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At liftoff, launch vehicles are subjected to a very severe overpressure and to an acoustic environment which can
induce loads acting on payloads in the low-frequency domain (frequencies lower than 40 Hz). The overpressure starts
at ignition of solid rocket motors. This overpressure phase is followed by the acoustic phase. The liftoff acoustic
environment is generated by the rocket exhausts and by their impingement on the launch pad. For a numerical
prediction of the acoustic environment, the European Aeronautic Defence and Space Company (EADS) has
developed an inverse method via a time domain boundary integral equations approach using an optimal control
method, with direct and adjoint equations. The corresponding discrete schemes are highly accurate and
unconditionally stable. As an industrial application, the identification of sources of overpressure is shown, which
occurs at solid rocket motor ignition ARIANE 5. Having localized and characterized the sources from overpressure
phase measurements in the time domain, the complete pressure environment is recovered. By integrating the
resulting pressures over all surfaces of the launchers, the loads created by the liftoff overpressure field can be
estimated. To achieve this identification, the 511 ARIANE 5 flight, which was instrumented, has been chosen. After
identification of the overpressure sources, the pressures restored by direct calculation are compared with
measurements. Last, an analysis of the robustness of the approach is presented.

Nomenclature n = discrete current iteration
A = source operator projection O(p)(x. 1) = total pressure field
Al = operator projection A for Dirac source computed ) .
excited at time = 7i 0; = pressure at the ith receiver
B = incident field operator projection Omes (%, 1) = measured observed pressure at
B = incident field operator B projection for Sensors .
Dirac source expcited at tiII;eJ: t Ofigr (x, 1) = scattered field outside the obstacle
¢ _ o
c = sound speed in the air O%if[(x, 1) = .sca.ttered field inside the obstacle
Do, = delta of pressures computed for the kth Oi,pc (x. 1) - 1ng1c?ent field for source p
couple of sensors o = adjoint total field
Sensors . _ " .
Doy, = delta of pressures measured for the kth 0; = adjoint field at the ith sensors
couple of sensors P = source parameter vector
o = Dirac source excited at time = #i operator Di = component of excitation parameter at time
H = Hessian approximation . r=n . .
it — iteration o5 = scattered matrices adjoint
i(p) =J(O = cost function posttreatment
JL((p)) (O = Lagrangian R = integral surface operator
l = iteration optimizer R} = surface integral adjoint matrices
N — mo. of solver time iterations S(p) = boundary traces of the incident field source
NDF = no. of degrees of freedom on the obstacle parameter p
boundary t = time variable
Ncoupl = no. of diametrically opposed pressure v = acouztlc pressure jump across the
Sensors - _ gun ary ,
Nparam = no. of source parameters . = adjomnt pressure jump )
N = no. of pressure sensors 1% = unitary jump pressure for Dirac source
obs excited at time = #i
w! = unitary pressure for Dirac source excited at
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\7 _ :
Tp = gradlent source parameter

I. Industrial Problem

URING the liftoff phase, the launch vehicles, such as the

ARIANE 5 launcher, are subjected to severe loads: the
overpressure loads. The overpressure loads are among the most
severe loads that a launcher can encounter during flight. The initial
cause of these two load cases is the rocket exhaust and its interactions
with the launch pad (see Figs. 1 and 2).

At rocket motor ignition, the sudden initiation of rocket exhausts
in the launch ducts has a similar effect to the upward motion of a
piston causing compressive waves which propagate outside the
launch duct and, consequently, excite the launcher.

Regarding ARIANE 5, the overpressure at motor ignition is
generated by the solid rocket boosters (SRB).

The overpressure is composed of the ignition overpressure (IOP),
which emanates from the launch table, and of the duct overpressure
(DOP), which emanates from the launch ducts. Figure 2 illustrates
this point with a picture of the ARIANE 5 launch pad.

The overpressure is a deterministic load case, presenting discrete
spikes at some particular frequencies depending on the geometrical
configuration of the launch pad, with significant levels for
frequencies lower than 20 Hz.

This low-frequency excitation excites the launch vehicle and
induces quasi-static loads (QSL) at the payload/launcher interface
(Fig. 3), which the payload has to endure. Consequently, it is
important to predict these loads before launches (see [1-4]). The idea
in this paper is to derive overpressure sources in the time domain
directly from pressure measurements obtained during flights by an
inverse method. The determination of overpressure sources by an

PYLONS

ARITANE 5 ON ITS LAUNCH PAD

IOP : Ignition OverPressure

DOP : Duct OverPressure

Fig. 2 Definition of the overpressure waves.
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Fig. 3 Effects of the overpressure.

inverse method is justified, because it is difficult to obtain accurate
predictions by using Navier—Stokes codes due to the presence of
waterfall at liftoff. Indeed, in the case of the ARIANE 5 given
version, the propulsion system and the launch pad are identical from
one flight to another one, but the upper part geometrical
configurations, depending on the payload size, can be different.

Having localized the sources from one ARIANE 5 flight
measurements, it will be easy to rebuild the unsteady pressure field
and to estimate the pressure levels at any point of the vehicle for other
flights. By integrating the unsteady pressures over all surfaces of the
launchers, the loads created by overpressure can be estimated.
Consequently, the response of the launcher to this load case during
the liftoff phase can be analyzed in the temporal domain by using any
finite boundary elements software.

II. Inverse Source Problems with BEM (Boundary
Element Method) in Time Domain

Inverse problems are found in many areas of engineering
mechanics and there are many successful applications, for example,
in geophysics, oil prospection, radar, electromagnetism, and
specifically in acoustics, in sonar application, medical imaging,
nondestructive testing, and characterization of material properties by
ultrasonics.

Generally speaking, inverse problems are concerned with the
determination of the input and the characteristics of a system, given
certain aspects of its output. Mathematically, such problems are ill
posed in that small changes in the data can produce large effects in the
solution. Furthermore, even questions of whether a solution that
corresponds to likely noisy data can exist and how many different
solutions may exist that correspond to partial data sets need to be
considered.

The enormous increase in computing power and the development
of new computational schemes and powerful algorithms has made it
possible to consider real-world problems of growing complexity and
has led to a growing appetite to apply the techniques of inverse
problems to ever more complicated physical problems.

We present now an inverse source method based on a powerful
boundary element method in a time domain.

The development of numerical algorithms for time domain
scattering problems, in which the incident fields are arbitrary
functions of time, is important because generally, by studying the
time domain problem directly (rather than taking the transform of
frequency domain results) we can obtain a better understanding of
scattering problems in general and also because a lot of information
can be extracted with few (in the number of receivers) time domain
measurements available.

The boundary element method is a technique which is widely
studied in mathematics but which is strongly motivated by the
demands of engineering analysis. The method is simple in concept:
for many (classical) partial differential equations (PDEs), integral
theorems can be used to represent the solution as a combination of
boundary potentials, the unknown densities of which can be found by
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solving numerically a system of (singular) integral equations which
is posed only on the boundary of the domain. The method is
extremely attractive for problems on infinite regions such as often
arise in (electromagnetic or acoustic) scattering problems.

The problem of concern is the identification of acoustic sources in
the time domain from in-flight measurements. As we define a priori
locations of the sources from past experience, the objective of the
computations by using the inverse method is to determine the
evolution versus time of the pressure amplitudes of sources. In a
previous paper [4], the methodology has been validated on the
503 ARIANE 5 flight, in low-frequency acoustics for the ARIANE 5
acoustic source identification on the data from the 503 ARIANE 5
flight: previous results were very promising and have showed a
satisfactory identification of the sources in the 0—40 Hz frequency
domain (source function at each time step), with partial acoustic data
(launcher upper part sensors).

In this paper, the new developments of this inverse computation
method have the following objectives:

1) Through an optimization loop, to identify overpressure sources,
which restore the measured pressures and above all, the difference of
pressure between diametrically opposite points therefore (to
complete the identification of sources by optimizing on p and Ap).
Indeed, it is the difference of pressure between diametrically
opposite points, which dynamically excite the launcher.

2) To complete the validation of the inverse method with regards
to the overpressure by performing a robustness analysis.

3) To reduce the computation times by decomposing the sources
parameters vector into a base of unitary sources (multilinear process).
Global time computation can be reduced by a factor of 10.

Let us consider that the time domain content of the source, at point
Xy, is represented by a real function p(¢), which is sampled over time
P=(P1s--..Pps---+ PNparam)» Where the subscripts refer to the
sampled time Nparam, the number of unknown parameters
regarding the pressure amplitudes of sources. Nparam is often equal
to N, the sample size used for solving the direct problem. These
sampled values will be the control parameter variables for the
optimization process.

Our theory is formulated for one source, for simplification, but we
can easily generalize to many sources. Let p(f) be the source
parameter

P = p(An)
p() = : (0
pramm = p(NAt)

and O;,.(p) the corresponding incident pressure field:

p(t—|x—x0|/c)
47|x — x|

Oinc (p) (x, t) = (2)

The scattering effect of transient acoustic waves in a fluid medium
by a submerged rigid object is taken into account. Let 7 be a three-
dimensional object with a regular (without tip) bounded surface
r'=0Q".

Let Q¢ = R*Omega’ denote the exterior domain occupied by the
fluid medium. We denote by O, the scattered acoustic pressure of
the incident field O;,.(p).

Therefore, we have the following initial boundary value problem:

L 30“"‘ff(x.t)
2 01

in Q¢ x Rt

- Aofnff(x =
05(x,0) = 2% (x,0) =0 in Q¢ 3
90¢

—ut = ‘r’g%(p)(x, 1) on I'x Rt

where n denotes the unit normal vector to I', oriented from domain
Q7 10 Q¢, and c is the speed of sound in the medium. There are many
methods to solve this problem, using boundary integral equations.
Many authors have developed these methods in acoustics [5-7].
Some authors [8] have implemented the variational approximation
of time domain integral equations (TDIE) in acoustics and some

others (see [9,10]) have worked on the hybridization of TDIE with
local PDEs.

Each method consists of looking for the solution as a prescribed
combination of surface-retarded potentials and expressing the
boundary condition as a function of the densities of the potentials.
Equivalently, this corresponds to associating to the exterior problem
an appropriate interior problem.

We associate the exterior problem with an appropriate interior
problem with O in Q7.

Laoéljff(x'r) _ Aofjiff(x t) =0 in QI xRt

Odlff(x 0) dxff ()C 0) in QF (4)
04y _ 05, onI'x R

on on

It is well known that the scattered field Of;; has the following
representation formulation, using the near-field scattered operator Q:

1 Uy, t—|x—yl|/c)
05 (x. 1 :QU:——/nv ST IV g
i (x. 1) 47 Jr |x—yl Y 5)

VxeQiUuQe

where U = Ol — O%y; is the jump Oy crossing T, and =1 —
|x — y| is the retarded time. Using a formula to compute the traces of
O%x T'x RT, as a function of U, and introducing the boundary
conditions, one obtains the boundary integral equation for the
unknown function U:

RU(x,t) =S(p)(x,t) V (x,1)T ©6)

with the surface operator R, a double layer integral operator, and S
the projection (traces) of incident field on the surface boundary I'.

00! (x,t
S(p)(x, 1) = [% dy (7
r n
We have for R:
RU(x, 1)
1 ' —vl|/c
=— lim n, vx/—/nv.vx, M do-v
YeQtox 4 Jr - |x’_y| )

®)

It should be noted that the operator R contains a hypersingular kernel
and has to be defined properly. One can do this by using a method of
regularization.

An equivalent formulation of Eq. (6) is developed in [11-16], and
can be written, with function U in H?(R+-, H'/?(T")), such that, for all
W in the same space:

n(x)n(y) *U lx =yl
—— |y, = —(x,t)dxdyd:
Lo (=) g o asar
1:U - ow
+c? // _eurl U z‘—u curlp— (x, ) dxdydt
pxr4n|x—y| c ot

//(NS 90y, . ’)) (x, 1) dxds
)

Equation (9) is solved in space by a surface finite element method.
The boundary I" of the object is meshed with N, triangular elements.
A P1 discretization in space surface finite element method and time is
used. Each spatial basis function is associated with one vertex.

The boundary I' of the object is meshed by using triangular
elements.

Important remark: now, we use for the discrete value of functions
U, Sin.S(p), 0(p), Oinc(p) the following abusive notations:




600 TROCLET ET AL.

U(it) = U(it * At) for the U acoustic pressure jump at real time
it x At and corresponding numerical scheme iteration number it, as
an example, considering that the total time 7' is discretized by N time
steps At.

Therefore T = N * At, and the values of the previous acoustic
quantities are taken at discrete time iz % Az, and referenced in the
numerical schemes, by the integer it time index, as a simplified
notation. The method is described in some detail in [11,16], and its
implementation has confirmed stability in a wide range of situations
and for large run times never reached before.

Therefore a direct scheme is unconditionally stable.

Finally, the discretized direct problem (9) consists of two main
steps as follows:

1) Computation of the pressure jump U by the discretized integral
equation (6) operators Rk, and of the excitation S, for all integers it

{ 0% (if) = =29 — _(0(p) — Opey) (i)

with the two following discrete scalar products for all degrees of
freedom (1 - -- NDF) and all sensors (1 --- Nobs):

NT

(@, b}y =Y ["(a")]1nor(it)[blnpra (1) (15)

=0

NT
(c.d)y =T'clinobsldlvobss1 = Z[rc](it)I*Nobs[c](i[)Nubs*l 16)

it=0

We know that if (p,U,O,U*,0*) is a saddle point of the
Lagrangian, p is at least a local minimum of the constrained cost
function. With the optimality conditions written for U* and O*, we
obtain the discrete adjoint equations:

an

(Ro)* U™ (it) = 305 (R)* U (it + k) + 3355(Q0)* Uit + k) O™ (p) (it + k)

from 1 to NT, by the following time marching matrix system, solved
at each time step, by inversion of the matrix R,:
it

RoU(it) =Y R.U(it — k) + S(p)(it) (10)

k=1

Moreover, all the acoustic matrices are real, sparse, and symmetric.

2) Computation of the radiating posttreatment equation (5) and
computation of the acoustic pressure O by using the discretized
scattered operator Qk and accounting for the O, incident field
contribution, for all it from 1 to NT:

it
O(p)(it) = Y QuU(it — k) + Oine(p)(it) (1)
k=1
The quadratic error or cost function j(p), depending on the source
parameters p, is defined by
J(0(p)) = j(p) = minj(q) =3110(¢) = Ones >~ (12)
with
1
‘,(O(q)) = E (O(q) - Omcs’ O(q) - Omcs)l*l

= % ([I(O(q) - Omes)]l*N(ybs[O(Q) - Omes]Nobs*l)

=2 "((0@) ~ O )i01r[O(@) ~ Ol

it=0

13)

By introducing the adjoint variables U*, O* or the Lagrange
multiplier, the classical Lagrangian formulation is obtained (see
(12,17,18])

L(p,U,0,U*, 0%

=J(0) + <U*(it), (ROU(it) =Y RU(it—k) — S(p)(iz))>
1

k=0

+ <0*(it), (0<p>(iz) =Y QuU(it—k) - omc<p)(iz))>
k=0

2
(14)

Except for the time evolution system direct (forward) and adjoint
(backward), codes have exactly the same properties. Therefore, the
adjoint scheme is also unconditionally stable.

Under the constrained direct equations, the Lagrangian (14)
reduces to cost function:

J(p) =J(O(p)) = L(p,U(p), O(p), U*(p), O*(p))  (18)
and so it becomes

Vi _VJ(O(p)) _IL(p,U(p), O(p), U*(p), O*(p))

1
Vp Vp ap (19
But we have (direct and adjoint systems)
oL oL dL JdL
U 00 JU* 0J0* (20)
and by derivation of L, we obtain
Vi 9S(p) 90ic(p)
— =_{U*, — (0o, 21
Vp <U ap X ap @D
By using the linear operator:
S(p)=Ap  Ou(p)=Bp (22)

the gradient formulas become

Vil . .
|:V_pi| (lt)l*Nparam = _<U vA)l*Nparam - (0 ’ B)I*Nparam
= _[tU*]I*NDL[A]NDF*Nparam(it) - [tO*]l*Nobs[B]Nobs*Nparam(it)

(23)

The expression of the gradients is now completely established.
Starting with an initial guess for the estimated parameter p,, a quasi-
Newton optimizer is used to update the parameter value p

i 1
o == [ ()] o)

with H~! a positive definite matrix, approximating the inverse of the
Hessian of the cost function, and the gradient value is computed by
formula (21), for the optimizer step 1.

The goal is to find the optimal p.,. A global view of the
minimization process is shown Fig. 4.
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Fig. 4 Global scheme of the inverse process minimization loop.

We can reduce the computation times by decomposing the source
parameters vector into a base of unitary sources (multilinear process)
p=>;p:e with ¢’ an element of the canonical basis. ¢’ is an
elementary Dirac excitation at time = ti.

Then, using the linearity of the operators source S(p) and incident

field Oy, we have
n ) n )
S(p)=Ap=_piAe) =) pA’
i=1 ) i=1 ) 25)
Owc(p) =Bp = _pi(Be) =) p;B’
i=1 i=1
with
Al = Aé' B! = Be' (26)

The unitary jump pressures V' are solutions of the BEM integral
equation:

RoVit) = 3" RyViCit— k) + Al(i) @7)

k=1

and then the unitary pressure solutions W' are
it
WiGit) =) QVi(it— k) + Bi(it) (28)
k=1

and the total pressure O(p) can be computed with the unitary
pressure solutions W'

O(p)(in) =Y _piWiin) (29)

All the W' functions can be deduced by the W unitary solutions
computed by the Dirac excitation at time r=0, n by a time
translation.

Also the gradients have a multilinear expression

vlejf B _;HO@) = Opes)(i1), WOCit = i))e’ (30)

and the global gradient vector can be recomposed for all components
parameters, with these unitary gradients.

These unitary solutions W' and particularly W° are computed
before the optimization loop. During the optimization process, for an
updated parameter p, these unitary solutions are used to compute the
BEM pressure solution O(p) for this parameter p, without having to
compute a BEM system. Consequently, the computation global time
is then reduced by a factor of 10 in the cases of interest.

We have completed the identification of sources by optimizing on
p (pressures) and DO(p) (differences of pressures between opposite
points; indeed, in the low-frequency domain, the launch vehicle is
excited by the differences of pressure between opposite points). Let
us consider Ncoupl couples of opposite sensor points. K is taking
values from 1 to Ncoupl, so that

1) k = 1 stands for sensors i1, j1;

2) k = 2 stands for sensors 2, j2;

3) k = Ncoupl stands for sensors iNcoupl, jNcoupl.

Then we set

Do, =0y — Oj] Doyesiy = Onmesit — Omesjl

DOZ = OiZ - 0/’2 DOmesZ = 0mesi2 - Omest (31)

DONC()upl = OiNcoupl - O_choupl

DOmechoupl = OmesiNcoupl - Omestcoupl

The cost function j(p) Eq. (12) is then augmented by the differences
of pressure terms:

J(O(p)) = j(p)
Ncoupl

1
ZEHO(P)— Omes”2 +§ Z ”Dok(p)_l)omesk”2 (32)
k=1

Consider that the kth couple of sensors are defined by the sensors i
and j, and then we have k(1) = i, k(2) = j and

Do, =0, -0 (33)

J1
After derivation of the cost function j(p), the adjoint field pressure
O* is updated for sensor i and sensor j, due to the delta of the pressure
term. The backward adjoint continuous equation becomes

Ncouple

0 =—(0i(p) = Opes) = Y (DO(p) — DOryest)
k=1,k(1)=i
(34)
Ncoupl
05 ==(0;(p) = Ope) + Y (Doy(p) — Doyeyy)

k=1k(Q2)=j

The complete discrete expression of the adjoint system is, at the
iteration scheme number it,

OT (lt) = _(01(]7) - Omesi)(it) - Z?i?/fl]):j(l)ok(p) - Domesk)(it)
07 (lt) = _(0]([7) - Omes)(it) + ZkNi?ufgz):/(Dok(p) - Domesk)(it) (35)
(Ro)*U*(it) = 30" (R)* U™ (it + k) + 3355 (Q)* Uit + k) O* (p) (it + k)
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The gradients formulas remain unchanged.
This formulation in AP can be applied in the classical or
multilinear formulation.

III. Numerical Application: ARIANE 511 Flight
Inverse Source Problem

The methodology has been validated on the 511 ARIANE V flight.
Thirteen measurements have been acquired. The boundary element
method ARIANE V mesh has been realized by the software SDRC
IDEAS and is approximately composed of 1000 triangular surface
elements. The inverse acoustic analysis has to cover the low-
frequency range 4/40 Hz (measurement data are filtered
consequently). The size of a typical element is at least 1/5 of the
minimal acoustic wavelength of the time domain pulse.

From the measurements data acquired during the 511 flight, one
set of sources is searched, corresponding to Fig. 5. The purpose is to
define the following:

1) A finite number, as small as possible, of overpressure source
locations,

2) Sources as simple as possible. For having easy dynamic
response calculations, we have investigated the feasibility to restore
the pressure levels measured on the launcher, with sufficient
accuracy (within 20%), from isotropic sources. Given our past
experience and experience acquired during the space shuttle program
[19], we had an idea of the overpressure source locations. Keeping in
mind that the overpressure is composed of two pressure waves, the
IOP and the DOP, the overpressure sources are located on the launch
table (a source per solid rocket booster) and at the launch duct exit (a
source per solid rocket booster). The above mentioned source
locations are shown in Fig. 5: the DOP sources are at the launch duct
exit and the IOP sources on the launch table. In addition, two
symmetrical sources of the IOP sources, and two symmetrical
sources of the DOP sources, with respect to the mast are included in
the set of sources, to take into account the reflection of the IOP and
DOP acoustic sources on the mast, which is not represented by a
boundary finite element model in the computations. Furthermore, a
source representing the Vulcain engine and its image with respect to
the mast have been introduced. Indeed, during the intermediate phase
between IOP and DOP waves, as waterfall is used at liftoff to reduce
the pressure levels, the Vulcain engine has some contribution to the
pressure field.

3) In the definitive, we search an equivalent set of 10 sources.

4) The evolution versus time of the pressure levels of the
predefined sources and the pressure levels applied to the launcher
structures induced by the localized sources (see also [19,20]).

For this study case, one direct code simulation requires a number
N of iterations equal to 400 time steps, with a time step of
At =4.1e — 3 s. On a Unix workstation, two days computation are

Fig. 5 Locations of overpressure sources.

necessary for the whole inversion process (L =300 optimizer
iterations).

The time period of interest is between 7 and 8 s. At the beginning
of the inverse process, all the sources were set to be equal to zero for
this entire time interval. The computations have been performed in
three steps:

1) to only identify the IOP sources during the IOP phase,

2) to only identify the DOP sources during the DOP phase,

3) to identify the Vulcain source during the whole overpressure
phase and the IOP sources during the DOP phase.

An example of an identified source is presented in Fig. 6.

After identification of the sources, a direct problem is solved, to
compute the pressure levels on the locations, where the 13 sensors are
mounted. Those simulated pressure levels are compared with the real
values measured by the same sensors. Figures 7 and 8 give an
example of pressure measured by the fairing sensor 10, and the
difference of pressures measured by diametrically opposite
sensors 10 and 12. The agreement is quite good in the time domain.

e T
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Fig. 6 Evolution of the right SRB source versus time.
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Fig. 7 Comparison of the measured and computed data.
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For all sensors, the global error between computed and measured
data is no more than 10%, which is very small.

An analysis of the robustness of methodology was achieved. It is
related to three aspects:

1) The check that all the restored pressures are physical. Indeed,
the inversion and optimization were based on a finite number of
measurements mounted on the launcher (four on the upper part and
nine on the first stage). It is necessary that the pressures calculated at
other points have a physical consistency.

2) The analysis of the impact of the number of measurements
mounted on the launcher on the quality of the restitutions. The low
number of sensors mounted on the upper part may raise a certain
number of questions, with regards to the quality of the restored
pressure field on the upper part.

3) The correlation between the identified sources and some
propulsion parameters, which were not taken into account in the
inverse problem.

Concerning the first point, a direct calculation of pressures at any
point of a grid of the launcher ARIANE 5 was carried out. This grid
(Fig. 9) consists of approximately 30 sections, each containing eight
points of calculation.

The analysis of the computed pressures shows a regular and a
continuous distribution of pressures for all the sections (Figs. 10 and
11), and an expected change of the pressures with the distance to the
nozzle exit planes, with a fast decrease with the distance near the
sources and a slow decrease for the points of the upper part far from
the sources.

8 POINTS DE CALCUL PAR SECTION
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Fig. 9 Grid of the launch vehicle and location of computation points per section.
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Fig. 10 Analysis of the computed pressure field (repartition per section).
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Concerning the analysis of the impact of the number of
measurements on the quality of the restitutions, a drastic approach
has been chosen: identification was achieved by withdrawing the
four measurements of the high part and comparing them with
measurements of the upper part (Figs. 12 and 13).

TROCLET ET AL.

The comparison of the calculated and restored pressures shows a
light degradation of the restitution (Fig. 12) for the sensor 10. This
measurement point has been chosen, because it is on the upper part,
part of the launcher on which measurements were not taken into
account within the framework of this robustness study on one hand,
and, on the other hand, it is important to restore the pressure field of
the upper part with a very great accuracy, to determine the dynamic
loads applied to the payloads. Nevertheless, the frequencies are
always respected. Degradation is stronger on the pressure
differences, but the peaks are simulated (Fig. 13). This result can
be explained by the great number of measurements on the lower part
of the launch vehicle, at distances from 6, 13, and 20 m of the gimbal
point Cardan joint of the central engine. These measurements allow
one to restore the strong decrease for the points close to the engines
and the weak slope for the points far away (Fig. 12) (pressure pattern
along the generator Y). Consequently, the number of measurements
were sufficient to characterize the pressure field with accuracy.

The third analysis relates to the correlation between the measured
sources IOP and propulsion parameters measured in flight. Indeed, it
is shown in the literature [3] that the intensity of the overpressure
depends on the derivative, with regard to time, of the pressure in the
combustion chamber. This pressure is not directly measured.

COMPARISON OF COMPUTED AND MEASURED VALUES
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Fig. 12 Analysis of the computed pressure field without taking into account the upper part measurements.

COMPARISON OF COMPUTED AND MEASURED DIFFERENCE
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Analysis of the computed difference of pressure Ap without taking into account the upper part measurements.
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Fig. 14 Derivatives of normalized stagnation and rear static pressure

versus time.

However, the stagnation and rear static pressures, to which the
pressure in the combustion chamber is related, were measured during
flight 511. The derivatives of these pressures were calculated. These
derivative present peaks (Fig. 14) to which the intensity of the
overpressure is connected. If one compares the temporal changes of
propulsion measurements and of the amplitude of the source IOP
which was identified (Fig. 6), we also observe peaks in
correspondence with the peaks observed at the propulsion
measurements. It is noticeable that the evolution of the right SRB
source against time presents peaks, which appear at nearly the same
time (with a time delay of about 0, 2 s) on the evolution of derivatives,
versus time, of the SRB stagnation and rear static measured
pressures. Itis well known [3] that the overpressure depends strongly
on the derivative versus time of the combustion chamber pressure. As
the measured propulsion parameters have not been taken into
account in the inversion process, this feature points out that the
identified sources have a physical meaning. This fact demonstrates
that the identified sources are not only virtual, but that they have a
physical meaning.

IV. Conclusions

A methodology for characterizing the overpressure appearing at
ARIANE 5 liftoff has been developed and validated on the 511 flight,
using a robust and accurate time domain integral solver for wave
propagation.

The corresponding time marching scheme for the direct acoustic
source problem is unconditionally stable [no Courant, Friedrichs,
Lewy (CFL) conditions]. This allows a classical optimization
approach for the inverse problem.

Direct and adjoint codes have exactly the same properties and have
been implemented in power parallel computers. Some new
developments of this inverse computation method, including the
identification of overpressure sources, which restore the measured
pressures and above all, the difference of pressure between
diametrically opposite points and the reduction of the computation
times by a factor of 10 by decomposing the sources parameters into a
base of unitary sources (multilinear process), allow the industrial
application of such an inverse problem.

We demonstrate the interest of the method on some examples of
source reconstructions in low-frequency acoustics for the ARIANE 5
overpressure source identification on the data from the 511
ARIANE 5 flight, with a prior knowledge of the localization of
sources: results show a good identification of the multiparameter
sources in the 0—40 Hz frequency domain (source function at each
time step), with partial acoustic data (launcher upper part sensors).
The work was facilitated by the prior knowledge of the acoustic
source location.

Furthermore, a complete robustness analysis has been performed
to check that the pressures computed at points different from actual
measurements are physical. Future work will include:

1) the improvement of the optimizer,

2) the development of a preprocessing tool to identify the sources
in the frequency domain in a rational way without hypothesis of their
locations,

3) the investigation of predictive capabilities of the inverse
method,

4) the increase of the capability of the inverse method to identify
the acoustic sources at higher frequencies,

5) the definition and validation of the methodology for identifying
random acoustic sources. The additional difficulty brought on by the
identification of the acoustic sources at liftoff is linked to the random
nature of the acoustic field of interest. A particular investigation will
be led to perform in a correct way the identification of acoustic
sources by using the intercorrelation matrix of the measurements. Of
course, this methodology has a sense of whether the random pressure
field is stationary and ergodic.
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