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COMBINED HIGH LEVEL ACOUSTIC AND MECHANICAL VIBRATION TESTING AND ANALYSIS 
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INTRODQC'l'IOif 

The Low powered Altitude Compensation 
Experiment (LACE), shown in figures 1 and 
2, will be carried into space by a Delta 
expendable launch vehicle. The success of 
the mission relies on the payload's ability 
to survive its transportation to orbit and 
carry out its designed operations. 

Early in the program, manufacturers 
requested random vibration test spectra to 
evaluate and test component designs. These 
levels, representative of the anticipated 
flight environments, were initially based 
on recommendations from the launch vehicle 
supplier. Later in the program, as test 
data became available, these predictions 
were revised to reflect the measured 
responses to simulated environmental 
conditions. · 

This paper discusses the application of 
test data from a combined random 
vibration/high level acoustic (vibro
acoustic) test of LACE to evaluate these 
preliminary component random vibration 
specifications. The implications and 
results of the combined test are discussed 
in detail and are presented in the context 
of the overall LACE structural test 
philosophy. The program impact arising 
from previously undertested hardware is 
also explored. 

LACI DESIGN 

The LACE spacecraft is 96 inches tall and 
52 inches on each side. It consists of a 

central rectangular aluminum skeleton which 
supports a number of substructures. The 
primary structure is constructed from one 
inch thick honeycomb sandwich panels bolted 
to the aluminum skeleton. Each of the four 
side panels are composed of three smaller 
individual panels joined together by a 
longeron. The core is capped at each end, 
on the +Z side by the space end deck and on 
the -z side by the earth end deck. 
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Fig. 1: LACE on Orbit Configuration 
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Fig. 2: LACE Primary Structure 



The space end deck is one inch thick 
~ honeycomb as is the internal RF/Boom deck. 

The earth end deck is a rib-stiffened .125 
inch thick aluminum plate. All the decks 
are bolted along their perimeters to the 
main framework. The deployable solar and 
sensor panels are .5 inch honeycomb 
sandwich panels bolted to locking hinges 
and stowed with two explosive bolts. At 
each lower corner, deployable sensor arms 
are attached by a hinge at one end and an 
explosive bolt at the other. 

Two Lace structures were built. A full 
scale, dynamically equivalent, prototype 
structure for qualification testing, and a 
flight satellite which will be acceptance 
tested and flown. The prototype, or 
"qualification" structure, has aluminum 
block mass simulators to represent the 
individual components. 

LACI TIST PRILOSOPBJ 

Background: 

The "Delta Design Restraints Manual" 1 
provides spacecraft interface random 
vibration and acoustic levels for flight 
which are used as the basis for the LACE 
design requirements. Acceptance test 
levels for the LACE program are defined as 
maximum expected flight levels with 
qualification testing done 3 dB above 
flight. Test durations, based on 
environmental exposure time, are one minute 
for acceptance and two minutes for 
qualification. 
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Throughout launch and ascent, LACE is 
subjected to several different environments 
which excite and possibly damage structure 
and components. The purpose of our test 
program is to duplicate these conditions, 
ensuring flight worthiness by system and 
component level exposure to representative 
test levels. In this particular case, 
system level testing is used to both 
qualify the structure and define component 
test levels. The overall LACE test program 
is outlined in figure 3. 

Steady state acceleration loads 
result from the combination of liftoff 
forces, main engine cutoff, and low 
frequency axial resonance excited by main 
engine fuel depletion (MECO-POGO), acting 
on the structure. They are assumed quasi
static and reproduced in the static loads 
test using hydraulic actuators at the 
corner longerons of the structure. This 
induces the correct loads in the primary 
structural frame and bolted interface 
areas, but does not produce high enough 
loads normal to the horizontal and vertical 
panels. This is overcome by performing 
separate resonance sine dwell tests at 
appropriate frequencies and amplitudes to 
produce the correct quasi-static inertial 
panel loads. 

In addition to steady state 
accelerations, the payload is exposed to 
several different types of sinusoidal 
loading. These include transportation, 5 
to 15 Hz compression/tension from liftoff, 
15 to 21 Hz MECO-POGO, and 21 to 100 Hz 
loads experienced during flight. These are 
simulated by a three axis sinusoidal 
vibration test for qualification of the 
prototype structure • 
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Fig. 3: LACE Test Program Flow Chart 



LACE is also subjected to high level 
acoustic and random vibration loads. These 
are reproduced with a combined syste• level 
vibro-acoustic development/qualification 
test performed on the qualification 
structure. An identical acceptance test is 
performed at flight levels (3 dB below 
qualification) on the flight vehicle. This 
test is discussed in detail later. 

A qualification pyrotechnic shock test is 
performed at the system level, duplicating 
separation shock loads to develop shock 
spectra for component testing. An 
acceptance level shock is also performed on 
the flight vehicle to screen flight 
components for shock exposure. 

A system level workmanship random 
vibration test (20 to 2000 hz) is 
performed on the prototype vehicle to 
develop an overall spacecraft screen. This 
test is repeated using the flight structure 
(a workmanship acceptance test) to verify 
attachments and wire harnessing. 

A modal survey was performed on the 
qualification structure to determine its 
primary modes of response and validate an 
analytical model of LACE. The structure 
was mounted on an easily characterized, 
five and a half inch thick, six feet long, 
by twelve feet wide, steel plate weighting 
approximately 15,000 lb. The plate was 
supported by four pneumatic isolators 
closely simulating a free-free boundary 
condition. The modal test data was used to 
modify and correlate a Nastran model of 
LACE and the steel plate. The verified 
model can now be used to evaluate the 
coupling of LACE with the fundamental modes 
of the launch vehicle. 

component testing: 

Parallel to the system level 
qualification testing is the individual 
component qualification vibration testing, 
verifying the acceptability of component 
designs. These component test levels are 
predicted early in the program when little 
structural and environmental information is 
available. Consequently, preliminary levels 
for equipment and components were take2 
from the NASA GETS Delta test document • 
This spectrum is shown in figure 4. 

COMIINJD VtBRO-ACOQSTtC OOALIFICATIOH TIST 

Test philosophy: 

A system level qualification test is 
developed to verify the individual 
component random vibration test spectra 
predicted earlier and to produce new 
spectra as needed; Typically a system 
level acoustic test is conducted, but often 
the performance of an acoustic chamber is 
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poor at low frequencies and the desired 
sound pressure level is not met. As a 
result, component random vibration test 
spectra based on an "acoustic only" test 
must be increased to an analytically 
established minimum level at the low 
frequency end. 
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To avoid this, a combined vertical random 
vibro-acoustic test was proposed. By 
exposing the spacecraft to both 
environments simultaneously, the entire 
spectra of input loads can be introduced to 
the structure. Low frequencies will be 
excited by the structure-borne vibrations 
from the shaker while high frequency 
response modes will be driven by the 
intense sound pressure. This can be 
accomplished at NRL since the lab possesses 
an adequately sized acoustic chamber, with 
a 30000 lbf electrodynamic shaker inside. 

The input test levels are selected to 
simulate the launch and ascent environment 
as closely as possible. The acoustic 
spectrum is identical to the one used for 
an "acoustic only" test. The spectrum is 
defined by the maximum sound pressure level 
experienced inside the delta fairing during 
launch and transonic flight. 



Ideally, the randoa vibration input would 
be those test levels needed to duplicate 
the satellite's response to structure-borne 
vibrations, decouplinq acoustically induced 
vibrations. What is sometimes available, is 
a random vibration spectra derived from 
response data measured during flight at the 
spacecraft/booster interface. This would 
be an overtest since the shaker has stiffer 
boundary conditions and greater drive 
capability than the launch vehicle. A more 
reasonable approximation is the "Delta 
Spacecraft Random Vibration Specification" 
presented in reference 1, which gives the 
random vibration input necessary to 
duplicate the payloads response to the 
flight environment. Frequently, this is 
used as a system level qualification test 
in lieu of an acoustic test, and often 
results in an overtest for components that 
couple efficiently with structure-borne 
vibration and an undertest for those that 
respond well to direct acoustic exposure. 

Since above 100 Hz the response of LACE 
is dominated and adequately excited by 
acoustic excitation, only the portion of 
the Delta Spacecraft Random Vibration 
Specification between 20 and 100 Hz is 
used. These levels, combined with the 
acoustic spectrum, provide the test inputs 
for the vibro-acoustic test. The 
qualification (3 dB above flight) acoustic 
and random vibration spectra are shown in 
figures 5 and 6. 

combined test: 

LACE was instrumented with 83 
accelerometers distributed throughout the 
structure to measure the response of the 

Fig. 5: Combined Vibro-Acoustic Test 
Qualification Acoustic Spectrum 

a. 1 

8.8 1 

8.881 

8.8881 
18 

QIMLJFICAfJOit IWIDOfl UIIMTIOit SPICTIUI 

I 

I 

y 

I 

I I 
: i:; 
I ~ I i 
I I ·1 ' I I 

. 'i, 
! ! . ' 

I 

0 

' 
: I T' I I ! I 

I I i I. I ' 
I 

! ' 

II ,;I Ill [I 

I ! ! I i : 
I I ! ! i 1 j 

I IIi I 
FNOIMNCY HZI ~WL 

20 .0032 G21HZ 
20- 100 + 4 DIIOCT,\VI i . 

100 . 027 G21HZ 
I I;: 

GAMI•1.1 
DUfiA110H • 10 HCONOSIAXII 

I 'I 3 MUTAUU.Y ,._IINDICULN' AXIS : ! 
'' 

188 111811 

FJ"equei'IC\I <HZ) 

Fig. 6: Combined Vibro-Acoustic Test 
Qualification Random Vibration 

horizontal decks, side panels and 
deployable arms. The test was run in two 
parts. Initially, the satellite was 
exposed to both the random vibration and 
acoustic sound pressure simultaneously. 
After two minutes the shaker was shut down 
and the chamber allowed to continue for an 
additional 30 seconds. Response data was 
acquired for both parts. Reference 3 
describes the test set up and execution in 
detail. 

Combined test versus acoustic alonea 

Acceleration Mean Squared Spectral 
Density (PSD) graphs showing the responses 
measured at two separate .locations, for 
both the combined and acoustic only tests, 
are shown in figures 7 and 8. Figures 7a 
and 7b show the response normal to the 
horizontal RF deck and figures Sa and Sb 
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.show the values measured normal to the +Y 
side vertical mounted sensor panel. As 
expected, the combined test responses are 
greater below 100 Hz. This is caused by 
low frequency shaker input driving the 
horizontal deck modes. The LACE side panel 
also exhibited a significant increase in 
low frequency responses normal to the 
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Fig. 7a & 7b: Measured response of 
Horizontal RF Deck 

panel, demonstrating that cross axis 
coupling is quite large in panel 
structures. These results are 
representative of those found throughout 
the structure. 
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Another interesting observation, is that 
at most measurement points, the overall 
GRMS levels are slightly higher in the 
"acoustic only" test than in the combined 
test. It appears that the addition of low 
frequency random vibration in the combined 
test caused a slight reduction in the high 
frequency panel responses. This small 
reduction in high frequency panel response 
over a wide bandwidth was enough to cancel 
out the effect of the low frequency 
amplitude increase on the overall GRMS 
level. 

This reduction in high frequency 
responses is being investigated, but there 
is speculation that one or more of the 
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Fig. Sa & Sb: Measured Response of 
+Y Vertical Sensor Panel 

following mechanisms may be the cause. It 
may be that the large deflections 
associated with low frequency responses in 
the combined test cause a nonlinear 
increase in the damping of the honeycomb 
panels. This would decrease the high 
frequency responses· in the combined test. 
Another possibility may lie with the 
acoustic behavior of the panels and how 
large, low frequency, vibrations may 
influence such factors as the acoustic 
coupling and radiation efficiency of the 
large panel surfaces. 

Regar~less, if this reduction proves to 
·be significant, it raises the possibility 
that an acoustic test alone may be 
conservative at high frequencies if the 
random vibration loads experienced during 
flight are large. 



RIIQLTI or TilT PROGRAM 

Test data versua original coaponent 
specification• a 

After the vibro-acoustic test, the 
responses from different zones of the 
spacecraft were plotted and compared to the 
original test specifications to determine 
if components in a particular area were 
adequately tested. Figures 9 through 12 
show some representative comparisons. 

As seen below, there are many instances 
where the responses measured in the vibro
acoustic test exceed the original component 
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Fig. 9: Comparison of Earth End 
Panel Measured Response and 
Component Test Specification 
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Fig. 10: Comparison of RF Deck 
Measured Response and 

Component Test Specification 
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qualification test levels. Difference• in 
component boundary conditions and the 
amount of available energy generally make 
a shaker test much more severe than a 
system level test. Consequently, a lower. 
shaker input level can theoretically 
produce the same internal responses as the 
system level vibro-acoustic test. However, 
upon inspection, it is felt that the 
exceedances seen below are too large to 
ignore. 

The nature of the exceedances is also 
significant. The low frequency responses 
(below 100Hz), seen on the horizontal RF 
and earth end decks, are due to their 
fundamental modes coupling with the 
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Fig. 11: Comparison of Sensor Panel 
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Component Test Specification 
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vertical shaker input. Basad on the 
responses shown, components on these decks 

~ must either be retested at the component 
level, retested in another system level 
vibro-acoustic test, or shown by analysis 
to be quasi-static in this frequency 
range. Quasi-static behavior implies that 
a particular component does not have a 
resonant response in the frequency range 
in question and can therefore be analyzed 
statically. 

Most components are not quasi-static 
above 100 Hz. Therefore items showing 
response exceedances above 100 Hz, 
generally require a component retest at 
either the component or system level. 

Prograa iapact: 

A program decision has not yet been made 
on how to handle the qualification of LACE 
components that were not adequate.ly tested 
at the component level. Three possible 
solutions are being considered. 

First, replace the system level 
acceptance vibro-acoustic test with a 
protoflight system level vibro-acoustic 
test. This test is performed at 
qualification levels for one half the 
qualification duration; qualifying and 
acceptance testing the flight hardware with 
a single test. This eliminates the need 
for component level shaker qualification 
tests for new or previously undertested 
components. Unfortunately, this test 
cannot be performed until the construction 
of the flight vehicle is complete, and the 
schedule impact posed by a component 
failure would be a problem. 

Second, repeat the qualification vibro
acoustic test on the prototype structure 
and components. This would allow all 
components to be qualified simultaneously 
under realistic conditions using 
qualification hardware. 

The third option is to retest, at the 
component level, all components not 
adequately tested previously. New test 
levels would be derived from the system 
level combined test of the prototype 
structure. However, for reasons mentioned 
earlier, the rigid mount shaker test may be 
overly conservative and possibly damaging 
to some components. 

CONCLOSIONS 

The combined vertical random vibro
acoustic test appears to be a viable, 
realistic, test for accurately reproducing 
the launch environment. It simultaneously 
presents the random vibration and acoustic 
loads acting on the structure and allows 
for ener~y input throu~hout the entire 
spectrum. Coupling of the input loads is 

allowed and appears to affect the high 
frequency responses; this is a result not 
possible in an "acoustic only" test. 

The combined test replaces two separate 
tests, saving time and money. It is also 
possible that the acceptance level test may 
replace the flight structure workmanship 
test, screening the flight hardware for 
installation defects. 

Since it portrays the flight environment 
in a more realistic manner, it follows that 
response measurements on a prototype 
payload from a combined test will provide 
data for developing component random 
vibration tests that are more 
representative of the actual environment. 
Hopefully, this leads to more acurate and 
less conservative testing of hardware. 

It has also been demonstrated, and is 
intuitively obvious, that an all 
encompassing component random vibration 
spectrum based on generic launch vehicle 
data may or may not be conservative since 
it neglects the specific spacecraft 
structural characteristics. As a result, 
it should be stated early in the program 
that preliminary test specifications are 
based on best information currently 
available and may be modified as the system 
level test program progresses. 
Hopefully, this will minimize contractual 
problems w.ith component vendors that might 
occur later. 

Future work will investigate the 
spacecraft - launch vehicle interface 
environments and their application to 
system level spacecraft testing. 
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