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Abstract

The problem considered in the present work deals with \il@s@hermal In-
sulation (VTI) panel, embedded in the Cryogenic Upper Stégehnologies
(CUST2) frame, that is a part of the FLPP (Future Launcheep&atory Pro-
gramme) sponsored by ESA. VTl is attached to the outsideeotfhper Com-
posite LH2 tank cylinder in order to reduce heat fluxes dutivgglong coasting
phases. During its mission VTI-panel is exposed to a largebar of load that
have to be taken into account in the design procedure. Tloelastic behaviour
of Versatile Thermal Insulation (VTI) is investigated inetlpresent work. In
the first part is presented a review of the available restots fiterature related
to similar problems. Some preliminary analyses, only inghpersonic regime,
have been performed with a dedicated finite element model niddels used for
coupling orthotropic layered structural model with Pisiidmeory aerodynamic
models allows the calculations of flutter conditions in calseurved panels sup-
ported in a discrete number of points. Advanced Computatideroelasticity
(CA) analyses were perdormed by using various dedicate @yoiah software
(CFX, ZAERO, EDGE) in order to investigate the aeroelasgbdwviour in the
transonic regime. A Wind Tunnel (WT) test campaign was edriout in or-
der to assess the computational tool in the analysis of thielgm. The results
show that the aeroealsticity play an important role in thegleof the VTI panel.
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1 Introduction

The VTI panels are attached at the upper stage of launchesofoe dozens
of seconds and then released by means of pyrotechnicaladepanuts. The
competitiveness of VTI solution with respect to existinglarsed upper stage
structures must be checked carefully in order to make a pragesion for its
use in future launcher.

Among the various loadings acting on the panels a parti@aitantion is in this
activities devoted to fluid structure interaction couplgemsitive loads, therefore
an dtort has been addressed focusing in the aero-elastic asalysldn particu-
lar in panel-flutter phenomena.

During the last fifty years many works on panel flutter havenb@®posed.
Many dforts have been made during the sixties in order to develofsiaan-
proach to the problem. Some reviews have been presentelj[i],[B]. In these
works some elementary approaches have been proposed batss dassical
plate theory and on supersonic linear aerodynamic modkelshe piston theory
[4]. The results concern simple geometry and simple boynclamditions (sim-
ply supported or clamped) along with analytical solutiongilable at that time.
Further improvements of the works just mentioned have beesepted in the
following years in order to extend the analyses tibeslent geometries. In [5] are
given some results taking in to account the curvature; slkavels have been an-
alyzed in [6] that considered also the yawed angle of the fflosomprehensive
analysis of composite panels have been presented by Dixarin[Zh introduced
the dfects of the orthotropy.

In the recent years some new developments have been prapaseer to over-
come the problem related to the piston theory which ensuo®d gccuracy only
for Mach number greater then 1.5 . In [8] is used a 3D visciddgnamic model
coupled with a nonlinear structural model to study the toansbehavior of the
panel flutter, taking in to account also thiéeets of the boundary layer. In [9] the
effects of the boundary layer have been studied comparing suétsdérom CFD
analysis with those from a shear flow model proposed in [10].

Despite the number of work that has been presented on pattef,floroblems as
the transonic analysis, boundary layéfieets and 'non standard’ boundary con-
ditions have not been developed in all their features alihdbese are critical in
the design process.

The aim of the activity performed in this project is whethectarify aeroe-
lastic loads should be considered in VTI design. If tiie&s of the aeroelastic
loads are not negligible it is important to investigate Wieetthey are critical or
not.



2 Design approach

The mission profile of the VTI panel makes this structure scigio many dier-
ent loads. The aim of the present activity is to answer to thestion:

1. Are the aeroelastic loads negligible in the VTI panel ge?3i

2. If not, are we able to predict if these loads are critical?

The activities devoted to answer these questions have Ipiems3 different
Levels. The firsts 2 evelswere devoted to answer the first question by means of
literature review and some preliminary analyses in the mqmec regime. The
third Level had to answer the second question. A more accurate congnghti
approach has been used and some WT tests have been perforasseks$s the
computational tool. In Figure 1 is depicted the work-flow o lesign process.

Levell Level2 Level3

State Supersonic Refined CA Computational Full scale VTI

of the preliminary analysis e e tool assessment panel analysis
art FEM + PISTON THEORY y e

Figure 1: VTI Panel aeroelastic design workflow

The approach used in the three level is reported in the faligwection.

2.1 Phasel: Stateof theart

The first activity performed in the present work is a largdeevof the remark-
able results found in literature related to panel flutternilparameter have been
considered in order to investigate thefifexts on flutter boundaries.

The literature overview has been focused on:

¢ Identification of the aeroelastic phenomena &edent Mach number
e Effect of the panel configuration (load, BC) on the aeroelasstabilities
e Available computational approach

Different aeroelastic instabilities can appear ftiiedent regimes. In the sub-
sonic regimes the panels show static divergence. In thedrao regime the
singular mode flutter can appear as shown by [11], in this Maadlge the non-
linearity of the flow and the viscosity dominate the aeraelgshenomena. In
the supersonic range usually the classical coupled moderfayppears.



In Table 1 the #ects of some panel parameters on the aeroelastic instabili-
ties are reported. In the first column the parameters irye&®d are given, the
increasing of these parameters could have strdiegts on the behaviour of the
flutter flow parameterd;), on the flutter frequencyff) and on the LCO ampli-
tude f/t). The up arrow means increasing while the down arrow means de
crease, the empty space means that no information was faditerature. As an
example, the increase of the curvature radRjgncreases the flutter frequency,
ft, while it decreases the critical dynamic pressuage,
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Table 1: Panel flutter parameter influence
The literature review suggests the following consideratio

e The choice of the aerodynamic model is crucial in order teadies properly
the whole physical phenomena;

e The transonic range is the most critical range in which dastie phenom-
ena may occur;

e The dfects of the boundary layer are not negligible and they havmag
influence on the flutter boundary, as consequence a refinedyaeamic
model is requested, specially in the transonic and low sqpéc regimes.

2.2 Phase2: Supersonic Preliminary analysis

In phase two some preliminary analyses in the supersongerbave been per-
formed by using a Finite Element (FE) approach. The strattmodel and the
aerodynamic model are briefly introduced in this section.

The structural model introduced in this work is based on tae&la Unified
Formulation (CUF).

In the Carrera Unified Formulation frameworks the displagetsfield is as-
sumed to be the product of the cross section-deformatigrgapnate by a func-
tion expansionF,;) and the axial y-direction) displacement, this assumption is



summarized in the formulation:

s(x,y,zt) = F.(x.2s(y, 1), 7=212..,J (1)

where J stands for the number of terms of the expansion. Tinetstal model is
considered linear both for geometry and for materials bielav

As first approach in the VTI-panel aeroelastic analysis aedinquasi-static
flow model has been chosen, in particular in the present veouked the model
introduced by [16] and [4] callediston theory. The piston theory assumes the
flow on a panel to be similar to an one-dimensional flow in clehfin a piston).
Generally speaking the pressure acting on the panel maydessed in the form
reported in eq.2.

N vom

oy  M—1V ot
The complete derivation of this formulation can be foundhmwork by [17],[16].
The aeroelastic model can be expressed, in the frequencgidpuosing the for-
mulation:

Ap(y.t) = (2)

([K] + [Ka]) + ([Da]) iw = ([M]) w® = O 3)
The roots of this quadratic eigenvalues problem were useadvistigate the
aeroelastic instabilities.

2.3 Phase3: Advanced Computational Aeroelasticity (CA) and Wind Tun-
nel (WT) test

An advanced computational analysis activity has been pldinmorder to inves-
tigate the flutter boundary of the full scale model.

In order to increase the confidence in the computational rea@bility two
different approach have been adopted to provide a results dnesk-

The approach by LKE consider a full coupled FSI approach. sthectural
solution is provided by the commercial FE code ANSY $he flow solution is
provided by the CFD code CFX This solution is computed in the time domain.

The approach used by VZLU is based on the ZAERE@mmercial code.
This code has been developed only for aeroelastic analgsisiepicted in Fig-
ure ?? the code use input from fierent programs: The information from NAS-
TRAN and EDGE are used by ZAERO to evaluate the aerodynaro&Baents
collected in the aerodynamic matrices. The solution is aaeygbin the frequency
domain by means of thg— method [18].

The assessmento of the computational model have been pedousing
some Wind Tunnel experiments.
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(a) Wind Tunnel configuration (b) /2 RM in the WT.

Figure 2: Wind Tunnel configuration and model setup.

The wind tunnel configuration is shown in Figure 2.

The WT test was performed considering four model® Cylinder Rigid
Model (RM), %2 Cylinder Active model (AM), 18 Cylinder Rigid Model (RM),
1/8 Cylinder Aeroelastic model (AERM). Two Rigid Models (RM}eve build:
the first with a 12 cylinder geometry (2 RM), the second with a/& cylinder
geometry (18 RM). The models was used to evaluate the quality of the flasv ov
the panel and the noise level of the WT facility.

The Y2 AM was focused on the FSI approach assessment.

The /8 AERM model was devoted to the flutter analysis assessmestd:o
ering a reliable configuration (4 pinched corner).

3 Reaults

3.1 Panel geometry

The VTI panels are a part of a larger structure which acts exsrthl protection
of an internal tank. The characteristic dimensions of thecttire are collected
in Table 2.

Panel lenght a [m] 252
Panel width b [m] 2.71
Curvature radius R [m] 2.79
Thickness t [m] 0.02132

Table 2: Physical dimensions of the VTI panel.

The configuration considered in phase one and two consideeesktructure
divided into six panels. A Panel was pinched in 4 points, elwsthe corner,
and it is connected (in the longitudinal direction) to thgaadnt panels with
correspondence to half length of the paag&l.

In phase three the design was improved and the configurationed from
Six to two panels. Each panel has five pinched points on tlierigaand trailing
edge. In Figure 3 both configurations are depicted.



(a) Six Panels Configu- (b) Two Panels Configu-
ration ration

Figure 3. Dtferent panel configurationse)(Pinched Pointsi)) Connection between panels.

The VTI panels are made of a sandwich material. The lightiatecgre is
covered by two skins built by four layers of composite matezach.

3.2 Level 2. Preliminary analysisresults

In the phase 2 a preliminary aeroelastic analysis has beeeda@ut by con-
sidering only the supersonic range. and to describeftieets of the geometric
parameter and boundary condition. In Figure #alent models are depicted.
On x — axis the flight time since launch is reported. The solid line repres
stability, the dashed line means instability.

The evolution of the natural frequencies along the wholeessgnic range
have been considered for each model considered. The ilitsgbhave been
detected looking for positive value of damping factor.

UNSTABLE sinin
STABLE s

64 66 68 70 72 74 76 78 80 82 84
Tls]

Figure 4: Stability range summary. — —) Simply supported; ¢) Piched.
In Figure 5 the results for the model C2 (curved panel withr fpinched
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corner) are reported. In the first part of the mission prohke $econd and the
third modes are coupled in an aeroelastic instability. Thisdition lasts up to
the second 65.5 when the unstable branch of the damping faota positive
(unstable €O) turns in negative (stablee). The coalescence of the frequencies
lasts up to second 67.8 when they splint into tbedent modes.
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Figure 5: Time evolution of the natural frequencies and damfactor. Model C2. ) Stable;(
Q) Unstable.

In Figure 4 the results of all the cases considered are suizedar

The results show that the two model simply supported, Moad#fMod.C1,
are stable along the whole supersonic range (solid lineg¢ Mbd.F2 if always
instable (dashed line), but, if the curvature is considergd.C2, it becomes
stable in the second part of the supersonic range. In the@®tivo additional
constrains have been introduced in order to investigatefibets of connection
between the panels. The VTI-panel configuration is the oogetlto Mod.C2
because the Mod.C3 is non enough conservative (the coonsatan not be
considered as rigid constraints)
The results show that the model is critical in the first parthe supersonic
regimes, so, the panel configuration seems non suitabladantssion profile.

3.3 Leve 3: WT/CA resultscorrelation

This part of the activity is devoted to the assessment of dmepuitational tool.
Because there was not available experimental results #altwith the VTI-
panel problem it was mandatory to make some WT test in ordewestigate
the phenomena related to the VTI panel configuration.

The Rigid Models (RM) had the aim to investigate the flow fielduand the
geometry that has to be used in thé AM and 18 AERM.

In Table 3 the maximum values of the percentage presstiez@ice between
WT test and CFD have been reported for each model and at eadh idianber.

While the percentage pressuréteience at M0.776 and M:1.729 is lower
than 10%, at Mach equal to 1.529 there isféisdlence equal to 20% for both the
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M 1/2RM 18 RM
0.776 -1.36% -1.46%
1.529 -19.29% -20.08%
1.729 -8.76% -6.88%

Table 3: Maximum pressureftierence (%) between WT test results and CFD model.

models. This dference is due to an interaction between the WT facility aed th
model, a shock wave caused by the leading edge of the modbEkageflected
by the WT wall creating a flow field distortion in some part o tpanel. The
computational model does not consider the WT wall so doegrettict such
effect. Thus, the discrepancies in the results come from thiereince in the
experimental and computational model so the results atIV&E29 do not fect
the reliability of the test.

The complete report of the results concerning this actsatly be found in the
documentation of the project [19, 20, 21].

The 12 Active Model (AM) had the aim to assess the Fluid Structure |
teraction (FSI) capabilities of the computational toolward the half cylinder
configuration.

The geometry is the same used in thi2 BRM but the panel has been built by
a thin skin, the boundary condition are those from the VTlgddépinched point
supported). An actuator has been put in the cavity under @nelpgn order to
create some periodical deformation on the panel duringette t

The most interesting regime is the regime at M 0.86 (see Ei§aj where all
the three contribution can be detected. A peak of pressase ¢b the excitation
frequency (5912 Hz, 9072 Hz, 10389 Hz). A peak due to a passidtoelastic
phenomena at about 10KHz. The same problem at the same regsnigeen
investigated by LKE.

The results from the WT test showed that the model was ablestligi some
aeroelastic instabilities with a frequency equal to 10KHz.

The results (Figure 6b),from the computational analyseswsa peak at 9-
10KHz, a frequency close to the one see in the WT test.

From the results of the/2 AM it is possible to state that the computational
tool is able to predict the aeroelastic behaviour obsemélda WT test.

3.4 Full scaleVTI panel analysis

The approach proposed by LKE is able to include any exteo@al hnd can be
used in all Mach regimes, but the full coupled approach ig tiere consuming
and requires a big computationafat.

The approach proposed by VZLU introduces some strong appatons in

9
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Stability Margin Factor
M=0.78 M=0.96 M=1.01 M=1.19
BLM 15-20 1.0-1.25 1.0-1.25 3.0-4.0

BLM1 — 1.5-2.0 - -
BLM2 — 0.5-1.0 - -
BLM3 — 1.0-1.25 — -
BLM4 — 1.0-1.5 - -
VTI - 20-25 2.0-25 -

Table 4: Stability Margin Factor (SMF) at forféerent Models at dierent flight conditions.

the fluid domain (the pressure is split in the steady contiobuevaluated by
means of the CFD tool and a pressure perturbation evalugtedelans of the
potential linearised theory) and does not allow to intradeasily the external
loads, but is less computationally expensive.

In order to built a representative computational model, fifst part of the
activity was devoted to the analysis of thé&drent external load and theiffects
on the panel dynamics.

The Base Line Model (BLM) has the half cylinder geometry, Wi¢ bound-
ary conditions. Starting from this model the followinffexts has been investi-
gated: BLM1(Shrinkage and thermdfects), BLM2(Modified BC, one pinched
point has been removed), BLM3(Gafiexts, the gap between the panel and the
tank has been considers by an acoustical model), BLM4(¥isgo VTI (BLM,
Gap dfects, viscosity, thermal load, shrinkage).

The shrinkage is the initial displacement due to the deftionaf the tank
where is attached the panel. In Table 4 the Stability Margiotér (SMF) are
reported for the dierent models and for flerent Mach numbers. The stability
margin has been investigated by considering fixed the Maoitbeuand increas-
ing the density4) up to the critical conditionds). The stability margin factor is

10



the multiplication factor necessary to reach a unstablelition.
The final results obtained by LKE and VZLU can be represemazhly one

graph that collect all the informations about the VTI pangitéir behaviour (see
Figure 7). Figure 7 shows theftirent flutter boundaries obtained with the dif-

1200

Mission Profile
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Figure 7: VTI-panel flutter stability regions forfeerent computational models.

ferent approaches. The parameterepresents the non-dimensional flutter pa-
rameter.

4 Conclusions

In the present paper the aeroelastic design of a Versatdendl Insulation panel
has been analysed.

From the results the following considerations can be made:

e The computational tool proposed by LKE is able to predict ynahthe

aeroelastic phenomena investigated. It was successfaleilbénchmark
analysis.

e The full scale model analysis was performed by LKE using tB®¥FCFD
approach assessed with the WT tests. The LKE approach evaedichany
effects such as shrinkage and boundary layer and the resultstshbthe
panel in its base line configuration has a stability bounddoge to the
mission profile in the transonic regimens.

11



e The full scale analysis was performed by VZLU by using the 28 EDGE
codes. When the steady Cp distribution is consideré&@éreint from 0, the
results are very similar to the results from LKE. In both cage stability
boundary in the transonic range is close to the mission profil

The outputs of the present research activity show that thiepdihel can be
affected by aeroelastic instability not far from the flight cttimhs, so the VTI-
panel design should consider aeroelastic loads. The pgresek provide a basis
for future developments of VTI-panel design and providesleile computa-
tional approach for the analysis of panel flutter phenomena.
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