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Abstract

The Ares | launch vehicle will be NASA's first ndaunch vehicle since 1981. Currently in
design, it will replace the Space Shuttle in takasfronauts to the International Space
Station, and will eventually play a major role imnhankind's return to the Moon and
eventually to Mars. Prior to any manned flightloktvehicle, unmanned test readiness flights
will be flown. The first of these readiness flightsamed Ares I-X, is scheduled to be
launched in April 2009. The NASA Glenn Research t€eis responsible for the design,
manufacture, test and analysis of the Ares I-X uppage simulator (USS) element.

As part of the design effort, the structural dymamesponse of the Ares I-X launch
vehicle to its vibroacoustic flight environments shbe analyzed. The launch vehicle will be
exposed to extremely high acoustic pressures disnlft-off and aerodynamic stages of
flight. This in turn will cause high levels of ramu vibration on the vehicle's outer surface
that will be transmitted to its interior. Criticliight equipment, such as its avionics and flight
guidance components are susceptible to damage frdhis excitation.

This study addresses the modelling, analysis amdigiions from examining the
structural dynamic response of the Ares I-X upgage to its vibroacoustic excitations. A
statistical energy analysis (SEA) model was usegréalict the high frequency response of
the vehicle at locations of interest. Key to thisdy was the definition of the excitation fields
corresponding to lift off acoustics and the unsyeaerodynamic pressure fluctuations during
flight. The predicted results will be used by thee# I-X Project to verify the flight
gualification status of the Ares I-X upper stagenponents.

1. INTRODUCTION

Within the goals of NASA's Vision for Space Expltom, is the design and development of
America’s newest launch vehicle, the Ares | Crewneh Vehicle (CLV). Ares |lis a two
stage launch vehicle which will lift more than 5300pounds including a manned astronaut
crew to low earth orbit. In conjunction with thera powerful (290,000 pounds payload
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capability) Ares V cargo launch vehicle (CaLV), $kevehicles will return humans to the
moon and eventually onto Mars.

The first stage (FS) of the Ares | vehiclelwdnsist of a single five-segment PBAN
(Polybutadiene Acrylonitrile) solid rocket boos(&RB) derived from the Space Shuttle’s
SRB system. The second or upper stage of thelAresicle will utilize a liquid
oxygen/liquid hydrogen J-2X engine evolved from Apollo/Saturn-era J-2 upper stage
engine. Inline and above this upper stage willheeOrion Crew Exploration vehicle (CEV)
consisting of the spacecraft adapter (SA), semiodule (SM), crew module (CM), and
launch abort system (LAS).

As with any newly designed launch vehicle, padicularly for a manned vehicle, it is
important to flight test the vehicle’s design caipgband ability to control. To this end,
there are a series of unmanned developmental figgtdiness tests that will be performed.
The first of these test flights will be the lauraftthe Ares I-X flight test vehicle (FTV)
shown in Figure 1. The Ares I-X flight is currgnficheduled for April 2009. The primary
purpose of the Ares I-X suborbital flight is to demstrate the first stage flight control for a
vehicle that is dynamically similar to the Are®Phata collected from this flight will aid in
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Figure 1. Ares I-X Flight Test Vehicle (FTV) Figure 2. USS element description

validating Ares | design tools and methods regardoads and dynamics, aerodynamics,
guidance, navigation and control, roll torque, first stage separation and recovery.

The NASA Glenn Research Center is responsiblehf®mdesign, manufacture, test and
analysis of the Ares I-X upper stage simulator (W88ment. The USS is essentially an inert
mass simulator designed to provide the correctroutad line (OML), mass, and center of
gravity. The USS will simulate the liquid propeltarwith ballast mass assemblies and will
not contain an operating engine or simulator. TH&SUs constructed of several large,
cylindrical segments, commonly called “tuna canshich are stacked and bolted together
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(Fig 2) to represent the upper stage, SA and Skérnal to each “tuna can” is a work
platform and associated access ladders to faeilitet assembly.

Since several avionics packages, booster motodsthee USS separation system are to
be located within the USS, it is important to defihe vibroacoustic environments to insure
the proper qualification of these components. Tie ¢imd, Statistical Energy Analysis (SEA)
was used to model and predict these environmehts [1

2. SEA MODEL DEVELOPMENT

The Ares I-X USS SEA model was developed basedvaitable solid models of the October
2006 structural design configuration [2]. The comerad vibroacoustic software VA One
2006 [3] was used for this study. Because it iatietly easy to import Finite Element (FE)
and Computer Aided Design (CAD) model geometryaliyeinto VA One to build the SEA
subsystems, the more complicated internal struictutasystems were created from imported
FE geometry while the simpler external cylindrichlells were created manually. An axi-
symmetric, half-model of the USS was created tdifate both the construction of internal
secondary structures and the visualizing/selectiaga recovery items, while reducing
computation time.

The USS elements modelled included the cylindredah, internal work platforms,
ballast assemblies and internal air volumes. F@tiha can skins, platforms and ballasts, flat
panel and singly curved shell SEA subsystems wesg (Fig 3). SEA acoustic cavities
represented the internal air cavities (Fig 4). Eefcthe skin subsystems was connected to a
SEA semi-infinite fluid (SIF) in order to descriltlee fluid loading on the structure and to
provide a dissipative sink.

Figure 3. External view of USS SEA model Figure 4. Internal view of USS SEA model

Since minimizing weight was not critical for theesrI-X, the “battleship” design of the USS
indicated that very simple uniform, isotropic steeterial and physical properties could be
assigned to all the primary and secondary strulcsutzsystems.
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To check the frequency range of applicabilitylté SEA model, the modes in band for
the plate and shell structures were quickly checRé@ subsystem modal density indicated
that in order to maintain a minimum of 3 modes-am#), the analysis would be valid no
lower than 80 Hz.

3. SEAEXCITATION IMPLEMENTATION

Three mission events were identified for the prigalicof worst-case environments: lift-off,
transonic flight, and flight at maximum dynamic gsare (max Q). Each of these flight
regimes required that an external environment biinetk and then applied to the skin
subsystems so that structural responses couldoth@redicted.

The external environments are modelled as eithdiffase acoustic filed (DAF) or a
turbulent boundary layer (TBL) excitation in VA Qrile general, these excitations differ in
the assumed spatial correlation of the sound fihdi require user-specified sound pressure
level (SPL) autospectrum and cross-spectrum.

For the turbulent boundary layer excitation, Feg&r [4] shows the equation for the
spatial correlation function, and plots the crosg-@ation coefficients both along the flow
and across the flow for the transonic and max @hfliregimes at 400 Hz. Conservative
results are obtained by simply using the VA Onediéfvalues for the TBL parametergcs),
Cy(w), a(w), B(w) ando.
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Figure 5. Turbulent boundary layer excitation digfam [4]

For the DAF excitation, the pressure fluctuatians phase-correlated at points that are
close together relative to an acoustic half-wavgtienthe spatial cross-correlation function is
described by a sinc function, sin(kr)/(kr). Figeplots an example of the DAF and TBL
cross-correlation functions for comparison [4].
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Figure 6. Comparison of DAF and TBL cross- Figure 7. CFD visualization ofQ7]
correlation coefficients [4]

A DAF excitation was used to model the lift-off et where the only source of
fluctuating pressure loads is the solid rocket matmse. It has been tradition to simulate the
lift-off acoustics using diffuse acoustic fieldstboin analysis and ground testing. This
approach has been found to be conservative dasgitéact that the lift-off acoustics might
be better represented by a progressive wave fidld.lift-off acoustic SPL environments [5]
were calculated using the Vehicle Acoustic EnviremtmPrediction Program (VAEPP) which
was specifically developed to predict acoustic guess and power levels of rocket systems
given various geometric and performance paramgiégrs

During the transonic and max Q phases of flight, ¥ehicle has significant velocity
and experiences fluctuation pressures due to thmation of turbulent boundary layers
across the structure. Before implementing the TRtitations, certain flight characteristics
and fluid properties at the altitudes correspondmgransonic and max Q flight are needed.
A nominal trajectory analysis provided the freeeatn flow velocity (), fluid density at
altitude p), fluid kinematic viscosity at altituderY and fluid speed of sound at altitudeg)(c
Also required is the distance {pfrom the leading edge of the turbulent boundayet to the
center of the pressure load on the surface of sabkystem. Based on early computational
fluid dynamics (CFD) visualizations of the staticegsure coefficient ({f, an expansion
shock (Fig. 7) was observed occurring at the fodwapost edge of the USS [7]. Therefore,
the assumption was made that this constitutedethding edge for the measurement gffot
all subsystems excited by the TBL.

The autospectrum component of the TBL definiticmsvibased on the lift-off SPL with
additional correction factors included for peak aidteau responses affecting the SA and
SM subsystems (Fig 7). Although this is a crudereximation, no CFD or wind tunnel
aeronoise data was available at this early stagefware development. As a result of this
approximation, the transonic and max Q predictibay not be conservative.



ICSV14 « 9-12 July 2007 « Cairns * Australia

4. DISCUSSION OF PREDICTED STRUCTURAL RESPONSES

Application of these environments to the SEA ma@sulted in spatial average predictions
of the structural response for each SEA subsystmin as a tuna can. In an attempt to capture
the spatial variability within each SEA subsystenfurther post-processing step was taken
following the method described in References 8 @rid calculate the maximum predicted
environment (MPE) for each subsystem using the &i&an prediction and the expected
variance based on the modal density. This methadiges a level which statistically
corresponds to the P95/C50 {98ercentile with 50 percent confidence). Theselewdl be
used to assess the random vibration qualificatiatus of avionics packages and other flight
components, along with providing guidance on sa&lacof component mounting locations
for Ares I-X.
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Figure 8. P95/C50 predicted level for USS duriffigdff

Figure 8 shows the predicted MPE levels for thiéous SEA structural subsystems for
the lift-off environment. The predicted results mag grouped into four families: the two
ballast assemblies, the steel tuna cans and tlagagem ring. The lowest predicted response
corresponds to massive ballast subsystems simgil#ian liquid oxygen (LOX) propellant.
The next highest response is that of the ballastlsiting the liquid hydrogen (LH2)
propellant. These two levels are unique to thesAkX flight and provide a great
opportunity for mounting flight components that nmsg/ sensitive to higher vibration levels.
The third family of responses consists of all theektuna cans and shows very little
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variability between cans. Finally, the fourth faynitorresponding to the highest response, is
for the separation ring subsystem. Because therat@paring is composed of a different,
less dense material than all the other tuna ctaesponse is greater.

The two prominent peaks in all the responses spomd to the ring (292 Hz) and
coincidence (1019 Hz) frequencies for the cylindrituna cans. The ballast assemblies,
although modelled as flat plates, exhibit the sarharacteristics. This is believed to be
caused by the effective frequency filtering of thea cans on the input excitation.

Figure 9 shows the predicted MPE levels for adgbtuna can for the three flight
regime excitations. In all cases, lift-off resuliedhe highest response for the uniform USS
cylindrical structures. Note that for hardware kecbon the CEV, where there are significant
protuberances and OML geometry changes, this waootdbe true. Also recall that the
transonic and max Q autospectra were not well ddfiat the time of this analysis.
Therefore, the associated structural response qti@i$ may not be conservative. There
were no significant differences in the responseftbe transonic and max Q regimes.
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Figure 9. Typical tuna can structural responsdifteoff, transonic and max Q excitations.

In Figure 9, it is noticed that some of the proemipeaks of the lift-off response are
shifted or not present in the transonic and margponses. Part of the reason for this lies in
the fact that due to SEA reciprocity, the powewinip the structure for the lift-off DAF
excitation is governed by the same parameterseamthation efficiencygaq To help gain
insights into the responses, Figure 10 shows thE Exliation efficiency for the same
subsystem as identified in Figure 9. The peakbérrésponse and radiation efficiency
correspond well. However, for the transonic and 1QakBL excitation, the power input is
calculated in VA One using a modal formulation {@gasl of the wave formulation of the
DAF). The differences is;5q due to the different formulations are also showFRigure 10. It
can be seen that the modal formulation produces'dsrp” peaks as the wave calculation
and also tends to “smear” and shift some of thé&g€Ehis contributes to the lower structural
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response seen in the TBL excitation relative toréflsponse of the lift-off excitation for the

same SPL.
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Figure 10. Radiation efficiencies for the US6 A#$5 Fwd subsystem.

Future work includes continuing Ares I-X USS viacoustic assessments with updated

and refined structural design information. In aidtif as wind tunnel test data becomes
available and more detailed aeronoise excitatiodetsoare developed for the transonic and
max Q regimes, revised structural response predtvill be made.
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