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ABSTRACT

The scope of the present paper is the vibro-acoustic modeling of a solid-rocket motor (SRM), namely, the P80 SRM
of the VEGA launch vehicle. Specifically, a coupled transfer function relating the unsteady perturbation of the
pressure field in the combustion chamber to the acceleration levels and generated thrust has been evaluated. The
analysis will be performed in a low-middle frequency band that allows the use of finite-element (FE) approach both
for structures and fluid in the combustion chamber. The numerical model has been validated using the experimental
results recorded during the fire test of the P80 SRM performed on November 2006 at the Kourou Space center. The
numerical simulations have confirmed a satisfactory agreement with the experimental results

1. INTRODUCTION

The scope of the work is the evaluation of the unsteady perturbation on both the structural vibrations and the thrust
generated by the Solid Rocket Motor (SRM) P80 of the VEGA LV due to the unsteady pressure field in the
combustion chamber of such an engine. The analysis is performed in the frequency range of 0-120 Hz. With this
hypothesis, both the structure and the fluid contained in the combustion chamber (which is supposed to be practically
at rest in the reference configuration) can be numerically modeled by using the FE approach. Two dynamic
contributions will be considered in the final modeling of the transfer function relating the chamber pressure
perturbation in the combustion chamber to the structural vibrations and thrust perturbation:

- The SRM structural dynamics: a detailed FE description of the combustion chamber has been taken into
account in order to describe the coupling between the combustion-chamber acoustics and the structural
dynamics.

- The acoustics of the combustion chamber: a standard linearized approach has been adopted. This model
constitutively describes the compressibility property of the fluid (which is at rest in the reference
configuration) in terms of the bulk modulus parameter and the mass property in terms of fluid density. Also,
the acoustic modeling for the chamber could be of two type: i) a structure-acoustic coupled model ii) an
acoustic uncoupled model, i.e., a model considering rigid wall.

The influence of a possible vibro-acoustic coupled model will be investigated in this work. This coupling will be
intended in a vibro-acoustic way only in the sense that, for example, the influence of the chamber wall deformability
on the combustion process and, vice-versa, the influence of the combustion on the chamber geometry or deformation
will be not taken into account. Thus, only the structural deformation of the chamber on the acoustic cavity (elastic
wall condition) and the action of the generated unsteady pressure load on the cavity will be considered as coupled
processes.
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In the present paper, in Section 2, the basic theoretical description of the vibro-acoustic numerical model will be
addressed giving special emphasis on the issues of the presence/absence of vibro-acoustic coupling terms in the
model. In Section 3, the same kind of numerical simulations and comparisons will be performed for the VEGA P80
SRM in different operative conditions encountered during his fire test (a FE description of the SRM support have
been also included). In Section 4, a critical comparison between the numerical simulations and the experimental
results achieved during the firing test performed on November 2006 at the Kourou Space Center is presented in
terms of vibration levels and unsteady trust levels.

2. MODEL SET-UP AND METHODOLOGY

In order to introduce the different vibro-acoustic analyses considered in the present study, some basic issues on the
linearized formulation on the basis of the low-medium frequency FEM analysis will be introduced (see also Ref.
[2,3]). The main objective is to illustrate the nature of the coupling considered in the modeling. Let us consider the
solid elastic tank in Fig 1 containing a compressible fluid at rest.

SPACE DISCRETIZED EQUILIBRIUM EQUATION FOR THE FLUID REGION
The governing linearized equation for the pressure perturbation p(x;t) of an unviscid fluid is

Vip P
- T - = gacus (X’t) (1)
£o B

where /3 is the fluid bulk modulus, o, is the fluid density at rest, the buoyancy force (namely, the volume force) are

neglected and g, (X,t) is an acoustic load. Note that, as special case for g, (X,t), an acoustic source load

located at the point X can be considered: namely, such an acoustic source is assigned with
O, (X, 1) = f (t) S(x—x") where f(t) represents the acoustic-source intensity in time. The wave problem is

completed with the boundary conditions and the initial condition. Specifically,
a) Boundary conditions
Two typical boundary condition are taken into account

o Flexible wall, for all xS, one has the Neumann condition

op ..
—~=-p,ii-n 6
on 0
where n is the outward fluid unit normal and 1l is the wall acceleration.
'Sfree

Fig. 1: Geometric skin of an elastic tank containing a compressible fluid initially at rest.
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Fig 1:

e Free surface, forall xeS._ .. : one can approximately assume the Dirichelet condition for the

free *
pressure disturbance

p(x;t) =0 3)
b) Initial Conditions
They are given by

p(x,0) =p,(x) and p(x,0) =P, (x) @

The Finite Element approach for the solution of the given boundary value problem can be performed considering a
typical set of FE shape ““hat” functions for the fluid, 17\ (x) such that

p(xt) = 3 p, (1) ¥ (x) ©

where N indicates the number of the assumed degree of freedom in the fluid finite element analysis and
P, (t) indicate the pressure unsteady value on the n-th finite element node. On the other hand, also the structure can

be studied with the FE approach considering the FE shape functions vector field for the structure \Ilgn) (x) such that
the structural displacement and acceleration of the wall are given by

u(x;t)=iun(t) v (x)  and ﬁ(x;t)=iun(t) v (x) (6)

where now N indicates the number of the assumed degree of freedom for the structure finite element analysis and

u,, (t) indicate the unsteady displacement value on the n-th finite element node.

This formula will be used to express the Neumann boundary conditions (Eqg. 2) on the wall which represent one of
the way of coupling for the linearized vibro-acoustic problem.

Using the discretization strategy considered with Egs. 5 and 6 and applying the law of the ““virtual pressures’ on the
field Eq. 1 (i.e., multiplying Eq. 1 by a scalar field of virtual pressures and then integrating in all the fluid field) one

obtains N , equation for the fluid element whose n-th is given by

Yo fll, v X, T S [l i s, - )

wallk
for n,m=1,2,...,Nf and k=1,2,...,N
Note that considering that for the unit normal external to the solid and internal to the fluid ng the relationship

n, =—n and considering the matrix and vector definitions:

mp (], S o, - HL TNy, R[] 9,

walll<

(1) m /" g(x.t) av,, ®)

one can finally obtain for the coupled dynamic description for the unsteady pressure perturbation the matrix equation

M(f) p + K(f) p - AT U + gacus (9)
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