastic procefsadoped during the
starting phase of a rocket engine via a coupling fluid/stmectode. This analysis
gives a better understanding of the behavior of the stracigrthe shock waves
propagate inside the engine nozzle. The gasdynamics Equetiens are solved
for the fluid, and constitutive linear elastic solid, assngniarge displacements
and rotations with no material damping, is adopted for thecstire. The coupling
of each subproblem is carried out with a Gaul3-Seidel algoribver the fluid and
structure states. For the fluid problem an ALE (Arbitrary taggian-Eulerian
Formulation) formulation is used. It allows us to define arefhce system fol-
lowing the moving boundaries while the structure is defatm&he code is val-
idated with a study of the flutter phenomena that may occumwasupersonic
compressible fluid flows over a flat solid plate. Regardingrtdaket engine igni-
tion problem, a modal analysis of the structure is perfornmedrder to analyze
the eigenfrequency shifts when considering the couplirtg thie fluid flow.
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1. INTRODUCTION

Aeroelastic problems have been studied from a theoricattpafi view for
years, solving simplified models with few degrees of freeddowadays, with
the development of multiphysics codes, more complex problean be solved
getting a better understanding of involved phenomena. Qrteese complex
problems is the ignition of a rocket engine. During this stag sudden increase
in pressure is produced in the combustion chamber, whialitseisi compression
waves that propagates through the divergent section pnogluteformations in
the nozzle and changing the original contour. This affeatsctly the flow pat-
tern and may give non-symmetrical loads which excite thecttire. So, the idea
followed here is to include the coupling phenomena whenystgdthe dynamic
behavior of structures and their natural frequencies.

Large scale and complex fluid and structural problems arelwed in the analy-
sis. The simultaneous solution of the fluid and structureaéqos using a mono-
lithic scheme may be mathematically unmanageable or itteimg@ntation can be
a laborious task. Furthermore, the monolithic coupled fdation would change
significantly if different fluid and/or structure models weazonsidered (see Refer-
ence [, 2)).

An efficient alternative is to solve each subproblem in aipaned procedure
using a staggered fluid/structure coupling algorithm wheree and space dis-
cretization methods could be different. Such a scheme iavarfof the use of
different specialized codes on each sub-area. There extisius procedures how
to couple the fluid and structure solvers: the coupling choies and the moving
interface can be treated in a fully explicit or implicit orammixed explicit/implicit
manner. This approach allows a smooth transition betweeseland strong cou-
pling.

The rocket engine ignition problem is also interesting frme computational
point of view as a paradigm of multiphysics code implemeatethat reuses pre-
existent fluid and solid solvers. The partitioned algoritisnnmplemented in the
PETSc-FEM coded] which is a parallel multiphysics finite element program
based on MPI (the Message Passing Interface) and PETScdtteble Exten-
sible Toolkit for Scientific Computations) library. Thremstances of the PETSc-
FEM code simulate each subproblem (i.e., fluid dynamicshmesve and struc-
ture dynamics problems) and communicate interface fonedslgsplacements via
standard CGFIFOfiles or‘pipes’. The key point in the implementation of this par-
titioned scheme is the data exchange and synchronizatioveba the parallel
processes. These tasks are made in a small external C+meouti



2. PARTITIONED ALGORITHM VIA FIXED POINT I TERATION

In this section the temporal algorithm that performs theptiog between the
structure and the fluid codes is sketched (see Referdhéer[a detailed descrip-
tion). It is a fixed point iteration scheme over the variabdédoth fluid and
structure systems. Inside of the time step loop the algorithequipped with an
inner loop calledstage’, so if the‘stage loop’converges, then &trongly cou-
pled’ algorithm is obtained. Hereatfter, this algorithm is calig@ged algorithm’
(see Reference).

The basic scheme considered in this work proceeds as fallows

i) Transfering the motion of the wet boundary of the solid tofthiel problem.

i) Updating the position of the fluid boundary and the bulk fluidsim accord-
ingly .

i) Advancing the fluid system and computing new pressures.
iv) Converting the new fluid pressure (and stress field) intowectitral load.
v) Advancing the structural system under the flow loads.

In this algorithm three codes CFD (Computational Fluid Dyinas), CSD (Com-
putational Structure Dynamics) and CMD (Computational MBynamics) are
running simultaneously. For simplicity, the basic algomit can be thought as if

there were noconcurrence’between the codes, i.e. at a given time only one of

them is running. This can be controlled usisgmaphoresand this is done using
MPI ‘synchronization message® schematic diagram is shown in FigurB (

At time t,,, we definew” to be the fluid state vectdp, v, p), u™ to be the dis-
placement vector (structure state vectar),the structure velocities ang” the
fluid mesh node positions. In this work, both fluid and streefpartitions are in-
tegrated with the trapezoidal algorithm (with trapezop@lameted < ay,.p, < 1
). In each time step the fluid is first advanced using the ptsljocomputed struc-
ture statau” and the current estimated vaIug“. In this way, a new estimation

for the fluid statev"*! is computed. Next the structure is updated using the forces

of the fluid from statesv” andw"*!. The estimated stamé;“ is predicted using
a second or higher order approximation.

Ul = U™ + ag AU + g ALUT — U™, (1)
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Figure 1: Synchronous FSI partitioned scheme.

Once the coordinates of the structure are known, the coatesof the fluid mesh
nodes are computed by‘@omputational Mesh Dynamicg€ode, which is sym-

bolized as:
X" = CMD(u"). (2)

The movement of the mesh can be performed with a genera¢gyratsing both
nodal relocation or re-meshing. In this paper only the farm@dopted, keeping
the topology unchanged. The relocation of mesh nodes carobe dsing an
elastic or pseudo-elastic model (see Referefife fninimizing a functional that
measures the distortion of the mesh with a geometric quigdicator through a
separate PETSc-FEM parallel process.

At the beginning of each fluid stage there is a computatiorkof sormals and
velocities. This is necessary due to the time dependenivglipdary condition for
the inviscid case, implemented as a constraint (see Equi@jp and also when
using a non-slip boundary condition, where the fluid integfaas the velocity of

the moving solid wall, i.ey|r = u|r.

3. DESCRIPTION OF THE VALIDATION TEST

Prior to focus on the aeroelastic behavior of the rocket lgoamd in order to
validate the code, the flutter of a flat solid plate alignedhwvaitgas flow at super-
sonic Mach number (see Figurg)) is studied and the critical Mach number is
computed. This test can be seen as a very simple representdtan isolated



portion of the wall nozzle and is relevant because the orfsgiiygsical instabili-
ties is very sensitive to the precision in the transfer otésrand displacements.
A thorough description can be found i8] and [4] together with a deeper analysis
on stability and convergence of the algorithm.

The flutter mechanism is a convergence of natural frequeneith increasing
flow velocity. The flutter frequency is between the first andosel natural fre-
guencies and the mode shape shows a maximum on the rear etige éte,
rather than on the front edge (see Refere®pe A uniform fluid at state p.., Uy, Doo)

B

Figure 2: Description of the test case.

flows over an horizontal rigid wall (locate at= 0) parallel to it. In a certain re-
gion of the wall ) < = < L) the wall deforms elastically following thin plate

theory, i.e.
84

mii + D = ~(p = poc) + f(a.1), ©

wherem is the mass of the plate per unit arealitg/m?], D = Et3/12(1 — v?)
thebending rigidityof the plate module infm], F is the Young modulus inHa],

t the plate thickness imf], v the Poisson modulus,the normal deflection of the
plate in m], defined on the regiof < x < L and null outside this regiom, the
pressure exerted by the fluid on the plateia] f is an external force in].

All variables and parameters are dimensionless by setgétia = 1 [m], poo =

1 [Kg/m?| andc,, = \/7Pwo/pse = 1 [m/sec]) as reference values for length,
mass and time scales.



The following parameters are used:

pOO:]-7
Poo = 1/ =0.71429, (y = 1.4)

Us = My, (since ¢y, = 1), @

D =0.031611,
m = 36.585,
L =2.

The plate is clamped at both ends, i&.= g—g = 0 atx = 0, L. For the sake
of simplicity the fluid occupying the regiom > 0 is inviscid. The gasdynamics
Euler equations with SUPG (Streamline Upwind Petrov Gatgrktabilization
and‘anisotropic shock-capturingnethod are considered (see Referergd.()]).

A slip condition is assumed
(V= Vg )- 0= 0. (5)

on the (curved) wally = u(x), where

Vstr = (0,1,6), ( )
. ou 6
n o (—a—x,l)

are the velocity of the plate and its unit normal. Finallytiai conditions for both
the fluid and the plate are taken as

u(z,t =0) = up(x),
(z,t =0) = 1up(x), (7)
(P, va)x,t=0 = (pv va)Ov fOI‘y > uO(X)'

Note that the free stream fluid pressure is subtracted ankeralbsence of any
external perturbationf( = 0) the undisturbed flowp, Vv, p).: = (p,V,p)x IS @
solution of the problem for the initial conditions

u =0,
=0, (8)
(pv va)X,tZO = (pv Vap)oo-

The study of the flutter instability is carried out by meanstlod modal anal-
ysis, assuming thé&Houbolt approximation’for the fluid (see Referencd])),

6



where the pressure acting on the plate surface is a functitreglate deflection
derivatives, i.e.p — ps = f(%%, %4). Then a Galerkin method is used and the
normal displacement is expanded in a global basis. These foastions satisfy
the essential boundary conditions for the plate equati@ﬂ% =0atz =0, L.
Replacing the Houbolt approximation in Equati@, (using Galerkin method and
integrating by parts as needed, leads to the eigenvaludgonob

Flutter is detected whenever the real part of some eigenvaktganges its sign.

In order to determine the critical Mach numb#k,,., the intervall .8 < M < 3.0
was swept with increments of 0.01.

As shown in FigureJ), all the eigenvalues have negative real partiiy, <
M, = 2.265 which results in a stable system. Fat, > M. = 2.265 there are
two complex conjugate roots with positive real parts. Thepated value of\/,..
is in agreement with the result given i@ [i.e., M., = 2.23). In Figure @) the real
and imaginary parts of the unstable mode are plotted. \Qr < M., = 2.265
the eigenvalue with the lower frequency was taken as a aaeatiion of the flutter
mode. These results will be used to validate the couplingcod
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Figure 3: Lowest frequency mode for test case. Galerkiniéttumodel.



3.1. FSI code results

The aeroelastic problem defined above was modeled with trigigaed al-
gorithm described in sectiof? using the weak coupling scheme between fluid
and structure, i.eng... = 1. A mesh of 12800 quadrilateral elements for the
fluid and other of 5120 for the plate were used for the spatsdrdtization. As
the flow is supersonic only a small entry sectionl@8 L upstream the plate and
1/3 L downstream is considered. The vertical size of the comjmumalt domain
was chosen as8L. This choice for the vertical size guarantees that no reflect
from the upper boundary pollutes the region of the plate.

In fluid structure interaction problems solved with ALE sotes [L2], it is known
that, the mesh velocity depends on the fluid-solid interfaslecity, therefore,
to guarantee second order in time accuracy it is necessangdo, = 1 and
a; = 1/2 for the predictor. Note that, if the Crank-Nicolson scheme&sed for
the time integration of both the structure and the fluid eigumatand the predictor
is chosen with at least second order precision, then theenddgbrithm is second
order,even if only one stage is performéke Referencelf]).

In order to find (numerically) theritical Mach numbefor this problem a sweep
in the Mach number in the range of 1.8 to 3.2 was done. Resuitsoine Mach
numbers can be seen in Figud).( In these plots, the time evolution of dis-
placements of several points distributed along the skiteptashown. In figures
corresponding tal = 2.275 andM = 2.23 it is clearly appreciable the divergent
tendency on the plate deflection. This means that the fluttedition has been
reached.

The fluid density field and the structure displacement at Mach (flutter region)
for a given time step is shown in Figurg)(

4. ROCKET IGNITION: DESCRIPTION OF PROPOSED ANALYSIS

The algorithm described and validated in sectigBsand §3 will be used to
obtain the deformation in the nozzle of a rocket engine dutire ignition. This
problem has been under study by many researchers over the gaaying both
numerical L4, 15, 16, 17] and experimentall8, 19| analysis.

Nozzles with high area ratio are used in the main space lara¢Bpace Shuttle
Main Engine, Ariane 5). These engines must work in condgicanging from
sea level to orbital altitude but an efficient operation igcteed only at high al-
titude. The nozzles contour is often designed accordingpectheory proposed
by Rao RQ] that results in TOP (Thrust Optimized Parabolic or ParabBEll
Nozzle) nozzle, which has some advantages compared toathéidnal conical

8
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Figure 4: Plate deflection in distributed points along plate



2.25 B
2.00 %
1.75 &
.50 %
1.25 ;i..
100 &
0.75 £

0.50 &
0.25
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shapes. These advantages are the smaller length , lowehtwaggwell as the
reduction in energy losses in the expansion of ga3&2, 23, 24).

During the start-up phase the structure is deformed duestadivance of a shock
wave that is highly detrimental to the integrity and senlitecycle of the rocket
engine. Many problems have been encountered in the Spatie9Wain Engine,
European Vulcain (Ariane) and in the Japanese LE-7, allthekated to the ig-
nition stage and side loads phenomena and considering s £ngines have a
cooling system with liquid hydrogen to reduce the high terapges in the noz-
zle, gimbal bearing and engine actuators.

The nozzle under study has a bell-shape geometry which ergtd by rotating
a contour line around the axis. In this way the 3D geometry is obtained (see
Figure ©)). The most relevant geometrical data are detailed below:

e Overall length: [ = 1810 [mm].
e Throat diameter:D; = 304 [mm].
e Exitdiameter: D, = 1396 [mm].

e Arearatio: e = 21.1.

10
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4.1. Numerical Model

Starting from the three-dimensional model two independesghes are gener-
ated, one for the fluid domain discretization and the othettfe structure domain
discretization. A mesh with 334700 tetrahedral elemengerserated for the fluid
with a lineal interpolation of the variables. The structureesh is composed of
59600 wedge (triangular base prismatic) elements. Deltaikawv of grid zones of
both meshes is shown in Figuré) (

In FSI problems there is an information transfer in the flsidicture interface.
Using conforming meshes (node to node coincident) on thefade, the trans-
mission is direct and does not need an algorithm to do a sutfacking, state
interpolation and load projection, but the major drawbatkhts method is that
refinement in the structure mesh will cause an increase ifitttemesh and there-
fore in the overall problem size. The structural problemaklved using a PETSc-
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Figure 7: Spatial discretization for the fluid and for thausture.
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Table 1: Solid Properties

Young’s modulus  Poisson’s coeff. Density Thickness

2.07 - 100 [N/m?] 0.28 8400 [kg/m3]  0.015 [m]

Table 2: Fluid Properties

R vy Poo Too Poo
287 [J/kg K] 140 1.225 [kg/mg] 288 [K] 101253 [Pa

FEM module, which is based on the theory of constitutivedimgastic material,
geometrically nonlinear and no material damping. The gaanics Euler equa-
tions are solved and SUPG stabilization is used togethértivé shock-capturing
method which has been proposed Bj; [The data exchange and synchronization
between the three parallel processes are carried out wiglxt@nnal C++ routine,
jointly with the pressure integration over theusepackageriace to get the force
acting on the structure.

The strategy adopted in this work to solve an aeroelastiblpro would be useful
when analyzing the stability of nozzles, and it will be calesed in a future work.
In the early 1990’s simplified techniques for analyzing ttadbsgity were proposed
by [25, 26], where the parietal pressure due to the wall deformatiagivigg by
an analytical expression. A recent work carried out®¥] jnade an improvement
in the technique. But these methods solve the aeroelastiitgm in a decoupled
fashion.

In order to solve the aeroelastic problem the material ptogsefor the nozzle and
fluid are summarized in Tablgsand?2. In this work the nozzle is modeled with
an homogeneous material, but more complex structural rsaxdai be similarly
used.

4.2. Boundary and Initial Conditions for the Nozzle IgnitiBroblem

The FSI problem requires initial and boundary conditiorstfoth, the struc-
tural and the fluid problem, separately. The nozzle is clah{p# displacements
null) at the junction with the combustion chamber and the igekeft free. In the

12



Table 3: Stagnation values used for the combustion chamber

Po Po Ty
26 [MPa]  306.25 [kg/m?] 299 [K]

fluid flow problem a slip condition is applied to the wall of thezzle, which is
mathematically represented by the following equation.

(V= V) = (v— ) =0. (9)

As mentioned above the slip condition must be applied dyoaltyibecause the
normal to the wall and the structure velocity change durimgdimulation. For
the fluid, (o, 1) are imposed at the inlet. These conditions are taken fram th
stagnation condition of the combustion chambgr{}), and therp, is computed
from the state equation (see TaB)e The modeling of the ignition of a rocket ex-
haust nozzle is challenging from several points of view. Giniese points is the
imposition of boundary conditions that at the outlet wallshbe non-reflective.
Moreover, in such case, the needed conditions at the owtlgtdary change from
rest (i.e., subsonic flow) to supersonic flow as a shock wapeas at the throat
and propagates toward the boundary. So, the condition neusgpable of han-
dling the dynamical change of the Jacobians matrix profilgririgy the flow com-
putation inside the nozzle the number of incoming/outgahgracteristics, and
therefore the number of Dirichlet conditions to be imposeitl,change. Having a
boundary condition that can automatically adapt itselhte thange is essentially
useful in such a problem. In addition, the computational dioncan be limited to
the nozzle interior up to the exit plane, with a significarduetion in CPU time
and memory use. Imposing absorbent/dynamic boundary ttonsglis based on
the analysis of the projection of the Jacobians of advedtiwefunctions onto
normal directions to fictitious surfaces. The advantagénefrhethod is that it is
very easy to implement and that it is based on imposing nugsli constraints via
Lagrange Multipliers or Penalty Methods (see Refere2&fpr a more detailed
description).

Initial conditions must be established in both domains. fBlewing are adopted

13



Table 4: Characteristic Dimensions

Nozzle Vulcain Sl S3

Area ratio(e) 45 20 18.2
Nozzle length(L) [mm] 2065.5 350 528.2
Throat diam.(D;) [mm] 262.4  67.08 67.08

Nozzle exit diamD.) [mm] 1760.2 300.0 286.5

for the fluid
V<X7 tO) = 07 (10)
p(X7 t()) = Poos (11)
p(X7 tO) = Pos (12)
and the next for the structure
U(X7 tO) = 07 (13)
U(X, to) = 0. (14)

5. RESULTS

5.1. Aeroelastic behavior of the nozzle

The proposed numerical problem was carried out on a clug@mpachine
using 30 processors Intgl Pentiun@®IV Prescott 3GHz with 2 Gb of RAM
(DDR2 400 Mhz), interconnected with two switch Gigabit Etiet (1 Gbit/sec),
3ComR)Super Stack 3. In the simulation, 2000 time steps withia= 2 -
10~° [secs] are computed to obtain a fully developed flow, takitig account that
the shock wave leaves the interior of the nozzle in approteiga.8 - 10~ [secs].
Before performing the aeroelastic analysis, the nozzle us¢his work is com-
pared to the Vulcain nozzle and to the sub-scale S1 and S3asozee Tabld)
through a parametric study that was carried out3@|.[ That is done because the
fluid flow field is determined by the shape of the nozzle anddffects the pres-
sure distribution on the wall from which the fluid loads aremmuted. In the S1
sub-scale nozzle the characteristic length for the scalsgthe nozzle exit radius
(r.) and in the S3 sub-scale nozzle was the throat ragdiysthus different con-
tours are obtained. Therefore to perform an aeroelastaysitithe proposed TOP

14



(Thrust Optimized Parabolic or Parabolic Bell Nozzle) nezhe radius and the
wall pressure distributiofy,,) must be comparable to the Vulcain, S1 and S3 (see
Figure @)). In Figure @) can be seen that the TOP nozzle under study has similar
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Figure 8: Radius and wall pressure distribution.

radius distribution than Vulcain, S1 and S3, which make&dwile comparison
between the parietal pressures. Then, the computed wakyre when the flow

is completely developed is compared, showing a good agneeme

Having verified the pressure distribution when the flow is ptetely developed,
the next step is to study qualitatively the evolution of theck wave during the
start-up. In Referencé fi] the behavior of the structure when a shock wave moves
through the divergent zone of the nozzle is described angnbeess is outlined

in Figure @). The results of the fluid structure interaction during tkiage are
shown in Figure 10), together with the pressure at the wall. Note a large pres-

Combustion A

Chamber

(o, po, To) X g
- o
< & Pes

3 T Moving
Deformed < s shock wave
contour 3
=
Reference
contour

Figure 9: Schematic deformation of the structure.

sure jump across the shock wave (see Fig®)( which produces significant
bending moments in the structure, changing the outflow pated the pressure

15



downstream while the shock wave propagates toward outkstjrmg this process
totally dynamic. First of all, a run is performed only constichg the fluid problem

Mach

000 0&4% 130 1.85 2,59 324 389

Wall pressure

Node 3 g i

Node 28
Node 1 2

S5e+06

le+06

500e+3

Pressure [Pa]

100e+3 4

50e+3

0.00 050 1.00 150

Figure 10: Structure deformation and pressure distriloufie the moving shock wave.

(hereafter case nanMO-FSl) such that the parietal pressure is computed without
the effect of the wall movement. Then, the coupling is perfed (case nanmeSl)

and the parietal pressures of both cases are compared. Mpera evolution of
the pressure at the nodes (1-5) located at the positionsrshoigure (0) are
plotted in Figure {1). As seen in the Figures, the wall displacements (shown
in Figure (L2)) produce oscillations in the fluid pressure which are notsidered

for the first cas€NO-FSl). As the plot shows, considering the wall displacement
to compute the pressure acting in the nozzle is very impbgad this is one of
the key points of this work. The sequence in Figut8)(shows the behavior of
the structure as the shock wave moves through the divergetibe of the nozzle.
Also, the Mach number on the nozzle centerline is plottethéright side.

5.2. Modal analysis

During the design of a nozzle it is important to predict thep@nse of the
structure under thrust loads, like lateral ones, becaus®imal operating con-
ditions, the nozzle is subject to external and internal fltheg change the wall
pressure distribution dynamically. There exist severgrapches to perform this
analysis, starting from the simplest one, where the nozzleharacterized only

16
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Figure 12: Displacement of nodes 1-5.
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by the mass, the inertia and a torsional spring at the thtoahore complex FSI
models B1] as the one studied in this work.

The following analysis gives some physical insight in how fluid forces shift
the eigenfrequencies of the system due to the coupling phena.

The most studied mode in the nozzle structure problem, isothiest frequency
bending mode (1) (see Figurgd)). In this work, the study is extended to the low-
est frequency axial mode (2). The bending mode is exciteddsy/lsads while
the axial mode is excited by fluctuations in the thrust, asucduring start-up.
For the computation of the eigenfrequenciesf the structure two methods are

Figure 14: Modes of vibration.

considered. One is the "Thammer test” where the nozzle isroefd and then is
free to vibrate, characterizing the modes and frequencyaik& T (Fast Fourier
Transform). The other method is the “Generalized Eigerev&ltoblem” (GEPV)
in which the mass and rigidity matrix are needed to solve yiséesn

(K —w’M)u=0. (15)

The eigenfrequencies obtained with these methods ard listEable5.
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Table 5: Eigenfrequencies

- FFT[Hz] GEVP[Hz] Diff %

Mode 1 17.2 15.7 9.5
Mode 2 138.5 129.9 6.6

The next step is to compute the eigenfrequencies for theledymoblem.
Therefore to obtain these eigenfrequencies, the struatulehe fluid are started
from a fully-developed steady flow condition computed poenly, being the
structure deformed with the eigenvector obtained from ti&/8 corresponding
to the studied modes. Then, a FFT is performed over the teahpgmplacement
of the nodes 1-5. The frequencies resulting after carryingtbese numerical
simulations are compared in the Figuley.

254 Hz. st Fluid + Structure
17.2 Hz. : : — Structure o_nly
o8kl ............ ............ ............ ............ .............
= OEF ............ ............ ............ ............. ..............
2 :
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Frequencies (Hz)

Figure 15: Spectrum of the two studied modes.

This analysis shows that the influence of the fluid-structungpling may be
very important, producing a frequency shift of 47.7% for tlending mode and
8.7% for the axial mode. In addition, the frequency of theabriode increases,
while the frequency of the bending mode decreases. It willlmvn with a sim-
ple analysis that this change in behaviour can be explaiyethd sign of the
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additional stiffness when considering the coupling wité tluid. The governing
equations for the structure are

MU + Cu+ Ku = Fye0(u, U, 0, ...), (16)

whereM is the mass matrixC is the damping matriX is the stiffness matrix and
F.ero is the aerodynamic forcing term which can be expanded in tdrenseries
in u and its derivatives, from which the terms up to second orderetained.

Faero(u7 Ua U) ~ _(Kaero u+ Caero U + Maero U) (17)

whereM ..o, Cacro, andK ., are the mass, damping and stiffness added by the
fluid. The ratio between the fluid and the structure masseégs4i80, so the mass
added by the fluid is negligible and is not taken into acconrhé forcing term.

In order to justify this assumption, a simple test case Wi fluid at rest was
carried out and showed that nozzle eigenfrequencies remmaimanged compared

to the case without coupling. In addition, the added mass tdways tends to
reduce the frequency, so that it has no effect on the shéttons. The damping
term has been neglected, being its influence on frequencgauinsl-order. So,
combining the Equationd.6) and (L7), results in

MU+ (K+ Kueo) U=0. (18)

We insist that the scope of these crude approximations iglsnar order to have
a very simple explanation for the different sign in the freqoy shifts. An incre-
ment in the global stiffness gives a higher eigenfrequemci\aceversa. Accord-
ing to the perturbation theory, the eigenfrequency shiffiven by

(5&]2 _ sz Kaero wz
' Yf Mgy

where dw? and+; are the change in the square of the eigenvalue and the nor-
malized vector of displacements for the madeAs the denominator is always
positive, only the sign of the numerator has to be determittexn be shown that

the numerator is the worky done by the fluid on the structure as it vibrates in the
corresponding mode,

(19)

¢ZT Kacro M = - /;(pz _pref> (ﬁ wz) dS=WwW (20)

whereS andn are the inner surface of the nozzle and its normal pointintdnéo
inside. The wall pressure distribution 8rfor the unperturbed problemis. ; and
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p; IS the pressure distribution corresponding to a small pledtion in the mode.
Then, if the work done by the fluid is positive, the eigenfreaey is shifted to

a higher value and conversely, if the work done is negatieesigenfrequency is
shifted to a lower value.

Using the Equation20), the work done by the fluid i5.3 [J] for the bending mode
and it is—53.1 [J] for the axial mode, which explains the sign of the frequency
shifts shown in Figurel(5).

6. CONCLUSIONS

The aeroelastic process developed during the startingepbfathe rocket en-
gine was analyzed via a coupling fluid/structure code withreakvwcoupling algo-
rithm over the fluid and structure states. The code was pusWovalidated with
the study of flutter of a flat solid plate aligned with a supersdlow, where the
critical Mach number was computed and compared with the dnaireed from
Houbolt’s approximation.

A comparative analysis of the parietal pressure of mulfljié nozzle was carried
out (§5.1) with the aim of validating the internal fluid flow model. Thecarracy
when computing the wall pressure distribution is very intpot because it is used
in the aeroelasticity analysis, having a direct impact impated eigenfrequencies
of the coupled problem.

A modal analysis of the structure was performed via two déffe methods (FFT,
GEPV) to obtain the eigenfrequencies of characteristicesaaf the nozzle. The
behavior of these modes was studied in the coupled casespirasents the normal
operation condition. It was verified that the effect of thegling on the structure
frequencies can not be neglected in this case.

The use of dynamic/absorbing boundary conditions reduicgifieantly the CPU
time and the consumed memory by allowing to put the artifieidkrior boundary
at the exit plane of the nozzle. Furthermore, these kind ofadyic conditions
automatically handle the change in the Jacobian profile wiefluid changes its
regime from subsonic to supersonic during the ignitionstag
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