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an 

LARGE VIBROACOUSTIC TEST FACILITIES 

VIBROACOUSTIC ENVIRONMENTAL SIMULATION 

FOR AEROSPACE VEHICLES 

Kenneth McK. Eldred 
Wyle Laboratories 

El Segundo, California 

Requirements for vibroacoustic simulation in the laboratory 
in support of vehicle reliability goals are discussed.   The 
qualitative nature of the vibration environment for a typical 
space paylOc.d mission is discussed, and the concept of the 
vibration field within the vehicle as a description of the vi- 
bration environment for both flight and simulation is devel- 
oped.   Problems in conventional laboratory vibration test- 
ing, the notion of structural sufficiency, and comments on 
the possible requirement for combined load testing are 
presented.  The simulation potential of the newvibroacoustic 
test facilities is related to these simulation requirements. 

INTRODUCTION 

Vibration and acoustic testing methodology 
has advanced during the past two years to the 
point where it has become practical to test large 
sections of space vehicles with realistic simu- 
lation of launch dynamic environments. This 
advance has accrued from the development and 
activation of acoustic test facilities, such as 
those at Manned Spacecraft Center, Wright- 
Patterson Air Force Base, and Wyle Labora- 
tories, together with the development of high- 
force vibration test capabilities, such as those 
at Wyle laboratories in Huntsville, Alabama, 
and Norco, California. The utilization of these 
facilities in the past year has amply demon- 
strated their capability and represents a major 
step in environmental simulation. 

The conventional approach to the assurance 
of system reliability under dynamic loading has 
usually involved accomplishing extensive com- 
ponent and subsystem dynamic test? during ve- 
hicle development and construction.  These test 
programs often have resulted in subjecting all 
the components to the maximum anticipated 
environment, since it has been impossible to 
predict the exact environment for any one com- 
ponent location. Characteristically, specifica- 
tions for such tests are based on an envelope of 
vibration data measured in current vehicles, 

and scaled appropriately to the future vehicle's 
size and mission profile.  To the extent that 
those test levels are excessive in crucial fre- 
quency regions, they may lead to overdesign 
with the accompanying possible weight penalties. 

The development of large-scale vibroacous- 
tic facilities, accommodating major sections of 
apace vejaicles, offers the possibility of an en- 
tirely new approach to qualification, placing 
maximum emphasis on the system environment, 
which can be more accurately simulated. 
Through this approach, it may be possible to 
screen components at nominal vibration levels 
and then check the adequacy of their perform- 
ance in a total systems test. In many programs, 
it may be possible to follow a procedure which 
begins with an engineering and developmental 
test with simulated components, followed by a 
systems qualification test with all subsystems 
operational, and then, finally, acceptance tests 
at an appropriately lower leve1 for each flight 
article. In this manner, it will be possible to 
take advantage of the real vibration environment 
for each component, singling out only those 
components in extremely high environments for 
additional testing, or perhaps vibration isola- 
tion.   Further, the inclusion of accurate envi- 
ronmental simulation should make the standard 
acceptance tests more meaningful and thereby 
significantly reduce the possibility of cata- 
strophic failure for each individual vehicle. 



Therefore, the advent of large-soale facil- 
ities which can accommodate major sections of 
vehicles opens an entirely new door tc the 
vibroacoustic test procedure. In the future, it 
will not be necessary at all times to qualify 
components for a maximum conceivable envi- 
ronment; rather it may only be necessary to 
qualify a component to an average environment, 
checking its qualifications when Installed in the 
vehicle system and the entire system is sub- 
jected to an appropriate vibroacoustic te&\ 
Further component testing, when required, 
could then be tailored to the "real" environment 
of the component, perhaps even utilizing re- 
cordings from the systems test. This change 
in test philosophy, which may result from the 
validation of programs currently underway in 
the new facilities, has the potential of reducing 
component weight and hence increasing the 
mission capability of future vehicles. 

This paper briefly reviews the vibration 
phases and accompanying sources for a space 
vehicle payload during flight. It then develops 
the concept of a vibration field as a tool for ob- 
taining criteria for the accuracy of simulation. 
The problems related to component testing are 
then discussed and followed by a development 
of an approach for determining the amount of 
structure required for a test, and the applica- 
tion of the new vibroacoustic facilities to 
testing. 

SOURCE OF THE VIBRATION 
ENVIRONMENT 

The vibration of the payload at liftoff re- 
sults primarily from the noise field produced 
by the rocket exhaust flows. The actual char- 
acteristics of this environment depend on the 
size of the rocket engines, the deflector config- 
uration, and the distance between the payload 
and the base of the vehicle. In addition to the 
vibration resulting from noise directly imping- 
ing on the payload (or its shroud), ttere are 
some additional low-frequency vibration com- 
ponents resulting from acoustic exc tatlon of me 
basic modes of the entire launch vehicle. Th'J 
vibration is transmitted to the payload by the 
vehicle structure. Simulation of this environ- 
ment is best achieved by a combination of 
acoustic noise and low-frequency vibration 
excitation. 

The second phase of the payload's vibration 
occurs during the transonic flight, as the shock 
waves generated at various points on tne vehicle 
move toward the nose, prior to their eventual 
stabilization in supersonic flight. In addition to 
their gross motion, the shocks may oscillate 
and be coupled with, or supplemented by, pos- 
sible severe buffeting.  The magnitudes of these 
external pressure fluctuations are highly de- 
pendent on vehicle geometry and presently are 
most accurately estimated from the results of 
wind tunnel tests.  Examination of flight vehicle 
records obtained during this flight regime typi- 
cally show transient vibration response.  Exact 
duplication of the environment in the laboratory 
is beyond the current state of the art, and 
vibroacoustic simulation must be carefully 
tailored to specific vehicle requirements. 

The vibration environment within any aero- 
space vehicle varies as a function of position, 
structural and propulsion configuration, and 
mission parameters.  The first two of these 
variables are specific to each individual vehi- 
cle. However, the effect of various mission 
parameters on the vibration environment may 
he qualitatively generalized for each class of 
vehicles. As an example of these effects, the 
environment of a space vehicle payload is 
summarized below, together with comments on 
the appropriate methods of simulation.  There 
are six principal phases of the vibration envi- 
ronment of a space vehicle payload. These are: 

1. Liftoff 

2. Transonic flight 

3. Maximum dynamic pressure flight 

4. Stage separation in space 

5. Space maneuvers 

6. Reentry 

The '.bird phase of vibration response oc- 
curs wher. the vehicle accelerates through the 
maximum dynamic pressure (q), where the ex- 
citation results primarily from turbulent fluc- 
tuations in ihe aerodynamic flow over the pay- 
load. The e:tact nature of these turbulent 
fluctuations, including the phenomena of buffet- 
ing, oscillating shock, and separated flow, can 
be currently estimated only through the use of 
wind tunnel models.   Laboratory simulation is 
best produced by acoustic configurations which 
are tailored to the requirements of each spe- 
cific vehicle desi^m. 

The fourth phase involves stage separation 
when the vehicle is leaving, or has left, the at- 
mosphere, where the vibratory loads result 
from explosive stage separation and starting 
transients of the upper stage engines which put 
longitudinal shock forces into the payload. This 
response is best simulated by longitudinal vi- 
bration excitation, acting at the stage interface 
or through the engines, as appropriate. 



The fifth phase is similar in nature to the 
fourth phase. However, the exact form of the 
environment is dependent on the starting char- 
acteristics, absolute forces, and locations of 
the various control and maneuvering engines. 
In general, the vibration resulting from control 
engines, and other onboard vibration sources, 
has a much lower level than that which occurs 
during the flight profile. However, on occasion 
the vibration resulting from the use of larger 
propulsion systems can be severe. This envi- 
ronment is best simulated by vibration excita- 
tion applied at the individual engine mounts. 

The sixth phase occurs during reentry and 
is extremely dependent on the vehicle configu- 
ration and reentry parameters. Again, this 
phase has generally not been found to produce 
the most severe environment. Optimum simu- 
lation techniques, as necessary for a particular 
vehicle, will depend on the portion of the flight 
regime to be simulated. 

Thus, the most severe vibration environ- 
ments in the vehicle generally occur as a result 
of: 

It also can be assumed that ground simula- 
tion which reproduces all flight loads should 
result in a correct reproduction of flight vibra- 
tion throughout the vehicle. However, in prac- 
tice, ground simulation generally involves some 
compromise in the reproduction of flight loads, 
resulting in an increase of the uncertainty of the 
degree to which the vibration environment is 
simulated. Consequently, it is necessary to 
define a quantitative measure of the vehicle's 
vibration which can be used as a standard of 
compromise between ground simulation and 
flight. This measure should account for the 
vibration at all points throughout the vehicle. 
The distribution of vibration throughout the 
vehicle can be qualitatively described as a 
vibration field (V).   A convenient physical 
motivation for the concept can be attained by 
defining the vibration field as the distribution 
of vibratory kinetic energy throughout the ve- 
hicle. With this definition, the functional form 
of V is 

v = f (mki vki - k, i, u) 

where 

1. External pressure fluctuations 

2. Mechanical vibration from onboard 
propulsion and auxiliary systems 

3. Stage separation shocks 

The latter two types can be readily identified 
with specific mechanical components in the 
vehicle, and the vibratory source characteris- 
tics of these components may be directly de- 
fined by analysis and laboratory measurement. 
Some of the external pressure fluctuations are 
much more difficult to identify and quantify; 
hence, extensive use of scale-model devices is 
warranted throughout any development program 
to improve environmental definition. 

SIMULATION CRITERIA 

The simulation should be adequate for the 
purpose of qualification testing if it results in a 
distribution of vibration within the test speci- 
men which is nearly identical in all character- 
istics to that which occurs in flight. This as- 
sumption rests on the fact that any failures 
expected in vibroacoustic qualification testing 
result from the local vibration environment of 
the failing element.  Implicit in the above rea- 
soning is the certainty of a one-to-one relation- 
ship between vehicle vibration and vibration 
induced failure statistics. 

mki   is the mass in the vicinity associated 
with point k, 

vk.   is the average mean square vibratory 
kinetic energy, 

k= 1, 2, 3, ... denotes the different points 
on the structure, 

i= 1,2,3 direction of motion, and 

u> = frequency. 

With this definition, the accuracy of an experi- 
ment in simulating a flight vibration field may 
be related to the sum of the differences be- 
tween the simulated and flight energy spectra 
at each point k for each of three orthogonal 
axes. 

One convenient measure of the accuracy of 
the simulation is obtained by dividing the en- 
ergy spectrum obtained in the laboratory by 
that obtained in flight at corresponding points 
and directions, to give the relative simulation 
spectra. The mean and variance for the rela- 
tive spectra can then be computed by summing 
over all points. These mean relative spectra 
can then be used to adjust the frequency and 
amplitude characteristics of the laboratory 
forcing functions, to reduce the mean error 
toward zero. A measure of the overall result- 
ing accuracy can then be obtained by integrating 



the variances about the mean energy spectra 
over frequency. 

This method was utilized In an elementary 
fashion in the design of the test of the Apollo 
LEM described in Ref. 1. In that test, flight 
vibration data were available at a few points, 
so that the ground acoustic simulation could be 
adjusted to match. However, for future vehicles 
tested before flight, the actual flight vibration 
will be unknown at the time of test. Conse- 
quently, engineering methods must be developed 
which enable adjustment of the simulation pa- 
rameters relative to predicted flight loads and 
vehicle characteristics. Again, the proof of 
adequacy of these methods must be derived 
from extensive comparisons of data for both 
flight and ground simulation. 

SIMULATION PROBLEMS IN CON- 
VENTIONAL COMPONENT TESTING 

There are several types of tests conducted 
during vehicle development which are directed 
toward achieving reliability in a vibration en- 
vironment. Generally, the tests are conducted 
at component and subsystem level prior to flight 
of the first prototype vehicle. The test purposes 
range from exploratory, engineering investiga- 
tion of the nature of the component's dynamic 
characteristics, to qualification of operating 
components in a vibration environment. 

The development of the large vibroacoustic 
test facility capability has led to the test of even 
larger sections of vehicles, and to suggestions 
of "all systems qualification in a vibration en- 
vironment," followed by acceptance tests in a 
vibration environment.  These new concepts 
have considerable technical merit in that their 
implementation can remove some of the major 
deficiencies of the "component level testing 
only" state of the art which has, of necessity, 
existed for many years. 

The two principal difficulties of the com- 
ponent vibration test are: 

1. Specification of the environment to be 
simulated, and 

2. Provision of realistic dynamic boundary 
conditions for the component during test. 

The specifications for component vibration 
tests are developed first in the preliminary 
design stage, and are often incorporated into 
the basic contract requirements.  At this stage 
of vehicle development, very little is known 
about the actual vehicle in terms of detailed 

design, so the estimates of the vibration envi- 
ronment must be leased on simple prediction 
methods which enable extrapolation of typical 
vibration data from previous vehicles to the 
new design. Often the specifications are stated 
in terms of vehicle zone, taking account of both 
structural type within the zone and the esti- 
mated pressure fluctuations over the zone. 

The accuracy of such estimates is admit- 
tedly poor, because of the enormous variation 
in the amplitudes of the frequency spectra 
within a zone, often even on somewhat similar 
structures. This variation in amplitude can 
typically range between a factor of 10 to 100, 
or one to two orders of magnitude. Such vari- 
ation is not easily understood by engineers who 
specialize in other areas of the design and who 
are working towards typical accuracies of 0.1 
to 10 percent. 

The only practical method to account for 
this variation in developing a specification 
which insures high reliability is to give heavy 
weight to the maximum amplitude in the base- 
line vibration data.  This weighting usually re- 
sults in an envelope approach, or a statistical 
approach at the 95 percent (or higher) confi- 
dence level.  The resulting test specifications, 
after simplifying the data curve to a series of 
straight lines, guarantee that almost every 
component will have an overtest, except for 
those components whose resonant frequencies 
tend to coincide with frequency regions of 
maximum response at the attachment points to 
the new vehicle. 

As the design of the vehicle evolves, more 
information is available from which calculations 
of its probable dynamic response behavior can 
be made.  However, because of the infinite 
complexity of a real vehicle, it is still not 
possible to compute even quasi-realistic vi- 
bration spectra for any arbitrary point and 
direction in the vehicle.  Consequently, the 
principal application of the more sophisticated 
calculations is limited to low-frequency basic 
vehicle and shell modes, providing little guid- 
ance for the revision of component vibration 
specifications. 

As a result, the vibration specifications 
usually are not significantly changed from those 
developed at preliminary design until data from 
a static firing or other major experiment be- 
come available.   Further changes can be made 
to those specifications after the flight of the 
first prototype.   However, by this time in the 
vehicle's development, most components have 
been qualified to the preliminary specifications 
and their design has of necessity accounted for 
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any overtest load factors resulting from the 
original specifications. 

The second principal difficulty in component 
testing arises in the design of the experimental 
test setup. Considerable effort is expended to 
design a resonant-free stiff fixture which will 
enable accurate achievement of the specified 
motion spectrum at the component's mount 
points. As a result, in many cases the attain- 
ment of a motion specification at a mount point 
requires far greater force and vibratory power 
input to the component than the vehicle is capa- 
ble of supplying, thus clearly giving an overtest. 

Conversely, when the fixture is not suffi- 
ciently stiff, the coupling between the compo- 
nent and the fixture may induce spurious dy- 
namic characteristics in the component itself. 
One of the classic examples of this situation 
arises in testing a complex cryogenic piping 
system by conventional means. After observing 
such a test, one quickly recognizes that the 
dynamic characteristics of the piping system 
measured during a test probably bear little 
resemblance to the characteristics of the sys- 
tem when mounted in the vehicle on the tanks. 
This change in dynamic characteristics results 
from the impossibility of duplicating in the test 
setup the coupling between the components and 
the tank and vehicle structure.  Clearly, the 
only real solution to the inadequacy of this type 
of test setup is to generate the vibration envi- 
ronment in the tank and vehicle structure 
associated with the piping system, so that the 
vibration response of the piping system is 
realistic. 

Therefore, the design of the test setup for 
the mounted component must consider methods 
for reproducing a reasonable facsimile of the 
probable service environment, together with 
the essential characteristics of the local dy- 
namics of the mounted components.   For this 
purpose, there are three basic variables which 
can be controlled: 

1. The number and position of vibration/ 
acoustic sources and control data points. 

2. The characteristics of the source forc- 
ing functions, impedances, and the relationships 
between sources. 

3. The amount of structure to be tested 
together with the mounted component and the 
edge fixity of such structure. 

The utilization of either or both of the first two 
approaches involves an electronic and system 
control sophistication which is now becoming 

possible. However, use of this sophistication 
effectively during test requires knowledge of 
the vehicle impedances at and between the vari- 
ous attachment points in each of the directions 
to be simulated in the test. Such information 
may be available for components which are at- 
tached in a simple manner. 

Unless this detailed information is avail- 
able, the principal use of multiple sources and 
control points (other than to provide added force, 
control accuracy, stability, etc.) can be to pro- 
vide additional statistical degrees of freedom 
in the test input.  Theoretically, the increase of 
the number of input degrees of freedom should 
increase the probability that whatever is going 
to happen in flight will also happen in the test. 
However, this addition of degrees of freedom 
also increases the number of things which 
happen in test which will never happen in flight, 
leading again to overtest. 

Therefore, the preferred method is to 
mount the component in a section of vehicle 
structure, reproduce the estimated vibration 
field in the structural section, and find out the 
nature of the component's response amplitude 
and spectra.  If the structure is properly chosen, 
all important interactions between the compo- 
nent and structure will occur naturally, and the 
test can be conducted at realistic levels for 
qualification. 

STRUCTURAL SUFFICIENCY 
FOR TESTING 

The preceding section discussed the defi- 
ciencies of conventional component testing and 
suggested that they might be overcome if the 
component or subsystem were mounted properly 
in real vehicle structure.   The next question 
that arises is:  "How much of the vehicle is re- 
quired to enable adequate simulation of the vi- 
bration field?" In this section, several possible 
dynamic situations are discussed, leading to the 
development of qualitative criteria for struc- 
tural sufficiency for test. 

The assessment of the amount of structure 
which is sufficient to reproduce the essential 
local dynamic characteristics of a mounted 
component is sometimes relatively simple.  An 
appropriate example is given by a masslike 
component attached through relatively flexible 
mounts to a major frame which is both massive 
and stiff relative to the component.  In this 
case, it is clear that the motion of the frame in 
the vehicle is little affected by the presence of 
the component and that a reasonable reproduc- 
tion of the vibration of a segment o! the frame 



mounted on a shake table will servier as an 
adequate test Input to the mounted component. 

Unfortunately, real structure and real 
components offer many counterexamples where 
the component mass and stiffness are on the 
same order, or greater, than those of the sur- 
rounding structure, or the extensive nature of 
the subsystem interacts with many structural 
elements. In these latter cases, the definition 
of sufficient structure may become exceedingly 
difficult because present engineering criteria 
are generally ill defined. 

The development of a logic for a structural 
sufficiency criteria can be approached through 
the examination of a simplified concept of the 
vehicle as a vibratory system, and considering 
the effects of addiiur a component to a small 
region of this vibratory system. The vibratory 
motion experienced in this region on the actual 
vehicle is a result of mechanically induced 
vibration from the engine and other mechanical 
auxiliaries, and vibration induced by fluctuating 
pressures over the surface of the . »hide. 

In examining the motion of this small re- 
gion when the component is not present as a 
function of frequency, one finds that the primary 
responses in the low frequencies are dictated 
by the location of the region relative to the 
fundamental vehicle modes. As the frequency 
is increased, the bending wavelengths decrease, 
and the various shell modes make their appear- 
ance.  Often in this second frequency regime, 
the vehicle can be considered as a group of 
relatively loosely coupled cylinders each having 
its own distinct, equivalent shell mode. As one 
examines the motion at even higher frequencies, 
the major local structural elements such as 
frames and longerons begin to distort the actual 
motion from that predicted by equivalent shell 
theory, and the dynamic response becomes more 
closely associated with the local characteristics 
of the structure mounted between these heavier 
boundaries. 

Thus, it may be seen that the motion of the 
region is determined to a large extent in each 
of these three frequency ranges by the amount 
of associated structure which comprises a fully 
coupled system.  Further, the extent of the fully 
coupled system decreases with increasing fre- 
quency from an entire vehicle at the lowest 
frequencies to a relatively localized structure 
at the highest frequencies. 

Now consider the problems which result in 
attempting to reproduce the flight vibration in 
this region by shaking an arbitrarily chosen 
partitioned section of the structure which 

includes the region of concern. It is e'ear that 
in the low-frequency modes, where the bending 
wavelength is very long compared with the di- 
mensions of the partitioned structural specimen, 
all points of the specimen vibrate essentially in 
phase. Therefore, by utilizing a suitable input 
function and edge fixity in the test, it is possible 
Jp produce a motion throughout the region that 
simulates the flight vibration field. Reasonable 
accuracy of simulation will extend up to a fre- 
quency where the bending wavelength decreases 
to approximately two to four times the typical 
dimensions of the specimen. 

However, at higher frequencies, the speci- 
men will exhibit specific resonances which will 
depend on its own dynamic characteristics. 
These characteristics are directly related to 
the arbitrary dimensions originally selected for 
partitioning, and to the boundary conditions 
which are imposed on the specimen during 
tests.  Hence, in this frequency range the dy- 
namic characteristics of the specimen may 
differ significant from the dynamic charac- 
teristics which it would exhibit when truly 
mounted on the vehicle. Thus, simulation may 
be rather poor in this frequency region. 

At still higher frequencies, the typical di- 
mensions of the specimen become many times 
the bending wavelength, and the modal density 
and damping of the specimen increases suffi- 
ciently to deemphasize the effect of exact 
specimen dimensions. Thus, at a sufficiently 
high frequency, the motion of the component 
mounting point region may be essentially inde- 
pendent of the exact choice of partition dimen- 
sions and the choice of fixture design. Here 
again, it becomes possible to simulate the vi- 
bration in the component mounting region. 

In many practical cases where the struc- 
ture is not uniform, heavy primary structural 
members will act as the decoupling boundaries 
between adjacent lighter weight surface struc- 
tures. In these cases, the motion of the de- 
coupled structure will become increasingly 
independent of the motion of neighboring ele- 
ments at all frequencies above the decoupling 
frequency. Consequently, above the decoupling 
frequency, a satisfactory simulation can gener- 
ally be obtained for the decoupled structure by 
vibrating it through its bounding frames.  This 
decoupling of structure may often be of primary 
importance to reduce the size of structure re- 
quired for satisfactory simulation. 

The preceding discussion leads to several 
useful alternative possibilities which are illus- 
trated in Fig. 1 and summarized below: 
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Fig. 1. Conceptualization of frequency 
range in which simulation is possible 
(values of L/  B are very approximate) 

1. If the entire vehicle is vibrated with 
appropriate sources (vibratory and acoustic), 
the simulation can be good at all frequencies 
above the frequency at which the vehicle sup- 
porting fixtures affect the basic fundamental 
modes of the vehicle. 

2. If a small structural partition surround- 
ing the region is selected for vibration test, the 
simulation can be accurate up to a frequency at 
which the typical dimension of the specimen 
becomes approximately a quarter of the bend- 
ing wavelength. 

3. If simulation is only required above a 
particular frequency, then a fully coupled par- 
titioned section can be chosen such that its 
typical dimension is at least 5 to 10 bending 
wavelengths at the lowest test frequency. 

4. If the structural boundaries decouple 
the partitioned structure from adjoining struc- 
tures, then the decoupled specimen, vibrated 
through the decoupling structural members, 
can give good simulation for the frequency 
region above the frequency at which decoupling 
occurs. 

The final step in the development of the 
simplified logic is to examine the effect of 
mounting a component on the mounting region. 
For simplicity, first assume that the compo- 
nent behaves dynamically as a simple mass. 

Clearly, if the structure in the region has a 
surface mass density considerably larger than 
the equivalent surface mass density represented 
by the component, the actual motion of the re- 
gion in flight will not be altered by the addition 
of the component.  Hence, the amount of struc- 
ture required to simulate the vibration of the 
component is precisely the same as required 
above for the simulation of the vibration in the 
region in the absence of the component. 

If the component's equivalent surface den- 
sity is of the same order of magnitude as that 
of the structure, then the presence of the mass 
component may be expected to alter the in- 
flight motion in the mounting region from that 
which would occur without the presence of the 
component.   Furthermore, it is probable that 
the motion of structure adjoining the mounting 
region will also be altered.   Thus, to reproduce 
in a partitioned structure a reasonable facsimile 
of the flight environment in the mounting region, 
it would appear necessary to include all of the 
structure whose motion, when mounted in the 
actual vehicle, is affected by the addition of the 
component.   For the simple example of a mass- 
like component, the structure required would 
have to have a generalized mass several times 
greater than the mass of the added component. 

One method for determining the dimensions 
of the affected structure is the measurement of 
point input impedance as a function of distance 



from the mounting region with and without the 
mass present.  For the frequency range of in- 
terest and for the typical cases in real struc- 
ture vith simulated component masses, there 
will generally exist a distance in all directions 
from the component mounting region, beyond 
which no significant change in input impedance 
is observed. In general, it may be argued that 
the change in the input impedance observed at 
various points on the zone of structure within 
the envelope of these distances indicates that 
this zone of structure forms part of a vibrating 
system with the component mass. Therefore, 
to ensure that the size of the partitioned test 
structure is sufficient to exhibit the local dy- 
namic characteristics of the component - 
structure system, it would be necessary that 
the specimen include the structure within the 
component influence zone. This conclusion can 
be generalized to include a component of arbi- 
trary impedance characteristics. 

When the mass or impedance of the compo- 
nent becomes much greater than that of the 
structure in the mounting region, it may be 
anticipated that the component influence zone 
will extend to a greater distance from the com- 
ponent than in the previous cases above.  Fur- 
ther, the addition of a high impedance component 
may serve to alter the coupling between the 
local structure supporting this component aud 
adjoining structures. Clearly, if decoupling 
boundaries already existed in the frequency 
range A interest, then the decoupling may be 
further enhanced by the addition of high imped- 
ance equipment. 

Finally, in many cases where the structure 
without the component was highly coupled, the 
impedance discontinuity presented by the addi- 
tion of the component to the structure will ef- 
fectively decouple its supporting structure from 
adjacent structures, thus minimizing the amount 
of structure required for a test specimen. 

These concepts are summarized in Fig. 2, 
which contains a simple logic diagram illus- 
trating the types of engineering steps to be 
followed to determine the amount of structure 
which is sufficient for a given test purpose. 
Although engineering methods are not adequate 
to fully implement these concepts, this logic 
can be very helpful in deducing the amount of 
structure required for a specific test objective. 

APPLICATION OF THE LARGE 
VIBROACOUSTIC FACILITY TO 
TESTING 

The preceding sections have established a 
framework for the definition of simulation 

criteria, and amount of structure sufficient for 
a specific test objective and frequency range. 
Until recently, however, it was not possible tc 
apply these concepts in other than abstract 
terms to large components, extended subsys- 
tems such as piping, and interconnected instru- 
mentation systems. The maximum specimen 
weights for vibration tests were limited primar- 
ily by the capabilities of vibration shakers op- 
erating singly, and the maximum specimen 
sizes for acoustic tests were governed by the 
small size of acoustic test facilities. 

The Improvement in the state of the art of 
multiple shaker installations is perhaps best 
exemplified by the system of eight shakers uti- 
lized by Wyle Laboratories to produce a total 
force of 400,000 force lb on various segments 
of the S-II structure, as discussed in Refs. 2 
and 3. This development has been made possi- 
ble both by improvements in shaker technology 
and by considerable advances in the design of 
the electronic control systems which now enable 
considerably greater control over the face and 
amplitude relations among the shakers than was 
previously possible. 

Similarly, the development of large acoustic 
facilities such as those at USAF, Wright- 
Patterson Air Force Base [4], the NASA Manned 
Spacecraft Center in Houston [5], and Wyle, 
Huntsville [6], makes it possible for the first 
time to subject a large section of a vehicle to 
reasonably realistic external pressure fluctua- 
tions. The obvious combination of the enhanced 
vibration capability with this new acoustic ca- 
pability makes combined vibroacoustic testing 
of large sections of vehicles a near reality. 

The use of these facilities makes it possible 
to meet the structural sufficiency criteria for 
almost all vehicle components and subsystems, 
as well as its external structure. Thus, for 
most cases, the vehicle dynamics will be in- 
herently correct over a wide frequency range 
and, consequently, it should be possible to ob- 
tain a good simulation of the vibration field 
during test. 

The application of multiple-shaker high- 
force systems for simulation of the low- 
frcquency environment is relatively straight- 
forward.  However, the definition of "low 
frequency" must be made for each class and 
size of vehicle, and the effect of finite imped- 
ance and boundary conditions must be consid- 
ered to avoid overtest at low frequencies. 

The rules for application of the acoustic 
facilities to the remainder of the frequency 
range are much less exact. Some of the prob- 
lems are illustrated by theoretical effects of 
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vibroacoustic coupling parameters given in Ref. 
7. It is fairly clear that both pure forms of lab- 
oratory acoustic simulation, reverberant field 
and progressive wave, have utility for simulat- 
ing rocket noise at launch.  Furthermore, the 
work described in Ref. 1 demonstrated that the 
acoustic levels required to reproduce actual 
liftoff vibration are essentially equal to those 
measured at liftoff. This augurs well for accu- 
rate simulation of the vibration field at liftoff. 

The simulation of the vibration field re- 
sulting from unsteady aerodynamic pressure 
fluctuations is more difficult.  Both theory and 
practice (Refs. 1 and 7) indicate that the vibra- 
tion field resulting from uniform boundary-layer 
turbulence can be simulated.  However, the ex- 
act relationship between point spectra in flight 
and test is not completely understood or veri- 
fied. Trends found in Apollo [81 and theory [7] 
indicate that the test levels should be of the 
order of 10 db below the flight pressure fluctua- 
tion levels.  However, this appears true only at 
frr quencies below coincidence.  Here consider- 
ab/ k work is required to obtain accurate engi - 
neering methods for the design of tests. 

The most difficult simulation requirement 
is imposed by separated flows, wakes, shocks, 
etc., associated with protuberances and geo- 
metrical discontinuities.  Here simulation can 
be achieved in principle by local acoustic exci- 
tation through closely coupled horn-duct con- 
figurations or direct radiation.   However, 
practical cases are only now being attempted, 
and neither theory nor flight data are sufficient 
to provide useful guides to engineering methods 
for test design. 

All of the preceding discussion has related 
to the vibration field of a structure which has 
no other loads imposed.   However, in some 
I ases other loads will be present which affect 

either the dynamic response characteristics or 
the failure mode of the specimen. These in- 
clude static pressure and thermal loads.  Work 
to date illustrates that each may alter the trans- 
fer function between environment and failure 
under certain conditions. However, insufficient 
knowledge exists to serve as a basis for engi- 
neering methods for their evaluation relative to 
test design. 

Despite the problems yet to be solved, the 
new large facility capabilities offer an order of 
magnitude improvement in simulating the vibra- 
tion field in a vehicle throughout launch than 
that previously attainable. This improvement 
enables the testing of large vehicle segments 
with operational systems for both qualification 
and acceptance testing. 

Further, this capability offers a unique 
method to qualify extended subsystems such as 
piping systems which interact dynamically with 
many elements of primary and secondary 
structure.  Full development of the concept 
should enable some relaxation on component 
qualification specifications and overtest, par- 
ticularly where redesign of the component in- 
volves significant weight or cost penalties. 
Here, reliability of the marginal component 
could be assessed in a realistic environment 
prior to launch and minor specific fixes with 
minimum penalties could be proven in the labo- 
ratory to ensure sufficient reliability in flight. 

Continued work with these facilities in the 
development of engineering methods for im- 
proved test design, and in the comparison of 
laboratory and flight data, should result in in- 
creased confidence in the results of this ground 
simulation technique.  With this confidence, 
some safety factors can be reduced eventually 
and enable attainment of the required reliability 
for less weight. 
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OPERATIONAL CHARACTERISTICS OF A 100,000-CUBIC-FOOT 

ACOUSTIC REVERBERATION CHAMBER 

Fancher  M. Murray 
Wyle Laboratories 

Huntsville, Alabama 

Use of a 100,000-cu-ft reverberation roorr at the Huntsville facilit    of Wyle Labo- 
ratories has resulted in a significant mass of data relating to large reverberation 
rooms in general.   Overall sound pressure levels of 152-154 db may be generated 
away from the walls, while the classic 6-db and 9-db increases are seen at the walls 
and in the corners, respectively. 

Tests performed with large specimens show that good spectral and spatial sound 
distribution may be generated and controlled.   The room exhibits a reverberation 
time of 18 sec at frequencies below 200-300 Hz, while classic air absorption con- 
trols damping above this range.   The room is driven by one, two, or four airstream 
modulators of the vibrating vane type.   These modulators, rated at 30,000 watts 
each, were developed by the Huntsville facility specifically for this application.   In- 
strumentation available in the room includes direct cable connection to 160 channels 
of charge amplifiers in a central instrumentation complex.   Switching capability 
allow? acquisition of a total of 480 data channels.   The charge amplifiers are con- 
nected to multiplexers and an A-D converter for on-line data acquisition by a high- 
speed digital computer.   Computer programs have been developed to accept these 
data, store it, and then produce final plots of power spectral density, auto- and 
crosscorrelation, amplitude distribution, and other pertinent parameters  related to 
thft acoustic driving forces and the specimen responses.   Theoretical and experi- 
mental data will be presented to show the operational characteristics of this large 
reverberation chamber. 

INTRODUCTION 

As acoustic testing of structural compo- 
nents comes of age, numerous questions arise 
as to the validity of the tests performed.  Many 
investigators have felt that this is particularly 
true of reverberation rooms since there are 
great numbers of "holes" in the low-frequency 
end of a sound field, in both the frequency and 
spatial domains.  It is claimed that this condi- 
tion results in overtest in some locations at 
some frequencies, and undertest in other loca- 
tions at other frequencies.  This turns out to be 
an unfortunate fact of life: but it can be alle- 
viated considerably by building bigger rever- 
beration rooms. 

Another problem associated with acoustic 
testing concerns the boundary conditions im- 
posed by mounting fixtures used to support a 
component during the test.  The only way that 
the investigator can assure himself that a 
given substructure will be mounted in the proper 
way is to mount it on the actual service struc- 
ture. This practice can, of course, be carried 

on until a whole vehicle is used to mount the 
critical substructure.  At this point the worker 
again finds the need for bigger reverberation 
rooms. 

The free field conditions under which most 
vehicles travel do not establish a situation 
where sound approaches with equal probability 
from all directions.   In fact, the sound from a 
rocket plume can be quite one-sided during 
initial launch phases, but in a given narrow 
band of frequencies the probability of there 
being energy at a given frequency is the same 
for all frequencies, even though that probability 
is zero.  A reverberation room operated sev- 
eral octaves above its first resonance will ap- 
proach this same zero probability for energy 
at a given frequency, but it will also approach 
omnidircctionality in the sound field.   Thus, it 
is necessary to give up some of the directional 
characteristics of the sound field in order that 
the smooth frequency response may be ap- 
proached.   The alternative is a free field test 
wherein the acoustic power generated is com- 
parable with that generated by the vehicle in 
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its various stages of travel. Since this is of 
the order of 10 million watts, again, the bigger 
reverberation room becomes desirable. 

There are two schools of thought which 
permeate all environmental testing. One school 
insists that the environment must be exactly 
simulated ü the response is to be meaningful in 
predicting service conditions. This is a "seat- 
of-the-pants" type of testing and is probably 
always valid. However, when test programs 
become large and cost several millions of dol- 
lars, it is necessary to use a different philos- 
ophy in testing. Thus, there is a second school 
which states that it is more important that the 
response of the vehicle be simulated rather 
than the environment. This philosophy requires 
that some analysis be combined with simple 
tests to determine which parameters associated 
with the environment are important in generat- 
ing structural response and which ones are not. 
A greatly simplified example of this would show 
the futility of generating high acoustic levels at 
10,000 Hz for testing heavy structures not capa- 
ble of responding to such frequencies.  From 
this the investigator may conclude that it is 
necessary only to match the low-frequency por- 
tion of the natural acoustic environment expected 
for this case. 

Consideration of the above arguments 
prompted Wyle Laboratories to start construc- 
tion on this room in late 1964. The room has 
been used for testing various components of the 
Saturn, and some other vehicles will be tested 
in the near future. The forward skirt and instru- 
ment unit are being tested in this facility at the 
present time. 

ROOM DESIGN 

Design considerations for the Wyle rever- 
beration chamber were simple — make it ade- 
quate and make it inexpensive. This latter 
consideration was imposed by good sense since 
the structure was paid for from company money. 
The first consideration was broken down into 
greater detail so that the room could be designed 
on paper. Of primary consideration was the 
frequency distribution of the eigenmodes. A 
cubical room will have just as many modes as 
any other shape; but great numbers of modes 
will occur at the same frequency, and then 
there will be large gaps between modes. This 
question is discussed further in the next section. 

Another consideration was the high sound 
pressure levels (SPL's) expected on the walls 
and the resulting dynamic loading of these walls. 
A level of 160 db in the room results in 163 db 

at the walls, 166 db where two walls meet, and 
169 db in the corners. These levels generate 
significant dynamic pressures and, when in- 
tegrated over the curface area of the room, 
large forces are developed which tend to cause 
cracks and other lossy conditions in the walls. 
Thus, as is seen in Fig. 1, a large amount of 
steel work was included in the walls to main- 
tain integrity.  Figvre 2 is a sketch of the room 
and shows some dimensions of the plan view. 
It is seen that the interior surface contains 
splays to enhance the sound diffusion. Dynamic 
analysis of the wall showed that the thick por- 
tions of the splays would act as sufficient rein- 
forcement of the walls to reduce requirements 
on the mean thickness. The thick portions are 
then about 3 ft thick, and the thin sections are 
about 18 in. thick. The north end of the room 
consists of a modular construction with blocks 
1 ft thick forming this wall. The west half of 
this wall is supported by large box beams which 
may be removed for entrance of specimens 
larger than allowed by the main door. The main 
door is the east half of the north wall and is 
power operated for the full height of the room. 
A specimen 20 ft in diameter and 35 ft high can 
be moved through this door in a few minutes. 
Specimens much larger than this would require 
a couple of days' work by a large crane for 
removal of the rest of the north wall.  Figure 3 
shows this conception as it is actually used. 

A LITTLE THEORY 

The allowed frequencies for any rectangu- 
lar reverberation room have been derived by 
several investigators in the past and may be 
found in any text such as Kinsler and Frey [1]. 
This equation consists essentially of a three- 
dimensional version of the Pythagorean the- 
orem in that it is the square root of the sum of 
three squares: 

MWM 
where c is the speed of sound,  lK, K , ar.J it 
are the three dimensions of the room, rank 
ordered by length, and nx, n , and n, are 
positive integers defining the wave number 
existing in each direction in the room.  Since 
these integers may be varied independently 
over the range of zero to infinity, it may be 
seen that a large number of allowed frequencies 
or eigenmodes may be accumulated within the 
first decade above the first such frequency. 
Solution of this equation for a great number of 
different values of the integers will give the 
frequencies of a given room. Then these 
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Fig. 1.   Steelwork used  in the 100,000-cu-ft room 
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Fig. 3.   Completed room from northeast end 

frequencies can be plotted as tick marks on a 
frequency scale to show where gaps occur and 
where large numbers of modes pile up together. 
It has long been known that a cubical room, or 
a room having definite integral relations between 
the lengths of its walls, will show a tendency for 
the modes to congregate, leaving large gaps. 
However, it has been left to the computer to 
solve the equations quickly enough to produce 
results which could search for a room shape 
that spreads the modes in a uniform manner. 
Sepmeyer [2] has done a monumental work in 
this field.  He used a computer to compare the 
number of modi's theoretically appearing in a 
given band of frequencies with the number pre- 
dicted on a statistical basis.  His criteria re- 
quired that the ratio of these two numbers be 
as close to unity as possible for as many dif- 
ferent bands as possible. Since a given modal 
distribution is independent of the actual size of 
the room, it is convenient to normalize the 
equation by dividing through by the length of 
the longest dimension of the room.  Dividing by 
lu, and ignoring the c 2 factor, gives: 

(n„V 
(#.)'• (^)' 

Thus, a shape may be defined by unity plus two 
fractions which show the relationship between 
the length of the longest wall to the next longest 
wall and to the shortest wall, respectively. A 
shape of 1, 1, 1 would define any perfect cube, 

and a shape of 1, 0.5, 0.5 would indicate that 
two of the walls were half of the length of the 
longest waU. The first number is always unity. 

Sepmeyer used this form and evaluated 
rooms from 1, 1, 1 to 1, 0.3, 0.3 in increments 
of 0.01 for each of the two varying parameters. 
One of the better rooms he found had the ratio 
1, 0.79, 0.63. This ratio has the further ad- 
vantage that it will reproduce itself if the long 
dimension of the room is cut in half.  Then the 
ratio for the two resulting rooms is still 1, 
0.79, 0.63. The frequency responses of the two 
rooms will be at a higher range, but the distri- 
bution is the same. This ratio was used for the 
mold lines of the Wyle reverberation room. 

Sepmeyer's work does not allow compari- 
sons of small increments tJ-en on the dimen- 
sions, and Wyle Laboratories has developed a 
computer program for presenting this same 
information in a form more suitable for direct 
comparison of the "gaposis" of a given room 
shape. This program determines all the eigen- 
modes in the first decade of a given room's 
response range and actually plots them as ver- 
tical lines on a horizontal frequency scale. 
Since these lines tend to get very close to- 
gether, the program also makes the height of 
the vertical line proportional to the distance 
(on the frequency scale) between its two neigh- 
bors.  Thus, if a line is standing between two 
widely separated lines it will be taller than its 
neighbors.  Figure 4 is a graph produced by the 
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L2=     .513000 I'd-     .513000 

Fig. 4.   Graph using a poor room design 

Wyle computer to show the frequency distribu- 
tion of a room having the shape 1, 0.513, 0.513. 
The gaps are readily apparent, as is the result- 
ing grouping of modes at other frequencies. 
Since two of the walls of this room would have 
equal lengths, it is easy to surmise that this 
would be the result.  Figure 5 is a similar 
graph, using the shape of the Wyle room. Here, 
the gaps are well filled in, and it is necessary 
to look for tall vertical lines to see any evi- 
dence of some of the gaps. 

It may be obvious that an ideal room shape 
would produce a graph having one tall line on 
the left and progressively shorter lines toward 
the right. This would indicate maximum uni- 
formity in spacing and minimum redundancy of 
modes.  Figure 6 is a graph closely approxi- 
mating such a situation:  three definite lines 
progress toward short lines. This shape re- 
quires considerably more than two-place accu- 
racy in definition, and some points are still not 
understood about its characteristics.  Every- 
thing that has been learned about it has been 
encouraging, though, and this may be the closest 
thing to an ideal room yet. This particular 
shape was developed by K. McK. Eldred of the 
Wyle staff. 

The acoustic power developed in a rever- 
berant enclosure is given by Kinsler and Frey 
[1]: 
For a diffuse sound field, 

I    - w       p' 
i      4, ca 

where 

I - intensity, 

w = acoustic power input, 

a = total absorption, 

P = acoustic pressure, and 

i c - acoustic impedance of air. 

In the English system this may be converted to 
a logarithmic form 

P»L      SPL -  6.5 <lh >   10  lot; " 

where 

PttL = sound power level re: 10"'3 watts, 

SPL = sound pressure level re: 0.0002 
microbar. 

Since 

where 

0 049V 
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Fig. 6.   Graph using a better room design 
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v = room volume, 

T = reverberation time, and 

0.049V 
PKL = SPL - 6.5 db + 10 log      T      . 

For the Wyle room this becomes 

PM. s SPL +  17.8 db. 

This equation is the only one that i« theoreti- 
cally defensible and is therefore the only one 
used for measurements by Wyle Laboratories. 
There are several variations of this equation 
that have become popular in recent years be- 
cause of the large deviations between power 
measured in a reverberation room by this 
equation and power measured in an anechoic 
progressive wave tube by integration of the 
sound pressure over the cross-sectional area 
of the tube. Some investigators have experi- 
enced as much as 11-db discrepancy, although 
4 to 6 db is more common. These discrepan- 
cies can be attributed only to poor coupling 
between the acoustic source and the room. 
Wyle has made some progress toward better 
coupling, and some model experiments have 
shown as little as 0.3-db difference between 
the two methods of measuring acoustic energy. 

Figure 7 shows the energy decay param- 
eters measured in the Wyle room. Two 

experimental c—cs iiiow the reverberation 
time against the right margin and the absorp- 
tion in square feet against the left margin. The 
measured absorption is also compared with 
computed values of air absorption. It is seen 
that the measured data compare well with the 
computed data. It may also be seen that acous- 
tic energy above 1000 cps in the largo room is 
severely discriminated against by the air 
absorption. 

INSTRUMENTATION 

The 100,000-cu-ft room is adequately sup- 
plied with instrumentation lines to provide re- 
sponse data for large component testing.  Fig- 
ure 8 shows a bank of charge amplifiers used 
to accept signals from all types of piezoelectric 
transducers. A total of 160 channels are im- 
mediately available to an on-line computer 
through two high-speed multiplexers. In addi- 
tion, these may be switched manually by a 
three-position switch to increase this to 480 
channels when needed. During large tests 
microphone and accelerometer data are di- 
rectly stored by the computer for analysis. 

For smaller tests where a few micro- 
phones are sufficient, five carrier-type con- 
denser microphones may be connected to 
coaxial lines in the room.  These provide for 
research and foi tests of components not 
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Fig. 7.   Air graph, room absorption vs frequency, 
100,000-cu-ft  reverberation room 
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Fig. 8.   Charge amplifiers in instrumentation room 

requiring response measurements. This instru- 
mentation is normally analyzed with analog 
equipment in either one third octaves or narrow 
band. 

DATA DEVELOPED 

This section covers some of the data gen- 
erated in the large room during tests and dur- 
ing room evaluation. Figure 9 is a sine sweep 
generated in this room with a normal loud- 
speaker. The frequency scale of this sweep 
covers the first decade of operations and is 

intended to match the frequency scale of the 
computer plot of Fig. 5. Many of the low- 
frequency modes match quite well with the 
computer plot, but large numbers of modes in 
the higher frequencies did not appear. This 
problem is not as r «rious at high levels, be- 
cause nonlinear driving of the modes causes 
them to exchange energy even if they do not 
couple with the primary excitation.  However, 
the sweep is instructive in pointing the way for 
further investigations; it also explains some of 
the discrepancies between the two methods of 
measuring acoustic power. 

S   20 
i 

10  

o h -4- -t- -t- -t- + 
\Hjki 
—i—i— 

H V 36 45 54 63 7? 81 

Fig. 9.   Sine sweep, 0-90 Hz  in room 
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Figure 10 is a sine sweep taken with a B 
and K oscillator using the Wyle-developed 
acoustic source model WAS-3000 airstream 
modulator at low pressure.  Figure 10 shows 
an almost solid mass of modes from 60 to 
about 700 Hz where the transducer starts cut- 
ting off. 

Figure 11 shows the broad-band response 
of the room at three different locations. The 
top curve was measured in the southwest cor- 
ner of the room, and, as expected, it is approx- 
imately 9 db above the other two curves taken 
in the normal field of the room. These two 
other curves were taken approximately 21 ft 
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Fig. 10.   Log sine sweep, 20-2000 Hz 
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Fig. 11.   Broad-band random response 
at three locations in room 
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apart in the room at two different heights. It 
may be seen that they merge very well above 
100 cps and that there are no great differences 
below that frequency. 

An Interesting way of looking at the frequency 
response of the   room and the high-frequency 
distortion caused by nonlinear finite amplitude 
acoustic effects in the air is to put a single one 

third octave of electrical signal into the drive 
transducer and determine the resulting spec- 
trum. Figure 12 is one presentation of such 
data. The actual data are shown in solid lines; 
there is a strong response at the input fre- 
quency and also at the first two harmonics of 
the input frequency. A narrower band analysis 
would show other harmonics too, but this one third 
octave analysis is sufficient for our purposes. 
For reasons which are apparent in Fig. 13, it 

14      31.5       A3        123       250       900       1000     2000     4000 

Ocravt Band Cantor Froquanctai - Hi 

Fig. 12.   Single one third octave input to room 
with actual and smoothed spectra developed 

scoo 
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Octave Bond Canlar Frtauanciti - Hi 

Fig. 13.   Several one third octave 
spectra through 25-Hz horn 
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is convenient to smooth the data to form the 
dashed curve also shown in Fig. 12. If the in- 
put signal was one octave wide, then this is what 
would actually happen. 

Now look at Fig. 13, where the responses to 
several different one third octave inputs have 
been plotted. In each case the sound energy 
rises very sharply to a peak at the input fre- 
quency and then tapers off more slowly. This 
is the result of nonlinear air response gen- 
erating harmonics. The data of Fig. 13 show 
the response using a 25-Hz coupling horn be- 
tween the transducer and the room. Figure 14 
shows the effects of using » JO-HZ cutoff horn 
to drive the room. The lowest input frequency 
is a one third octave band centered on 25 Hz, 
but Fig. 14 shows that the maximum response 
does not occur until the second harmonic of 
this frequency. The strong discrimination of 
the 50-Hz horn against the low frequencies is 
seen in this response. Even an input at 50 Hz 
is seen to respond only weakly at 50 Hi com- 
pared with the response at 100 Hz. It is not 
until the input frequency reaches 63 Hz that the 
maximum response occurs at the input fre- 
quency. 

Figure i5 is some actual working data 
taken from a large structure under test in the 
reverberation room at 154 db (re. 0.0002 /ibar) 
and shows the form produced by the Wyle com- 
puter facility. This is a normal PSD analysis 
in g 2/cps and shows a good broad-band re- 

sponse. The analysis used a digital filter of 
10-Hz bandwidth and the autocorrelation curve 
is presented just below the PSD plot. Various 
statistical characteristics are enumerated be- 
low from the variance to the kurtosis. The 
overall level of vibration is also given as 
23.58 g rms. 

CONCLUSIONS 

From ti'.e above discussion several con- 
clusions may be drawn: 

1. The facility generates and contains rea- 
sonably high SPL's.  Proper acoustic coupling 
between the transducer and the room wiil be 
required before the design limitation of 165 db 
can be reached, but respectable levels are 
available at the present time. 

2. At a frequency approximately one decade 
above the first resonance, the spatial distribu- 
tion of energy is very uniform and the facility 
can be expected to give realistic tests from 
100 Hz and up. 

3. Testing at frequencies above 1000 Hz 
is limited by sound absorption, but data pre- 
sented show a reasonable amount of energy to 
10,000 Hz. The levels at these frequencies are 
not sufficient to cause damage, but they are 
sufficient to evaluate the possibility of damage 
by noting the response of structures to the 
levels that are attained. 

31.5 6J 125        250       500       1000      2000      4000     8000 

Ottuve Bond C«n*tf Frtqutrci«! - Hi 

Fig. 14.   Several one third octave 
spectra through 50-Hz horn 
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Fig. 15.   Acceleration data measured on a typical 
vehicle structure under test at 154 db 
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To obtain the best possible ground test verification of the flightworthiness of 
the Apollo spacecraft tc launch and boost fluctuating pressure environments, 
the NASA Manned Spacecraft Center conceived, designed, and constructed the 
Spacecraft Acoustic Laboratory which embodies a unique vibratory simulation 
technique and capability.   Apollo acoustic levels and spectra were used to de- 
velop acoustic test energy requirements and frequency considerations in the 
design of the sources, horns, and ducts.   The test configuration includes 16 
horn/duct channels, each driven by en independently controllable acoustic 
noise source, which completely envelop the vehicle and control the propaga- 
tion of high-energy acoustic waves downward over the vehicle.   Evaluation of 
the performance characteristics of the facility was oriented toward verifica- 
tion of acoustic test hardware design and, more importantly, toward compari- 
son of Apollo vehicle vibration responses achieved in the ground test vs flight 
measurements.   With minor exceptions (which were corrected), all acoustic 
parameters designed into the hardware have been met or exceeded.   The shell 
response of the service module as measured at eight locations on an Apollo 
flight has been duplicated satisfactorily in the laboratory. 

INTRODUCTION 

The random fluctuating pressure (acoustic) 
excitation of the Apollo spacecraft during earth 
launch and boost is not only severe but also 
vu-ies as a function of both flight mission time 
and location on the vehicle. To obtain the beet 
possible verification of the flightworthiness of 
the spacecraft, evaluation was required of the 
vibration behavior of the Apollo spacecraft un- 
der severe acoustic conditions of flight in a 
ground test.  A review of existing fluctuating 
pressure simulation techniques and capabilities 
for full-scale spacecraft led to a concept, de- 
sign, and development program which has pro- 
duced an unusual simulation technique and 
capability.  The evolution and embodiment of 
the simulation technique, which resulted in the 
Spacecraft Acoustic Laboratory (SAL), are de- 
scribed in this paper.  Many simulation, and 
facility hardware design problems were encoun- 
tered, and both the problems and the solutions 
are discussed. Actual laboratory performance 
data are presented, and comparisons with flight 
measurements are made. 

The Apollo spacecraft (Fig. 1) consists of 
the command module (CM), the service module 
(SM), and the lunar module (LM).  During earth 
launch and boost, a rocket-propelled launch 
escape system (LES) is attached to the forward 
bulkhead of the CM, and a spacecraft lunar 
module adapter (SLA) surrounds and protects 
the LM and also serves as the mechanical con- 
nection of the SM with the Saturn booster. In 
addition to the LES on the CM, many other 
aerodynamic protuberances, such as the reac- 
tion control system housing and nozzles on the 
SM, are located on the surface.  The total 
acoustic excitation of the Apollo spacecraft 
during earth launch and boost reaches three 
peaks as a function of flight profile:  (a) booster 
engine noise from the first stage of the Saturn 
at liftoff; (b) aerodynamic turbulence at tran- 
sonic velocities; and (c) aerodynamic turbu- 
lence during maximum dynamic pressure (Q) 
conditions at supersonic velocities. 

The first acoustic peak can be described 
as a composite of progressive waves propagat- 
ing from the base of the Saturn booster forward 
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F.,j. 1.   Apollo spacecraft vehicle in launch 
and boost configuration 

to the Apollo spacecraft. The second and third 
acoustic peaks represent the combined actions 
of several separate aerodynamic mechanisms 
which are either generated or intensified by the 
many vehicle protuberances projecting into the 
airstream and by abrupt changes in the vehicle 
mold line. These mechanisms include boundary- 
layer turbulence, separated flow, wake turbu- 
lence, and oscillating shocks. The varied nature 
of the acoustic loadings with respect to magni- 
tude, spectral content, and correlation parame- 
ters dictated a ground test tool which would pro- 
vide as much control over these parameters as 
possible. In addition, since the flight acoustic 
loadings are characterized by a spatial distribu- 
tion of forces over the surface of the vehicle 
which is of a continuous nature (in lieu of sev- 
eral point forces, for example), a ground test 
technique was required that would provide spa- 
tial continuity of the tr-. forcing function. 

During the concept studies in 1963 [1], the 
existing state of the art for simulation oi launch 
and boost acoustic loading or other means of 
inducing flight-like vibration of spacecraft 
structures was surveyed and reviewed.  The 
use of electromechanical or hydromechanical 
shakers, either singly or in multiples, was 
investigated. The potential use of acoustic 
waves led to the consideration of reverberation 
rooms, single-source progressive waves, and 
multiple-source progressive waves.  A multiple- 
source, multiple-channel (or multiple-duct) ap- 
proach was chosen with each source channel to 
be acoustically separated from adjacent chan- 
nels circumferentially around the vehicle.  The 
sources were located forward of the vehicle to 

satisfy spatial profile requirements of the 
Apollo acoustic levels. The Apollo acoustic 
levels and spectra were used to develop acous- 
tic test energy requirements and frequency 
considerations in the design of the sources and 
channels (horns and ducts). During the concept 
study, the selected approach was technically 
verified for practicality through the use of 
scale models. 

The acoustic levels increased aftward on 
the CM (an uncommon condition since the acous- 
tic levels decrease aftward on all other portions 
of the Apollo vehicle), which presented an un- 
usually challenging acoustic test hardware de- 
sign problem [2]. The solution was found in the 
application of a technique using split horns with 
one horn reversed. The initial horn, reverse 
horn, and duct designs were verified with de- 
tailed scale models of the Apollo vehicle and 
acoustic test hardware. 

The resulting test setup consists of 16 
horn/duct channels each driven by an independ- 
ently controllable acoustic noise source.  Each 
source is rated at 10,000 watts output.  The 
channels completely envelop the vehicle and 
control the propagation of high-energy acoustic 
waves downward over the vehicle.  The horns 
are constructed of fiber glass and steel, and 
the ducts and duct supports are constructed of 
wood and steel.   Viscoelastic damping compound 
is used to reduce vibration of steel components. 
The ducts are adjustable Inward or outward so 
that the cross section of the area through which 
the progressive waves propagate can be varied. 
Anechoic wedge terminators are used at the end 
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of each wave propagation channel.  Acoustic 
energy is produced by 16 pneumoacoustic 
sources, or air irodulators. Air is supplied to 
these devices by a large constant-flow air 
compressor.  Modulation of air valves in the 
devices is both controlled and powered by elec- 
trical control equipment located in a control 
room adjacent to the test area. 

The acoustic hardware was checked out, 
evaluated, and adjusted during a step-by-step 
series of checkout test programs.  Included in 
the objective of each checkout experiment was 
simplicity of operations, including rapid feed- 
back of results. The experiments proceeded in 
an orderly progression from single horns to 
multiple horns and from single Apollc nodules 
to multiple modules; this was done for sim- 
plicity and to assure isolation of hardware 
components and dynamic parameters under 
evaluation.   Potential physical interference of 
the ducts with the vibration response of the 
shells of test vehicles was investigated in a 
series of shaker tests. During these tests, the 
characteristic response was first measured at 
selected points on the bare checkout test arti- 
cle; then the vehicle response was measured at 
the same points after the horn and duct system 
had been mated with the test article. 

Evaluation of the performance characteris- 
tics of the facility was oriented toward verifica- 
tion of acoustic test hardware design and, of 
more importance, toward comparison of Apollo 
vehicle vibration responses achieved in the 
ground test vs flight measurements. With minor 
exceptions (which were subsequently corrected), 
all acoustic parameters design i into the hard- 
ware were met or exceeded. 

Effects on the vehicle-shell response of 
physical contact with the ducts are negligible. 
The SM-shell-vibration data from the laboratory 
tests compare quite favorably with flight data. 
The shell response of the SLA as measured at 
three locations on two separate flights has been 
duplicated satisfactorily in the laboratory. 

In this paper, the facility design require- 
ments are described first, and the discussion 
incJudes the philosophy of environmental simu- 
lation, the sources of vibration in space vehi- 
cles during flight, the aerodynamic pressure 
fluctuations around the Apollo vehicle, and the 
simulation of such pressure fluctuations.  The 
next section describes the final facility design, 
including test configuration and equipment for 
the Apollo vehicle.  Finally, the performance of 
the facility (for the Apollo configuration) is re- 
ported and analyzed.  Comparisons are made 
between intended and actual performance. 

FACILITY DESIGN REQUIREMENTS 

Philosophy of Environmental 
Simulation 

The purpose of the Apollo acoustic tests 
as established by the NASA Manned Spacecraft 
Center (MSC) was to evaluate probable space- 
craft vehicle structure and equipment response, 
failure, or malfunction in the flight environment. 
Therefore, the criteria applied to the method of 
laboratory simulation were based on the need to 
reproduce probable flight responses. 

To obtain the maximum information from 
the complete system test, it was deemed desir- 
able to have the capability for all systems, in- 
cluding astronauts, to be functioning fully during 
testing.  To achieve this requirement, it was 
necessary for the vehicle axis to be vertical so 
that the direction of the gravitational vector 
during flight would be duplicated for fuel tanks, 
personnel, etc. 

Since the purpose of the tests was to pro- 
duce responses similar to flight responses, the 
ideal test would have included (a) external 
pressure fluctuations with correct time and 
spatial relationships, (b) inertia! forces (from 
body acceleration of spacecraft/booster vehi- 
cles), (c) separation and ignition shocks, (d) 
engine vibration, (e) vibration introduced via 
structural interfaces into upper stages (space- 
craft) from lower stages (booster) that are 
associated with low-frequency body-bending 
modes of a complete spacecraft/booster vehi- 
cle, (f) external temperatures with time and 
spatial relationships, (g) quasi-static wind 
loads, and (h) external static pressure loads 
with time and spatial relationships. 

This is a most formidable list of environ- 
mental considerations; the simultaneous ac- 
complishment, or even partial accomplishment, 
of which far exceeded the existing state of the 
art in 1963.  Further, the concept of combined 
loadings was only beginning to be explored in 
the simultaneous application of two forcing 
functions.  The acoustic laboratory was designed 
to allow simultaneous accommodation of all 
these loads except external temperatures and 
static pressures. 

Accomplishment of acceleration and quasi- 
static loads is generally achieved by attaching 
tension members tr various hard points on the 
vehicle (interstage rings, etc.).  These tension 
members can then transmit the forces; of hy- 
draulic jacks which may be programmed.   The 
facility structure was designed to enable in- 
stallation of attach points for both vertical 
and horizontal load applications. 
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Accomplishment of shock, engine vibration, 
and interstage vibration would require placement 
of vibration generators at appropriate locations 
on the test vehicle, including the base of the 
stage under test. Exact simulation of structural 
Interface impedance between stages Is beyond 
the state of the art. However, the Interface 
stiffness between the spacecraft and booster 
stages can be simulated. The assumption Is 
made that structural Impedances at the inter- 
faces between spacecraft modules under test 
are simulated for all frequencies above the 
basic body resonances of the complete space- 
craft/booster vehicle. 

As previously implied, a major source of 
vibratory energy for the upper stages, Includ- 
ing the spacecraft, Is the external aerodynami- 
cally Induced pressure fluctuations. The re- 
sponses to these fluctuations depend upon the 
pressure spectrum at a point, the size of the 
area over which the pressures are correlated, 
and the natural response characteristics of the 
structure. The size of the area Is generally 
related to the scale of the turbulent phenomena 
causing the pressure fluctuations. Unfortu- 
nately, the area over which an acoustic wave is 
correlated, either in time or space, exceeds 
that over which the aerodynamic phenomena 
are correlated. Consequently, in many cases, 
the matching of an aerodynamic pressure spec- 
trum at a point results in a greater generalized 
force on the vehicle structure. This effect Is 
usually most apparent at low frequencies.  Re- 
lationships betweei: frequency, boundary-layer 
thickness, correlation, etc., have been obtained 
for the normal boundary layer, both experi- 
mentally and theoretically. However, there was 
no information available which would give the 
space and time correlations for separated flow 
and oscillating shock phenomena. 

booster vehicle usually are lower in level, and 
are not considered to be a primary source of 
high-level structural vibration, especially at 
high frequencies (above the basic body reso- 
nances of the complete spacecraft/booster 
vehicle). 

In general, the vibration of propulsion sys- 
tems dominates the vibration levels adjacent to 
the engines.  However, little of this vibratlonal 
power Is received by forward or remote areas 
of the spacecraft vehicle because of the Attenua- 
tion within the c"._mped structural path. This is 
especially the case for mechanical-borne vibra- 
tion reaching the spacecraft from the propulsion 
engines of the lower booster stages. 

Shock energy created by ignition, stage 
separation, and docking Impact transients ex- 
cites the fundamental vehicle vibratory modes 
and sometimes presents a very severe environ- 
ment for structure and equipment mounted close 
to the source of the shock.  However, little of 
the shock energy, particularly at the higher 
frequencies, is propagated to remote locations. 

For much of a spacecraft vehicle, there- 
fore, external pressure fluctuations, whether 
acoustic wave noise or aerodynamically Induced, 
are responsible for the majority of internal vi- 
bration, structural fatigue failure, and equip- 
ment malfunction. Generally, the aerodynamic 
sources are more important in the forward 
areas of a spacecraft vehicle, whereas the 
rocket-generated acoustic wave noise is domi- 
nant on the aft end.  Since simulation of fluc- 
tuating pressures associated with aerodynamic 
sources, or the structural vibration resulting 
thereof, is less straightforward than simulation 
of rocket-generated acoustic wave noise, the 
characteristics of the aerodynamic environment 
are discussed in detail In the next section. 

Sources of Vibration In Spacecraft 
Vehicles During Flight 

The four primary sources of spacecraft 
vibration (at frequencies above the basic body 
resonances of a complete spacecraft/booster 
vehicle) during flight are (a) vibratlonal energy 
transmitted from propulsion systems or other 
onboard machinery; (b) vibration induced by 
ignition, stage separation, and docking impact 
transients; (c) vibration resulting from rocket 
noise impinging on the spacecraft shell during 
launch; and (d) vibration resulting from excita- 
tion of the spacecraft shell by aerodynamically 
derived external pressure fluctuations. 

Motions associated with low-frequency 
body-bending modes of a complete spacecraft/ 

Aerodynamic Pressure Fluctuations 
Around the Apollo Spacecraft Vehicle 

The flow field around the Apollo spacecraft 
is rather complex (Fig. 2) because of the many 
abrupt geometrical changes.  The wake from 
the rocket tower of the LES covers the entire 
CM conical face during the launch phase.  The 
presence of the wake makes it impossible for 
the bow shock formed during supersonic flight 
In front of the blunt forebody (CM) to remain 
stationary.  The abrupt transition at the shoulder 
of the CM creates a region of locally separated 
flow over the surface of the SM which results 
In high-level excitation throughout the atmos- 
pheric portion of the flight.  In addition, the 
entire SM is subjected to a forward-moving 
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Fig. Z. Two flow regimes over the 
Apollo vehicle from Marshall Space 
Flight Center wind-tunnel tests 
(original SLA configuration) 

shock wave as the vehicle accelerates through 
the transonic region.  Evidence of separated 
flow also exists over the SLA, and another flow 
separation occurs on the Saturn IVB (S-IVB) 
shoulder. 

Several measurements of the surface 
pressure fluctuations have been made on mod- 
els of typical spacecraft configurations (3j. 
Considerable wind-tunnel tests using various 
scale models were also performed by North 
American Aviation (NAA) for NASA MSC at 
several wind-tunnel facilities, as noted in Fig. 
3.  (These latter data, although unpublished, 
were used for the Apollo program environ- 
mental definition.) The maximum overall 
pressure fluctuation levels for several typical 
stations around the Apollo vehicle at various 
Mach numbers are given in Fig. 3.  The effect 

of the violent separation aft of the CM shoulder 
is clearly evident.  The maximum overall level 
at this point, 173 db (all fluctuati-:g pressure 
and sound pressure levels are in decibels, ref- 
erenced to 2 * 10 4 /ibar), was obtained by NAA 
at the Douglas Aircraft Company wind-tunnel 
facilities on a very small model.  More con- 
trolled tests gave values of 166 to 168 db.  The 
average of all values was 169 db. 

Typical relative one-third octave band 
spectra in the shoulder area are given in Fig. 
4.  The results show a constant increase of 10 
db/decade from the lowest frequency to the 
spectral maximum in the vicinity of 80 Hz. 
This slope is independent of Mach number; 
however, the spectral levels above 80 Hz are 
influenced by Mach number with a considerable 
increase in the supersonic region.  Absolute 
values of typical maximum spectra, without 
regard to Mach number or station, are given in 
Fig. 5.  The peak in the vicinity of 80 Hz is well 
defined for all subsonic and transonic regions. 
The characteristic low-frequency slope of 10 
db/decade is also consistent, as is the tendency 
for the high-frequency noise to increase in 
supersonic flight. 

The clear upper bound of the data in Fig. 5 
and the similarity of the spectra enabled the 
selection of the design acoustic-performance 
curve shown in Fig. 6.  The design curve was 
selected to have an overall SPL of 171 db at the 
shoulder position and to give a margin of 2 db. 
The margin allowed for uncertainties in the 
capabilities of the yet-to-be-developed noise- 
source system and allowed the possibility of 
attaining higher levels, if warranted for specific 
test objectives. 
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Fig. 3. Comparison of maximum overall aero- 
dynamic pressure fluctuations found in previous 
studies of typical configurations corrected to flight 
dynamic pressure (original SLA configuration) 
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The range of sound pressure spectra re- 
quired to simulate the aerodynamic-ally derived 
pressure spectra is shown in Fig. 7.   The esti- 
mated spectrum from rocket noise at launch is 
also shown in Fig. 7.  Note that the aerodynami- 
cally derived pressure fluctuations are more 
severe than the rocket noise. The judgment 
was that achievement of the facility design spec- 
tra with appropriate levels at the various body 
stations would guarantee a test envelope which 
would be realistically conservative-. 

A method was required for simulating the 
fluctuating pressure field around the Apollo 
spacecraft where the test article was a 65-ft- 
high stack made up of the CM, SM, and SLA on 
a support fixture.  The test article would be 13 
ft in diameter at the SM and 22 ft in diameter 
at the base.  Since this is a large item to test, 
a simulation technique would have to include 
consideration for the practical and economical 
methods of exciting such a specimen. 

laboratory excitation tool when used for vibra- 
tion testing of large vehicles.  Some of these 
problems are that modifications would be re- 
quired to the vehicle structure for attachment 
of shaker armatures; that vibration response 
in the vicinity of the shaker attachments would 
be excessive, which is unrealistic; and that 
control difficulties for a large matrix of 
shakers with inputs of random excitation 
would be formidable. For these reasons, fur- 
ther considerations emphasized acoustical 
input methods. 

During the course of the conceptual devel- 
opment of the SAL, three general methods of 
simulating the external pressure fluctuations 
by the use of acoustic wave impingement were 
proposed.  These are illustrated in Fig. 8, and 
include (a) the reverberant field, (b) the pro- 
gressive wave from either the bottom or the 
top of the test specimen, and (c) the multiple- 
source, close-coupled progressive wave. 
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Fig. 7. Comparison of flight dynamic 
pressure fluctuations with facility 
design    spectrum   for   Apollo   vehicle 

Simulation of the Pressure Fluctuations 
Around the Apollo Spacecraft Vehicle 

Note that the use of shakers, either singly 
with excitation introduced at the base of the 
vehicle, or in multiples, with excitation intro- 
duced at several points on the vehicle surface, 
was discarded as an approach for simulation of 
the pressure fluctuations around the Apollo 
spacecraft vehicle.  With single-input excitation 
at the base of the vehicle, the desired vibration 
field could not be achieved because of response 
attenuation, especially at higher frequencies, 
along the structural transmission paths to 
points forward in the vehicle.   A multiple- 
shaker approach would result in the more com- 
mon problems encountered with this form of 

A reverberation chamber approach offered 
considerable handling and placement flexibility 
for the Apollo and future spacecraft because 
few, if any, fixtures and ducts would be re- 
quired.   However, for the 270,OO0-cu-ft test 
tower required to enclose an Apollo vehicle 
configuration, the acoustic power requirements 
became rather large.  For example, if the wall 
absorption coefficient were 0.03, the absorption 
would be 0.03 times 26,000 sq ft, which is 800 
sabins.  An input power of 2.5 million acoustic 
watts would be required to achieve an SPL of 
170 db in the chamber if the propagation in air 
were linear; however, because of macrosonic 
attenuation, the acoustic power requirement 
more probably would be on the order of 5 to 7 
million acoustic watts.   This power requirement 

31 



soutcts 

CUM COUfUS M 00O5 
«mm rau» HORN TO 

COVH COMMAND MOOUU 

rtOOHMVf WAVt 
WITH 7 SOUtCH 

Fig. 8.   Three facility concepts for SAL 

would have far exceeded the most ambitious of 
previous facilities, and its cost would have been 
prohibitive. 

More important, technically, the high-level 
sound field would surround the entire vehicle, 
including all sections which have much lower 
maximum flight levels.  This would proviie a 
quite unrealistic simulation, especially for the 
aerodynamic cases, and would cause much 
higher response of equipment and structures 
than occur in flight. Consequently, failures and 
malfunctions which might be experienced during 
the test would have a low probab'lity of occurring 
in flight, thus potentially leading to an excessive 
number of structural fixes, overdesign, and 
overweight. 

While high-level reverberant testing was 
impractical, it was desirable to be able to utilize 
the tower as a reverberation chamber at lower 
levels.  This would allow for future reverberant 
tests of large equipment and comparison of the 
responses of vehicle structure to two different 
types of test environment, reverberant and 
progressive wave acoustic excitation.   For this 
purpose, the internal tower dimensions selected 
were 90-ft height, 50-ft depth, and 61-ft width 
to optimize the frequency separation of the 
acoustic modes in the chamber.  In the optimiza- 
tion process, a height of 90 ft was selected to 
accommodate the vehicle, and a width of 50 ft 
was selected for architectural compatibility and 
test-article handling space.  The chamber 
modes were then calculated for a range of 
lengths between 54 and 65 ft in increments of 
approximately 1 ft.  The 61-ft dimension pro- 
vided the best results, with good frequency re- 
sponse obtained above approximately 3.3 times 
the fundamental chamber resonant frequency of 
6.2 Hz (approximately 20 Hz).   Hence, good 

diffuse field characteristics were obtained for 
the entire frequency range of interest between 
20 and 2500 Hz.  Because of later additional 
architectural considerations, the basic tower 
dimensions were increased to 101-ft height, 
56-ft depth, and 68-ft width, each dimension 
being adjusted by the same factor to maintain 
the optimum dimension ratios. 

Two alternative methods of progressive 
wave testing using a duct-containment system 
were considered and are illustrated in Fig. 8. 
Both methods required approximately 160,000 
acoustic watts of power to achieve 171 db in a 
3-in.-wide annular area around the command 
and service module (CSM) shoulder.  Both con- 
cepts allowed simulation of the SPL gradient 
aft of the CSM shoulder by a combination of 
attenuation and increase in area function.  Both 
could be terminated in similar manner, either 
alongside the SLA or around a portion of a 
simulated S-IVB stage. 

A major difference in concept was the pro- 
vision of multiple-source units.  In the multiple- 
source configuration which was adopted, 16 
sources would be utilized to drive 16 longitudi- 
nal ducts in lieu of one or two sources driving 
a single duct.   Each of the 16 sources could be 
driven from an independent random-noise gen- 
erator which would enable limiting circum- 
ferential correlation to a duct width of 30 in., 
thereby improving the simulation flexibility. 

A second major difference was the use of 
a folded horn rather than a direct horn for the 
CM.   The principal difficulty with the direct 
horn was the requirement that the SPL at the 
nose be less than that at the shoulder.  Conse- 
quently, the duct cross-sectional area would 
have to be greater at the nose than at the 
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shoulder with the anticipation that this area ex- 
pansion followed by a contraction and then an 
expansion would lead to considerable acoustic- 
transmission difficulties. The folded horn 
avoided some of the difficulties since its horn 
area expansion nearly matched the areas re- 
quired to achieve the desired SPL's   However, 
impedance discontinuities would occur at the 
throat of the folded horn. These discontinuities 
were minimized during the model portion of the 
concept study. 

During the design phase, the mold lines for 
the horns and ducts were defined in detail. An 
opportunity to add, at little additional cost, the 
capability to drive the laboratory reverberantly 
with the 16 noise sources also became apparent 
in the design phase. This second mode of test- 
ing would be achieved by removing the ducts 
from the horns at the CSM shoulder and replac- 
ing them with 16 large horn flare sections. The 
flare sections would couple the noise sources to 
the room volume by using a portion of the test 
vehicle as the horn walls. The resulting acous- 
tical conditions would retain progressive wave 
excitation over the surface cf the CM and the 
upper surface of the SM. The lower surface of 
the SM and the surface of the SLA would be 
subjected to reverberant energy, thus affording 
versatility of the testing approach and an oppor- 
tunity to compare the response of vehicles to 
both types of laboratory forcing functions. 

The primary purpose of the SAL as in any 
ground-based experimental facility is to pro- 
vide a tool which can be used to simulate one 
or more of the in-service environments of a 
spacecraft. With this tool, the experimenter 
may study the vibrations of either a full-scale 
or model vehicle to simulated environments, 
and then utilize the experimental results to 
predict the vibrations of the full-scale vehicle 
to actual environments. The utility of any ex- 
periment involving such simulation is propor- 
tional to the degree of confidence which can be 
placed in the accuracy of the vibration response 
predictions that can be made from the experi- 
ment.  Under the proper choice of field param- 
eters, different fluctuating pressure fields can 
produce essentially identical average vibration 
response in a structure. Thus, in general, it 
is not necessary that the simulated environment 
always be completely accurate in itself but 
rather that it provide an accurate vibration 
prediction tool. The variable parameters for 
optimizing simulation, which served as design 
requirements for the SAL, are compared with 
flight conditions in Table 1. 

The comparisons indicate that the SAL 
could achieve a rather accurate simulation of 

pressure field from rocket noise at launch and 
a less accurate simulation of the pressure field 
resulting from aerodynamic pressure fluctua- 
tions. The principal deficiencies of the latter 
simulation are (a) inability to simulate the 
longitudinal and lateral correlation functions 
except to the approximation of (sin ky)/ky, where 
k is the acoustic wavelength constant and y Is 
distance, for the reverberant configuration; or 
cos ky, longitudinally, and one sixteenth of the 
circumference laterally in the progressive wave 
patterns; and (b) inability to vary the spectrum 
as a function of longitudinal position in either 
configuration. 

These deficiencies result from the use of 
an acoustic field to simulate a nonacoustic phe- 
nomena. However, the significance of the defi- 
ciencies is still not established. Existing theory 
and experience indicated that their effects could 
be minimized through development of proper 
equivalent spectra for the ground simulation. 
Therefore, early experimental programs in the 
SAL, together with supporting theoretical stud- 
ies [4,5 j, were directed toward developing the 
necessary equivalences and proving the results 
by comparing the vibration field in actual vehi- 
cles measured both in flight and in the SAL. 
These efforts are continuing, and results already 
achieved [6] toward simulation of flight response 
are quite promising. The following section is a 
detailed description of the facility, as built. 

FACILITY DESCRIPTION 

General 

The SAL (Fig. 9) is housed in a tower 
which has external dimensions of 105-ft height, 
60-ft depth, and 70-ft width. The tower con- 
sists of a structural steel framework with con- 
crete panels for the exterior walls, and can 
accommodate a vehicle up to 30 ft in diameter 
and 85 ft in height. A door 40 ft high and 32 ft 
wide provides access for bringing individual 
spacecraft modules into the laboratory. The 
laboratory la serviced by a 75-ton fixed-point 
hoist which is used for stacking modular com- 
ponents of an integrated spacecraft, and which 
can be used to suspend a spacecraft during 
testing.  A 5-ton circular bridge crane is used 
for general-purpose material handling and for 
handling test ducts.   Permanent and movable 
platforms are located at elevations of 15, 30, 
45, 60, and 75 ft.  The movable platforms are 
3-ft-wide catwalks which encircle the test 
vehicles.  An elevator 6 ft wide, 7 ft deep, and 
6 ft high is used for personnel and equipment 
access to the various levels and to the adjacent 
control room.  Pneumatic and electrical utility 
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TABLE 1 
Control of Fluctuating Pressure Parameters in the SAL 

(Neglecting Protuberances and Yaw} 

Independent 
Variable Case 

Function 

Amplitude Spectrum Spatial Correlation 

Axial 
location 

Time 

Axial 
separation 

Circumfer- 
ential 
separation 

Flight 

SAL 

Flight 

SAL 

Flight 

SAL 

Flight 

SAL 

Depends on vehicle 
geometry and Mach 
number 
Determined by cross- 
sectional area of 
horns and ducts and 
by air modulator 
output 

Variable 

Stepwise approxima- 
tion or possibly con- 
tinuous variation 

Depends on vehicle 
geometry and Mach 
number 

Determined by finite 
length effects and 
absorption of power 
by vehicle and ducts 
and by air modulator 
output 

Variable 

Stepwise approxima- 
tion or possibly con- 
tinuous variation 

Depends on vehicle geometry 
and Mach number 

Cannot be varied 

Variable 

Stepwise approximation or 
possibly continuous variation 

Variable 

Either cos kya in progressive 
wave mode or sin ky/ky" in 
reverberant mode 

Variable 

Variable to within 1/16 of 
circumference in progressive 
wave mode; approximately 
sin ky/ky" in reverberant 
mode 

ak = acoustic wavelength constant;  y = distance. 
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Fig. 9.   Spacecraft Acoustic   Laboratory 

connections, communications stations, and in- 
strumentation and cable chases are located 
throughout the laboratory. 

Two modes of testing are presently avail- 
able in the laboratory: progressive wave, the 
primary mode; and progressive wave/rever- 
berant fill-in, the secondary mode. In pro- 
gressive wave tests, the exposed surface of a 
test vehicle is enveloped by controlled high- 
intensity sound.  Sixteen separate progressive 
wave sound fields are directed downward over 
the vehicle in separate encircling ducts, as 
shown in Fig. 9.  The cross-sectional area of 
the ducts is adjustable so that specified SPL's 
can be achieved along the longitudinal axis of 
the test vehicle.  Sound energy is supplied by 
16 noise sources, or air modulators, which are 
electrically programmed and have an output of 
10,000 acoustic watts each.  The air modulators 
are suspended from the top platform in the 
tower and are attached to coupling horns which 
are connected to the ducts.   The air modu- 
lators are independently controlled so that the 
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correlation of the acoustic fields between the 
ducts can be programmed.  The 160,000 acous- 
tic watts of power generated by the air modu- 
lators provides an overall SPL of 169 db at the 
horn/duct interface. 

In progressive wave/reverberant fill-in 
testing, the ducts are removed from the horns 
and replaced with extension horn flare sections 
which couple the acoustic energy to the acoustic 
response modes of chamber volume. Thus, the 
lower portion of the vehicle is subjected to 
reverberant loading. 

The air modulators require a large volume 
of compressed air (approximately 27,000 stand- 
ard ft Vmin) which is supplied by a constant- 
flow centrifugal air compressor driven by a 
4500-hp electric motor. The compressor Is 
located in an adjacent building and draws its 
supply of air from within the tower, making the 
air system a closed loop, with the tower volume 
serving as a plenum. Air manifolds are con- 
nected by hoses to the air modulators. 

Apollo Test Configuration 

The SAL horn/duct system is presently con- 
figured specifically for the Apollo spacecraft 
(Fig. 10).  In this configuration, the complete 
Apollo test article (consisting of a CM, an SM, 
an SLA, and an LM located inside the SLA) is 
positioned atop a Saturn instrument unit (IU) 
and a base fixture (which simulates the S-IVB 
forward skirt). The entire stack is in a verti- 
cal orientation. The dome of a forward tank of 
the S-IVB booster is also mounted, consistent 
with flight location, inside the S-IVB forward 
skirt to assure proper internal acoustical 
boundary conditions. (Standard longitudinal 
Apollo station numbers are used to identify 
measurement locations. These station numbers 
along the longitudinal axis are identified as 
X. (with up to four digits to fill the blanks). 
In SAL, measurement locations from X „ 552 
(bottom of the SLA) to X, 1260 (top of the upper 
terminator) are available.) The circular duct 
system is positioned around the entire Apollo 
vehicle stack (Fig. 11) to contain the high- 
energy acoustic progressive waves which are 
generated above the stack and passed aftward 
over the outer shells of the vehicles.  Approxi- 
mately 75 percent of the acoustic energy passes 
down over the SM. The remainder is directed 
via a splitter arrangement in the initial, or 
transition, horn section through a reverse, or 
folded, horn back up over the face of the CM." 
Anechoic termination wedges are located at 
the end of each duct run and each horn run to 
assure that a plane-wave condition is maintained. 
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Fig. 10.   Arrangement of test article 
and horn/duct system 

This is necessary to preclude the occurrence 
of standing acoustic waves and to assure com- 
pliance with plane-wave propagation objectives. 
The latter allows the SPL to be increased or 
decreased along the length of the specimen by 
moving the outer wall of the duct in or out with 
respect to the vehicle outer shell (that is, the 
depth of the duct is variable).  The spectral 
shape of the acoustic waves is controlled by 
appropriate programming of the electrical in- 
put signal to the driver coil of the air modu- 
lator which generates the acoustic waves. The 
acoustic levels are controlled by the pro- 
grammed output of the air modulator and by the 
radial placement of the duct with respect to the 
outer face of the vehicle shell. The duct is 
divided into 16 acoustically separate channels 
so that many combinations of levels, shapes, 
and correlations can be programmed around 
the circumference of the test article. 

The transition horns (Fig. 12), which cou- 
ple the air-modulator acoustic output with the 
folded horn/duct system, are constructed of 
epoxy fiber glass and have access ports for 
mounting microphones so that the microphone 
diaphragms are flush with the internal wall of 
the horns.  The transition horns are bolted to 
the steel folded horn sections which surround 
the CM.  A steel upper terminator unit having 
16 compartments, each lined abundantly with 
fiber-glass absorptive material and fitted with 
fiber-glass wedges, is bolted to the top of the 
16 folded horn sections.  The V-shaped duct 
supports (Fig. 13), which are bolted to the lower 
faces of the folded horn sections and extend 
downward over the SM, SLA, and IU, are con- 
structed of plywood faced with sheet metal. 
The outer walls of the ducts (Fig. 14) are steel 
rolled to a curvature that is concentric with the 
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Fig.  11.   Apollo vehicle in SAL after 
installation of duct system 
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Fig.  12.   SAL horn assembly with air 
modulators  installed 
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Fig. 13.   Ducts removed showing contact ot   V-shaped 
duct supports with outer shell of SM vehicle 
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Fig. 14.   Interface of SAL ducts covering SM 
with ducts covering  SLA 

surface of the test article. Slotted tabs are pro- 
vided on the outer walls of the ducts and multi- 
ple bolting locations are provided on the V- 
shaped duct supports to allow radial adjustment 
of the cross-sectional area of the ducts.  The 
cross-sectional area of each duct is bounded by 
the outer wall, two walls of the V-shaped duct 
supports, and the surface of the test vehicle.  In 
a similar fashion, the surface of the CM serves 
as a fourth horn boundary in the reverse horn 
sections.  Fiber-glass wedges, which serve as 
lower terminators, are positioned at the bottom 
of each duct in the a-ea of the IU and base fix- 
ture. When the reverberant flare system (Fig. 
15) is used in lieu of the duct system, the acous- 
tic progressive waves are coupled directly to 
the room and no anechoic terminators are used. 
All steel walls of the horn/duct assemblies are 
coated with several thick layers of viscoelastic 
damping compound.  The weight of the horn/duct 
assemblies is supported by the building plat- 
forms through hangar rods and bolting arrange- 
ments so that no load is exerted on the test 
vehicle by the test hardware.  Soft, highly com- 
pliant sealing hoses provide the only contact 
between the horn/duct systems and the test 
vehicle.  The sealing hoses run longitudinally 
along the vehicle and separate the horn/duct 
walls from the vehicle surface.   Acoustical 

isolation between adjacent horns and adjacent 
ducts is provided by the sealing hoses without 
interference with the vibration response of the 
surface of the test vehicle. During assembly of 
the horns and ducts around the vehicle, illumi- 
nation checks are made with electrical lights 
for duct leaks which, when found, are eliminated 
by the application of rubber sealing compound. 
A hyperbolic-exponential design with an aspect 
ratio of 0.6 was used for the expansions of all 
horns, and a design cutoff frequency of 25 Hz 
was used throughout with the exception of the 
reverberant flare sections where 50 Hz had to 
be used because of space limitations (Fig. 16). 

The air modulators (Fig. 17) are connected 
to the top of the initial horns with a quick- 
disconnect arrangement.  Ancillary equipment 
items, including a cooling system and a dc field 
supply, are located on adjacent platforms.  The 
air modulators are linear-vane devices with 
electromagnetically driven cylindrical valves 
and were developed specifically for this facility. 
The units are water cooled with a vacuum- 
assisted return system.  The modulator valves 
are suspended on continuous rubber diaphragms 
and are driven inductively by variable electrical 
programming signals interacting with magnetic 
fields [7]. 
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Fig. 15.   SAL reverberant flire system 
installed around Apollo vehicle 
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Fig. 16.   SAL reverberant fiare system 
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Fig. 17.   Access to the horn assembly and air modulators 
of the SAL via movable platforms 

Control and Instrumentation 

The control system equipment, located in a 
room adjacent to the acoustic tower, consists 
of 16 control and power channels, one for each 
of the 16 air modulators (Fig. 18).  Each chan- 
nel includes a separate electrical white-noise 
generator and one-third octave band shaper for 
random programming and a separate 3000-w 
power amplifier so that acoustic energy can be 
produced by the separate air modulators which 
is uncorrelated between ducts. The amplified 
programming signals are connected via cables 
to the air modulators in the tower. Through 
patching changes, one white-noise generator 
and shaper can be used to drive all amplifier 
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Fig. !8.   SAL control system 

and air modulator channels to obtain an all- 
correlated acoustic condition between the ducts. 
Intermediate correlation combinations are also 
possible. Oscillators are available and the air 
modulators can be driven sinusoidally or sinus- 
oid programming can be mixed with random 
programming. While versatility of control is 
provided, a single master-gain control is used 
to increase and decrease the output levels of 
all air modulators simultaneously during a test 
run. The rapid attainment of either test levels 
or shutdown was designed into the system to 
minimize undesired excitation and structural 
fatigue of the test vehicle. Other operational 
features include equipment malfunction alarms 
and automatic shutdown, emergency termina- 
tion switches for the amplifier system and the 
air compressor, an arrangement allowing for 
selection of any control channel for monitoring 
by the test conductor, an environmental condi- 
tion (temperature, humidity, and pressure) 
recording system, a flexible control and data 
instrumentation patching capability, plug-in 
modular components for quick replacement of 
malfunctioning units, intercom and television 
systems, and an analog data acquisition system 
consisting of signal-conditioning amplifiers and 
magnetic tape recorders.  Presently, the data 
acquisition system can accommodate 35 chan- 
nels of horn/duct microphone measurements, 
160 channels of test vehicle microphone and 
accelerometer measurements, and 50 channels 
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of strain-gage measurements simultaneously. 
Multiple test runs with repatching can be used 
to obtain a larger number of response meas- 
urements on the test vehicle. 

Each air modulator la calibrated using a 
plane-wave tube (especially constructed for the 
purpose) before being installed in the SAL for a 
testing operation. All tests of alrframe vehi- 
cles are preceded by a calibration test series 
using a boilerplate vehicle. During these cali- 
bration tesU, the amplitudes and spectral 
shapes are adjusted sequentially in each duct 
at planned test levels. This procedure assures 
appropriate compensation for individual air 
modulator/duct anomalies that may be present, 
and assures correct settings at high levels 
where acoustical nonlinearities occur.  The 
controls for each channel are then documented 
and the test stack is torn down.  The boilerplate 
dummy vehicle is replaced with the actual 
spacecraft test article and the horn/duct sys- 
tems reinstalled.  A low-level test run for 
checking the test environment and for ranging 
of data acquisition equipment precedes high- 
level runs.  For the high-level runs, the test 
conductor uses a single master-gain control to 
apply acoustic excitation to the vehicle. Tape- 
recorded test data can be reduced with either 
analog or digital equipment at data reduction 
facilities located elsewhere at MSC. 

FACILITY PERFORMANCE 

The major features of the facility perfc m- 
ance for both progressive wave duct and rever- 
berant modes of operation are reviewed in this 
section. In addition, some of the detailed per- 
formance characteristics of the coupling horns 
and ducts are examined, and the problem as- 
sociated with coupling the progressive wave 
duct to the vehicle are discussed.  Vibration 
responses obtained with accelerometers at 
three locations on the SLA for both progressive 
wave duct and reverberant exctation are com- 
pared.  Vibration responses obtained with ac- 
celerometers at eight locations on the SM for 
both progressive wave duct and flight excitation 
are presented. 

Progressive Wave Performance 

As described in previous sections, the 
progressive wave mode of operation allows 
variation of the overall SPL axially along the 
test article for all stat  ,ns below the CSM 
shoulder.  Furthermore, this mode allows 
freedom in selecting the spectrum and level for 
each duct and the correlation parameters among 

various ducts. Therefore, for any Individual 
duct, the spectrum throughout the duct has a 
definite relation to the spectrum at all other 
points along the duct. The relationship may be 
varied only by changing the axial variation of 
the duct cross-sectional area, the characteris- 
tics of the acoustical termination, or the axi'J 
impedance characteristics of the vehicle. 

Air modulators were designed to meet the 
requirements of this facL.ty, providing a max- 
imum of 10,000-w acoustical power output over 
a frequency range of 30 to 1000 Hz.  The high- 
frequency performance of the faciit'v is thus 
limited by the capability of the noise source 
above 1000 Hz, whereas the low-frequency 
performance is controlled by the horn cutoff 
characteristics and the terminating impedances. 
Within these frequency response constraints, a 
large variety of spectra can be generated as 
indicated by the range of spectra measured in 
several experiments at the CSM shoulder, sta- 
tion Xa 1008 (Fig. 19).   Figure 20 shows that 
the overall level can be varied over at least 
30 db from 140 to 169.5 db at the CSM shoulder 
station.   Note that these particular spectra 
were chosen for specific experimental objec- 
tives and do not represent all possible spectra. 
For example, spectra which peak at either the 
low-frequency, middle-frequency, or high- 
frequency ends of the overall envelope indicated 
in the figure may be produced. 

Figure 21 gives the spectra resulting at 
the Apollo shoulder for one setting of the elec- 
tronic spectrum shaper and for various vuitaje 
amplitudes across the air modulator.   Note that 
all spectra are essentially similar be^w 500 Hz. 

El 7S FT 0 IN 

AIR MODULATOR SYSTEM 

INITIAL HORN  SYSTEM 

E16OFI0 
REVERSE HORN SYSTEM 

DUCT SYSTEM 
tnsM 

a 45 FT 0 IN 

X» 77i 
ENROH' 

IM ASCENT STAGE 
*» *** 
a IS FT 
OK 

X»S43 

IM DESCENT SfAOE 

S-K» DOME 

TERMINATOR 
MITIMHORN 

THROAT 
, MH (REVERSE 

HORNI 
X* 1040 

(REVERSE HORN) 
X* MO! 

(SHOULDER) 
X» «21 

X« MS 
X« 126 

X» 7M 

670 

SSI 

Fig. 19.   Measurement  locations for 
Apollo tests in the SAL 

43 



IM 

IM 

IM 

OM.TMBO 
OCTAViSK.      ,w 

«PtlXIO4 

MCMtMl 

110 

110 

100 

/7A/*V,«^*VSV^-XP' 

yH r-—\Ly 

*■■■■■■* ■ ■ ■ ■ ■ ■ ■ ■ ■ 
315     «3      125     MO    500    KX» 2000 

Fig. 20.   Typical spectra in 
SAL at Apollo shoulder 

However, In the frequency range above 500 Hz, 
there is considerably less roll-off for the high- 
level spectra than for the lowest level spectra. 
This nonlinear property, termed macrosonic 
attenuation, results from the distortion of high- 
level acoustic energy in its propagation in the 
initial horn. The distortion produces a triangu- 
lar waveform which, when fully developed, will 
give a roll-off of approximately 3 db/octave. 
For the data in Fig. 21, the highest level spec- 
tra is approaching the theoretical 3-db/octave 
roll-off. 

For some applications, the presence of 
distortion at high frequency is undesirable. 
For the majority of applications, however, the 
distortion is most useful, since it provides the 
only currently available method of extending 
the spectrum beyond the controllable limits of 
the acoustic noise source. 

The variation of SPL along the axis of the 
vehicle is accomplished by varying the cross- 
sectional area of the ducts.  The variation per- 
mits a change of area along the SM from the 
90-sq-in. fixed cross section at the shoulder to 
as much as <50 sq in. at the base of the SM. 
The area along the SLA can vary from a mini- 
mum of 90 sq in. at the top of the SLA to a 
maximum of approximately 750 sq in. at the 
base.   Part of the variation along the SLA 
comes from the increase in diameter of 13 ft 
at the top to 22 ft at the base, and the re- 
mainder comes from the ability to vary the 
radial dimension (or depth) of the duct from 
4.5 to 15 in. 

Figures 22a and 22b illustrate the axial 
range of variation of SPL which has been found 

Fig. 21. Spectra obtained at Apollo 
shoulder in SAL by varying overall 
power input to noise makers 

for the Apollo configuration. The ideal varia- 
tion of SPL for both minimum and maximum 
duct spacings compares quite closely with that 
measured in the high-frequency region. At low 
frequencies, however, the decrease of SPL 
along the vehicle is greater than that resulting 
from the area variation alone. The effect of 
frequency is best illustrated in Fig. 23, which 
gives the measured one-third octave band 
spectra in decibels relative to the shoulder 
spectra for four locations down the side of the 
test article. The high-frequency levels in Fig. 
22 represent the average of the three one-third 
octave bands centered on 800 Hz (from Fig. 23); 
the low-frequency levels were derived from the 
six one-third octave bands centered on 112 Kz. 

Thus, Fig. 23 shows that the transition be- 
tween the low- and high-frequency region occurs 
just above 250 Hz. As will be seen later, the 
maximum absorption of acoustic power by the 
vehicle structure occurs just below 250 Hz, with 
a considerable decrease in acoustic absorption 
at higher frequencies.   Therefore, the additional 
decrease in SPL along the axis of the vehicle 
for the low-frequency region Is attributed to the 
absorption of acoustic power by the vehicle. 

The mechanism for this absorption can be 
seen from a simplified acoustic model of tue 
duct/vehicle system as a duct with a continuous 
resistive absorber forming one side.  Analysis 
of the model Indicates that the attenuation in 
decibels along the duct from absorption of 
acoustic power ä..ould vary directly with axial 
distance and Inversely with radial duct dimension 
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(or depth) for the Apollo structure.  Therefore, 
if a lesser low-frequency SPL gradient along 
the vehicle were desired, it would be necessary 
to increase the depth of the duct at the shoulder 
to obtain lower attenuation. Of course, the in- 
crease of area at the shoulder will have a side 
effect of reducing the maximum SPL in the duct 
at the shoulder. The simplified analysis also 
suggests that if the progressive wave duct mode 
of testing were utilized for vehicles of lower 
surface weight than that of Apollo (approxi- 
mately 2 lb/ft2), careful consideration would 
have to be given to the duct depth vs SPL gra- 
dient requirements. 

The utilization of 16 ducts and their associ- 
ated air modulators enables a controlled varia- 
tion of the circumferential spatial correlation 
of the sound field along the vehicle. As dis- 
cussed in previous sections, this acoustic sys- 
tem, together with its electronic <*on*ro!5, can 
operate in any mode from "all ducts correlated" 
to "all ducts uncorrelated." The practical 
achievement of the "all ducts correlated" con- 
dition is yet to be demonstrated in the facility. 
Early experiments revealed that it was diffi- 
cult to maintain unity correlation from duct to 
duct over a wide frequency range, primarily 
because of variations among the acoustic noise 
sources.  These variations among noise sources 
also made it difficult to obtain identical spectra 
and amplitudes among the ducts. The variation 
in SPL or in the one-third octave band SPL's 
for all 16 ducts operating in the uncorrelated 
mode is shown in Fig. 24. As shown from the 
data envelopes, when the overall SPL's are 
controlled to within ±1.5 db, the SPL's in one- 
third octave bands remain within 12 to 3 db 
over a substantial portion of the frequency 
range.  However, deviations up to 4 db are 
noted in the high-frequency end of the spectra. 
The increase in deviation in high frequency for 
the spectra is associated with the fact that the 

levels in this frequency range are generated 
both by controlled modulation and nonlinear 
distortion of noise from lower frequency modu- 
lation. In any event, the overall variation il- 
lustrated in Fig. 24 is considered quite accept- 
able for practical test purposes. 

A great number of interesting experimen- 
tal results have been derived from the facility. 
Many of these experiments are directed toward 
obtaining better understanding of detailed fac- 
tors which affect the overall performance of 
the facility. Although space does not permit 
discussion of all investigations here, two of the 
detailed factors have general application to 
progressive wave duct excitation of aerospace 
vehicles and are discussed briefly in the fol- 
lowing paragraphs. 

Horn Performance 

In the design of a high-intensity acoustic 
facility, horns are employed to give a smooth 
transition from the very small area of the air 
modulator throat to a large area at the entrance 
to a test section. Ideally, the horns should be 
perfectly terminated in impedances which match 
the characteristic impedance of air (or pc) and 
act as perfect couplers for the energy over the 
entire frequency range.  However, in any finite- 
length horn/duct system, the termination is 
always less than perfect and will cause reflected 
waves.  The reflections result in the buildup of 
standing waves, which may be found experimen- 
tally by probing the sound field along the axis of 
the horn.  A typical result of such a probe is 
given in Fig. 25 for the initial horn and for 
three discrete frequencies. 

At 400 Hz, a variation of SPL along the 
axis departs from the ideal horn area expan- 
sion by less than 1 db. However, at 100 Hz and 
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lower frequencies, a greater difference is found 
between the ideal and the real horn. The differ- 
ence con be quantified in terms of the standing- 
wave ratio, which is the peak-to-peak difference 
in decibels of the departure of the pressure am- 
plitude from the mean. This behavior can also 
be related to the effective absorption coefficient 
of the termination to the horn (and is a measure 
of the quality of the termination). 

Both the standing-wave ratio and the effec- 
tive absorption coefficient for the initial horn, 
reverse horn, and reverberant flare horn are 
given in Figs. 26a, 26b, and 26c, respectively. 
The effective absorption for the initial horn 
approaches 100 percent for frequencies above 
150 Hz.  However, below 100 Hz, the absorption 
varies between 70 and 90 percent, depending on 
frequency and type of termination.  Although the 
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absorption for most acoustical purposes is gen- 
erally of primary interest, the standing-wave 
ratio is perhaps more meaningful from the point 
of view of assessing facility performance, since 
it gives twice the maximum deviation from the 
mean SPL in terms of decibels. Also, as seen 
in Fig. 26, the standing-wave ratio is a more sen- 
sitive indicator than the absorption coefficient 
in detecting minor departures from the ideal. 

Duct Seals 

The sealing of the individual ducts to the 
vehicle to prevent leakage of sound into adjacent 

ducts is necessary to maintain independent 
noise fields and for the adequate acoustic ter- 
mination of each noise source. A leak along 
the duct acts as a distributed inductive shunt 
and causes a significant degradation of the low- 
frequency performance of the entire system, in 
addition to providing added attenuation along 
the duct. The potential seriousness of the 
situation is illustrated in Fig. 27 which gives 
results from a one-third scale model of a 
typical duct section studied during the design of 
the facility. Spectra are given for three sta- 
tions located in the parallel section of the duct, 
varying between 2 and 80 in. from the interface 
between the horn and duct. The data for the 
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2-in. location in Fig. 27 demonstrate that the 
overall frequency response of the horn/duct 
configuration rolled off below 100 Hz. How- 
ever, with a tightly sealed configuration, the 
low-frequency performance is significantly im- 
proved with the low-frequency cutoff occurring 
at approximately 30 Hz. Furthermore, the re- 
sults for locations farther down the duct show 
that considerable attenuation is occasioned by 
the leak. 

These two effects of improper sealing 
make it essential to seal the vehicle to the duct 
acoustically. However, the scaling require- 
ment conflicts somewhat with the requirement 
that the presence of the duct shall not inhibit 
the vibration response of the vehicle. This 
potential problem area was recognized early in 
the design concept study and resulted in experi- 
mental studies of various types of sealing 
devices to meet both criteria. The final result 
for the ducts along the Apollo vehicle is a 1-in.- 
diam rubber hose of low durometer, supplemented 

The seal design, which gives a reasonable 
noise reduction, simultaneously enables achieve- 
ment of designed low-frequency response per- 
formance characteristics. 

To test the possible interference of the 
sealed ducts with the vibration response of the 
vehicle, experiments were conducted in which 
the vehicle was mechanically e.   tted, both with 
and without the acoustic duct system. A typical 
vibration response, measured in one-third oc- 
tave bands, for a boilerplate CM is given in 
Fig. 29 for both cases. For convenience, the 
vibration response is expressed in decibels 
relative to 10"6 g.  Little variation was ex- 
perienced throughout the spectrum.  Figure 30 
gives a summary of the differences in response 
measured in the SLA at six accelerometer loca- 
tions for mechanical excitation, both with and 
without the duct system coupled to the vehicle. 
Again, the variation appears to be within the 
statistical accuracy of the data. These and 
other experiments demonstrated that the seals 
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Fig. 28.   Typical noise reduction 
between  adjacent ducts 

with plastic sealants over local contour varia- 
tions about the vehicle mold lines. 

The noise reduction between adjacent ducts 
(Fig. 28) is approximately 15 to 20 db over both 
the CM and the SM.  However, the noise reduc- 
tion between these same ducts, when measured 
at the base of the SLA, is only 5 to 10 db for 
frequencies below approximately 300 Hz and 
increases to approximately 20 db above that 
frequency. This lower noise reduction at the 
base of the SLA is suspected to result from the 
reradiation of energy by the vehicle into adja- 
cent ducts.  This would also explain the increase 
of the noise reduction to the 2C -db level at fre- 
quencies above the principal response frequen- 
cies of the vehicle, as discussed previously and 
exhibited in the axial attenuation of Fig. 22. 
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response with and without ducts in- 
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currently In use are more than adequate for the 
Apollo vehicle. However, if vehicles of signifi- 
cantly lower surface weight were to be tested 
In a similar configuration, it would be necessary 
to demonstrate again the adequacy of the seals. 

Reverberant Performance 

The second basic mode of operation pro- 
vided in the SAL is the semireverberant mode 
discussed in a previous section. Although the 
principal experimentation to date has been with 
the progressive wave mode, the measurements 
with the reverberant mode indicate that it will 
also furnish a practical tool for certain Apollo 
test applications. 

The acou&Hcal absorption provided inside 
the SAL is give.? in Fig. 31. The absorption 
below approximately 1200 to 1600 Hz averages 
a little over 4000 iq ft, resulting in an absorp- 
tion coefficient of approximately 0.12, based on 
a wall surface area. The absorption coefficient 
is approximately eight times 1 igher than would 
be expected in a standard hard-walled reverbera- 
tion chamber. However, it is not the result of 
the classical acoustic absorption expected from 
soft resistive absorptive material, rather It is 
the result of steel gratings provided at every 
platform level, of the vehicle, and of the varies 
steel piping and other systems provided in the 
tower for general facility operation. The in- 
crease in absorption illustrated in frequencies 
above 1600 Hz is the result of natural air 
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absorption In the room and is expected ta be- 
come asymptotically proportional to the square 
of frequency. 

Figure 32 give» the range of SPL'J meas- 
ured along the SLA immediately adjacent to the 
skin and in the general chamber volume. The 
levels are the result of a reasonably flat input 
spectrum at almost full acoustic power. Note 
that the levels adjacent to the SLA are within 
1 or 2 db of those predicted for the lunch case. 
Therefore, this configuration has utility for 
some test purposes utilizing the SLA. 
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Fig. 33.   Sound pressure spectra for 
SAL reverberant flare operation 
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Fig. 32.   Range of sound pressure spectra 
for SAL reverberant flare operation 

The difference between the SPL's in the 
general chamber volume and those adjacent to 
the actual structure, as illustrated In Fig. 32, 
is important. Although the usual practice for 
equipment testing is to specify and measure the 
average level in the general volume of a rever- 
berant chamber, the levels which are most im- 
portant for full vehicle testing are those adjacent 
to the skin. Thus, in designing a vehicle test, 
differences between the chamber reverberant 
level and the pressure on the skin of the order 
of those shown in Fig. 32 must be considered 
in specifying and measuring the test spectrum. 

The relative spectra between the Apollo 
shoulder station and the four longitudinal sta- 
tions along the test article are given in Fig. 33. 
These data, which are measured at the same 
stations utilized In Fig. 23, show the type of 
variation of axial sound pressures which might 
be expected from a combination of a close- 
coupled horn/vehicle configuration in a rever- 
berant chamber. Naturally, the absolute magni- 
tude of the difference between the close-coupled 
region and the throat of the horn in the rever- 
berant chamber is dependent on both the coupling 
area and the absorption of the chamber. 

Vibration Response 

The ultimate intent of the acoustic facility 
is to produce a vibration field within the vehi- 
cle which is similar to that actually encoun- 
tered in Its mission performance. The trans- 
fer function, which relates the average vibration 
within the vehicle to the surface acoustic pres- 
sures, is known to be a function of the type of 
external pressure of the fluctuating field.  Fig- 
ure 34 gives the transfer function for three 
accelerometers located on the SLA for both the 
progressive wave duct and reverberant field 
excitations.  The data show that the shapes of 
the transfer functions are almost identical and 
the absolute magnitudes are similar, although 
the reverberant sound field appears to produce 
a response averaging approximately 3 db higher 
than that produced by progressive wave-duct 
excitation. 

Note that the frequency response charac- 
teristics and the magnitude of the responses 
which govern the transfer functions are a func- 
tion of the SLA structure, size, stiffness, mas J, 
and damping, as well as the characteristics of 
the room and the method of excitation, and 
therefore cannot be applied to other vehicles 
without suitable correction. 

Figure 35 gives the space-average fluc- 
tuating pressure spectra measured on the sur- 
face of the SM during Apollo flights. In an at- 
tempt to match the SM v'bration response in 
SAL, an acoustic spectrum (Fig. 35) was applied 
to a prototype airframe (honeycomb structural 
shell) SM with the progressive wave-duct con- 
figuration. Figure 36 presents the resulting 
two vibration response spectra for flight and 
laboratory cases.  Each curve represents an 
average of eight accelercmeters located on the 
SM outer shell with the locations in the labora- 
tory test closely duplicating those In flight. 
Further indications of good response simula- 
tions attainable In SAL are presented In Ref. [6], 
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which discusses a specific test program in the 
facUity. 

CONCLUDING REMARKS 

Simulation of vehicle vibi ation response to 
the acoustic waves propagating forward from 
the first-stage booster engine at liftoff is rea- 
sonably straightforward through application of 
progressive acoustic waves in the laboratory. 
However, simulation of vehicle vibration re- 
sponse to aerodynamically induced fluctuating 
pressures through the transonic and max Q 
flight regimes by using acoustic progressive 
waves in the laboratory requires adjustments 
to the correlation, amplitude, and spectral 
shapes of the laboratory composite wave en- 
ergy. In other words, the laboratory acoustic 
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Fig. 36. Average vibration response of 
Apollo SM for flight and SAL pressure 
fields 

environment applied to the vehicle is not nec- 
essarily a duplication, acoustically, of the flight 
fluctuating pressure environment when attempt- 
ing to achieve duplicate vehicle vibration re- 
sponse in the laboratory. Until adjustment cri- 
teria can be developed for the wide range of 
fluctuating pressure environments and the 
vehicle structural characteristics which are 
possible, testing will probably follow a two-step 
procedure. The first step will be to program 
the laboratory environment to match the meas- 
ured or predicted service environment in ac- 
cordance with the amplitude and spectral shape. 
Comparison of vehicle vibration responses 
obtained from the first step with service vibra- 
tion responses will then lead to the second step 
of adjusting the laboratory environment conditions 
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including phase correlation coefficients, if 
possible, to achieve a duplication in the labo- 
ratory of the service vibration responses. 

Checkout and development tests have 
proved the practicality and workability of the 
fluctuating pressure simulation approach 
embodied In the SAL for full-scile ground 
testing of large vehicles. Examination of 
acoustic performance data has shown that the 
design requirements for the SAL have been 
met or exceeded. Vehicle vibration re- 
sponses have been obtained in the SAL for the 

Apollo which closely duplicate Responses meas- 
ured in flight. 

The SAL has been and currently is support- 
ing the Apollo program with evaluations of 
structurally complete prototype spacecraft. 
Further use of this unique facility in support of 
the Apollo applications program is scheduled, 
and application of this simulation technique to 
future programs, such as the Manned Orbital 
Laboratory and the Mars mission, having vehi- 
cles with new shapes and sizes, is possible with 
merely a modification of a portion of the acous- 
tic test hardware. 
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DISCUSSION 

Mr. Sommers (The Boeing Co.):  Did you 
take radiation damping into account when test- 
ing with and without the shrouds ? 

Mr. Wren: Yes; we ran that test in three 
ways. I mentioned two. We did it with no 
shrouds, ducts, or duct supports — completely 
uaked if you like. We ran it with only the V 
supports and the sealing hoses in place.  Fi- 
nally, we ran it with the duct systems and the 
V supports in place. The two curves shown 
were the two limits. I did not show the middle 
curve. They overlay quite well. Actually, we 
tried hoses with pressure when we first started, 
trying to achieve acoustic isolation from duct 
to duct. We quickly found out that this was not 
necessary. We changed the rubber composition 
and the diameter of the hose during these studies. 

Mr. Morrow (LTV Research Center): What 
was the difference in propagation levels at the 

high and low frequencies with the ducts 
sealed ? 

Mr. Wren:  It was 20 or 30 db.  We attrib- 
uted that difference to absorption of the energy 
of the propagating wave by the vehicle.  It turns 
out that the major response of the adapter sec- 
tion, which is where the problem was, is 250 Hz 
or thereabouts. The low-frequency curve that 
we plotted was 6 octave bands in that vicinity, 
so that is why it absorbed so much energy. 

Mr. Morrow: Why did you get the addi- 
tional loss at low frequencies if you did not 
seal the ducts ? 

Mr. Wren:  Because it presented a low- 
frequency shunt. 

Mr. Dorland (NASA Manned Spacecraft 
Center):  You have to present the right kind of 
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acoustic load to the transducer to get it to gen- 
erate properly In that low end. If there is a 
leak in the duct, you will have a proulem getting 
the energy out of the air modulator itself. The 

second point is that all these date, were taken 
with the ducts completely uncorrelated» so that 
there was no energy transfer. 
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THEORETICAL STUDY OF ACOUSTIC SIMULATION 

OF IN-FLIGHT ENVIRONMENTS* 

R. W. White 
Wyle Laboratories 

Huntsville, Alabama 

Progressive wave and reverberant acoustic tests a?: often used for qualifica- 
tion of aerospace structures subjected to unsteady aerodynamic environments. 
Acoustic simulation of these in-flight environments is achieved if the struc- 
tural vibration response to the acoustic excitation is equivalent, over the fre- 
quency range of interest, to that which occurs during flight.   To determine the 
degree of response simulation that could be expected for such testing of th-> 
Apollo vehicle, responses of the spacecraft lunar module adapter were esti- 
mated for a modified progressive wave field, a reverberant acoustic field, 
and for boundary-layer turbulence.   Using an equivalent, uniform, pinned-end 
cylindrical shell, space-average power spectral densities of acceleration 
were computed from 10 to 1000 Hz.   The classic modal analysis method em- 
ploying 570 independent degrees of freedom was used in the computations. 
The pressure fields were assumed to be homogeneous with rectangular space 
correlation patterns, and to have uniform power spectra over the shell.   The- 
oretical and experimental results are compared; these indicate that approxi- 
mate simulation is possible over a broad frequency range. 

INTRODUCTION 

During launch and flight through the at- 
mosphere, the external skin of the Apollo 
spacecraft is exposed to high-level fluctuating 
pressure environments from rocket exhaust 
noise and aerodynamic turbulence. As a re- 
sult, significant vibration levels could be en- 
countered throughout the vehicle since much of 
the structure consists of relatively lightweight 
materials. To ensure against fatigue failures 
and malfunctions, structural vibration qualifi- 
cation and evaluation tests of Apollo were per- 
formed at the Spacecraft Acoustic Laboratory 
(SAL) at the Manned Space Center (MSC) in 
Houston, Texas. 

The SAL facility is designed to test the 
Apollo in a stacked flight configuration using an 
acoustic field to simulate the launch and in- 
flight environments.  Figure 1 shows this con- 
figuration to consist of the command module, 
the service module, the spacecraft lunar module 
adapter (SLA), the lunar module housed! in the 
SLA, and the instrument unit located just below 
the SLA.  The MSC acoustic facility is capable 
of generating over the structure a modified 
progressive wave field or a reverberant 

acoustic field. The progressive wave field is 
generated within a shroud that is constructed 
around the vehicle. This shroud, shown dia- 
grammatically in Fig. 2, consists of 16 axially 
oriented ducts which are contoured to the ex- 
ternal skin of the vehicle. These ducts extend 
along the full length of the vehicle and are uni- 
formly spaced around the entire circumference. 
Adjacent ducts are separated by a radial wedge- 
shaped baffle whoso inner edge is fitted with a 
hollow pressurizable rubber hose that runs the 
full length of the baffle and which rests lightly 
against the vehicle skin. The purpose of the 
rubber insert is to provide an acoustic seal be- 
tween ducts with minimum structural constrain'. 
The vehicle skin forms the inner wall of each 
duct; and a vertical flat plate between baffles 
forms the outer wall. The radial position of the 
outer wall can be adjusted so that the cross- 
section area of the duct can be varied along the 
vehicle axis. 

Each duct is equipped with an independently 
driven noise source which delivers sound 
through a horn and into the duct at the interface 
between the command nodule and the service 
module.  From this juncture, sound waves 
propagate up over the command module to an 

♦Presented by K. McK. Eldred. 
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Fig   2.   Progressive wave shroud  system 
for Apollo acoustic tests 

acoustic termination at the apex, and downward 
over the service module and SLA. When the 
16 noise sources are driven by independent 
random electrical signals, the modified pro- 
gressive wave field that is generated consist? 
of a pattern of 16 uncorrelated duct fields. 
However, the sound fields in any two or more 
ducts can be correlated by sending a common 
electrical signal to the noise sources which 

drive those ducts. Thus many pressure corre- 
lation patterns can be generated over the struc- 
ture. As a limiting case, all 16 ducts can have 
correlated sound fields corresponding to a true 
progressive wave propagating along the vehicle 
axis. 

The shroud system has three primary 
functions.  First, the ducts provide a means 
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for controllifcg the circumferential pressure 
correlation lengths so that both launch noise 
and aerodynamic turbulence can be simulated 
approximately. The artistic pressures asso- 
ciated with launch noise are fairly well corre- 
lated around the vehicle, whereas the hydrody- 
namic pressures associated with aerodynamic 
turbulence have relatively small correlation 
areas over the skin. Second, the pressure 
profiles along the vehicle axis can be controlled 
through adjustment of the duct cross-section 
area. Third, confinement of a high percentage 
of a high percentage of the acoustic energy 
within the ducts provides for an efficient use of 
acoustic energy generated in the laboratory. 

The shroud and noise sources are housed 
within a c.'osed acoustic chamber. Therefore, 
a reverberant acoustic field can be developed 
around the vehicle by removing the system of 
ducts but retaining the noise sources and cou- 
pling horns. In the Apollo tests, both the modi- 
fied progressive wave field and a reverberant 
acoustic field were employed. 

The modified progressive wave field rep- 
resents a unique method for simulating various 
typea of distributed pressure environments. 
However, because of the lack of control on the 
acoustic wavelengths along the ducts axes, the 
pressure correlation patterns of real environ- 
ments cannot be perfectly simulated. On the 
other hand, there will exist for each environ- 
ment a particular duct correlation pattern 
which will give optimum simulation of the vi- 
bration response of the structure. If the 
laboratory-induced vibration response char- 
acteristics are essentially the same as those of 
the environmentally induced response, the de- 
sired simulation will have been achieved. 

To take full advantage of the capabilities of 
the SAL facility, it is necessary to understand 
the effects of pressure correlations on struc- 
tural response in terms of the sensitivity of re- 
sponse levels to changes in correlation patterns. 
Thus comparisons of die vibration responses to 
boundary-layer turbulence, a diffuse acoustic 
field, and modified progressive wave fields hav- 
ing various duct correlation patterns would show 
the degree of response simulation that could be 
achieved by the SAL facility. As a theoretical 
approach to this problem, vibration response 
spectra resulting from these environments were 
determined analytically for a uniform pinned- 
end cylinder which has overall dimensions, 
mass, and stiffnesses similar to those of the 
SLA; these computed responses were then com- 
pared for a flat pressure spectrum level of 
1 (psi)2/Hz.  From this comparison and from a 
knowledge of the real environmental pressure 

spectrum, it is possible to estimate the acous- 
tic test spectrum required to achieve response 
simulation over the frequency range of interest 
For this purpose, the analysis is a comparative 
type of analysis as opposed to an absolute re- 
sponse predictor. 

The frequency range in which significant 
vibration response levels of the SLA can be 
expected is 10 to 1000 Hz. In the low-frequency 
range of 10 to 100 Hz, the structural resonances 
are well separated and the response is modal 
in character. For the intermediate frequency 
range of 100 Hz to the shell ring breathing fre- 
quency of 180 Hz, the modal bandwidths begin 
to overlap so that there is a transition from 
modal to nonmodal response as frequency in- 
creases. Above 180 Hz, the resonance fre- 
quencies are closely spaced with considerable 
bandwidth overlap, and the resulting vibration 
exhibits a relatively smooth response spectrum. 
In the laboratory tests, it is desirable that re- 
sponse simulation be achieved in each of these 
frequency ranges; thus the analytical study 
should have the capability of estimating re- 
sponses over the entire frequency band of 10 
to 1000 Hz. 

For this purpose the classic modal anal- 
ysis method was chosen, and all of the 570 
idealized shell modes having resonance fre- 
quencies between 10 and 1000 Hz were included 
as independent single-degree-of-freedom sys- 
tems. For each mode, structural and radiation 
damping were lumped into an equivalent vis- 
cous damping.  With this method the above 
frequency-dependent vibration characteristics 
of the shell can be reproduced; and the two key 
parameters which influence vibration response, 
namely, modal density and elastic wave velocity, 
can be properly included. Such an approach has 
reasonable engineering accuracy in the low- 
and intermediate-frequency ranges where the 
individual modes are well separated. At high 
frequencies where the modal bandwidths over- 
lap, the accuracy of the method is limited by 
damping coupling between modes; however, for 
a comparative analysis, these inaccuracies are 
offset to a degree by the fact that the influence 
of damping coupling on response should be 
similar for all three types of environments. 
Furthermore, all of the high-frequency modes 
are excited to roughly the same response level, 
so that the power flow between modes should 
be minimal. The chief advantages of the modal 
analysis technique is that the response equa- 
tions can be readily programmed for a digital 
computer; and although the equations are lengthy, 
efficient programs can be developed which com- 
pute two-decade response spectra having high 
resolution in running times of 5 to 10 min. 
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In this paper, the pertinent structural prop- 
erties of the SLA are discussed, followed by a 
development of the free vibration mode shapes 
and resonance frequencies of the equivalent 
idealised cylindrical shell. Then a brief deri- 
vation of the response equations is presented 
along with a discussion of the narrow-band 
spatial correlation functions used for the vari- 
ous fluctuating pressure environments. Finally, 
the analytically competed response spectra are 
compared to show the degree of simulation of 
in-flight environments that can be achieved in 
the SAL facility. 

FREE VIBRATION CHARAC- 
TERISTICS OF SLA 

Structural Properties 

The SLA is a truncated conical shell com- 
posed of a set of honeycomb panels which are 
flush mounted in a light framework of axial and 
circumferential stiffeners, as seen in Fig. 3. 
This shell has a vertical height of 338 in., a 

slant angle of approximately 8.6 deg, a slant 
height of S49 in.,and a mean radius R of 104 in. 
The honeycomb panels have, approximately, an 
overall thickness of 1.70 in., aluminum face- 
sheet thicknesses of 0.015 in. and 0.032 in., and 
an overall weight per unit area, jig, of 2.0 
lb/ft2 or 0.0139 lb/in.2 

Because of the small slant angle, it is ex- 
pected that the vibration response of the SLA 
will be approximately equal to that of a cylin- 
drical shell of length L„ ■ 349 in. and radius 
1» 104 in. The honeycomb panels are expected 
to dominate the shell stiffness; hence the ide- 
alized cylindrical is assumed to consist only of 
the above honeycomb skin. For simplicity, the 
ends of the uniform cylinder are assumed to be 
tangentially pinned. Assuming that only the 
tacesheets provide the shell stiffness, the mo- 
ment of inertia, I, per unit of length of the 
cross-section area is 0.0287 in.' With a 
Young's modulus s = 107 lb/in.2 and a 
Poisson's ratio v * 0.36, the plate bending 
stiffness D -- EI/12(1- v1) = 3.24 x 10s lb-ln. 
The in-plane extensional stiffness Ke = 107 

(0.032 * 0.015) « 4.7 * 10s lb/in. 

SPACECRAFT LUNAR MCOULE ADAPTS« 

S/CLEM 
ADAPTER 

VIEW A 

TYPICAL 
OP ADAPTER 
PANELS 
ROTATED 1M° 

VIEW A 

X.   = 583.2 

X.   - 502 

Fig. 3.   General configuration of SLA skin structure 
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Mode Shapes and Resonance 
Frequencies 

Each m de of vibration of the cylinder wall 
Is charattc .zed by m (= 1,2,3,...) elastic half- 
waves parallel to the shell axis, and by n(> 0,1, 
2,...) compif a elastic waves around the cir- 
cumference. For tangentially pinned ends, the 
mode shapes vary as sin mrs alang the axis 
where s = x/Lx. Because of symmetry, the 
modes shapes vary either as sin 2my or 
cos 2nry around the circumference of the cyl- 
inder where y = y/L„; and these two orthogonal 
components are distinguishe t by the integers 
i ■ 1,2. Further, each mode (mi) has a radial 
deflection component <Pani(*-y) and a tangential 
deflection component vmni(*.y); and thus a sin- 
gle mode shape is defined by the pair of func- 
tion* [^(x.y), ^jCx.y)], where 

frequencies are seen to occur in the neighbor- 
hood of f 10 175 Hz, which 4« ?he frequency 
for the highest modal density of the shell. Be- 
low and above 175 Hz, the modal densities dN/df 
are approximately [2] 

f<r. 

mode» 
hertr    f'o 

(3) 

It is to be noted that the modal density above 
175 Hz is constant, and is equal to one half of 
the modal density of a simply supported, flat 
rectangular plate with edge dimensions L„, Ly. 
The frequency separation between modes in this 
region is 1.67 Hz. 

*«nl(x>y) :   '/'anJ^y) =   sin I"» sin %*<$ 

^mnl(x-y) " ^»nl(x-y) =   sin mwx cos 2n^ 

(1) 

Because of the uniformity of the mass distribu- 
tion, the orthogonality condition for these modes 
is expressed as 

EQUATIONS OF MOTION 

If %,„,(t) denotes the generalized accel- 
eration of the (mm) mode, then the net instan- 
taneous acceleration U(x,y,t) at point (x.y) is 
expressed as 

j J 

f / kniC-y) *r.j(*.y> 
0      0     L 

+ ^mni(x-y) ^rij(x,y>   dSdy =  °' (mni)4(rsj) 

=  f«nl'   (■•>*) = (rsj) 

where <fmni = 1/2 for all modes. The general- 
ized mass MBni = £mniM0, where M0(= MLxLy) is 
the total mass of the shell, so that Mmni - M0/2 
for all modes. Since the (mm) and (mn2) modes 
shapes are geometrically similar, these modes 
have the same resonance frequency, %,„, de- 
fined by [1] 

u       =   2nf mn nin 

1 

'<<•'♦">>'     R 
I* 3 <*.» ♦«•'-«>' 

rad/scc    (2) 

with Km - mnR/Lx. The resonance frequencies 
determined by Eq. (1) are reasonably accurate 
for the lower order modes of the SLA; and they 
have approximately the correct frequency sepa- 
ration for both the lower and the higher order 
modes. The distribution of resonance frequen- 
cies in the range of 0 to 1000 Hz is shown in 
Fig. 4 where it is seen that the lowest frequency 
is I ,j = 20 Hz. A large number of resonance 

U(x •y.t) - E "W^y)   <Wl) (4) 

where each term in this summation represents 
the acceleration response of a single mode. 
The power spectral density s [ U( x, y, t); u]  of 
the acceleration Ü(x.y, t) is defined as 

If       T. T. — 
S[U(x,y,t);u;]   =-— U(x.y.t) U(x,y, t  ♦ T) 

(5) 

where the bar (  ) denotes time average.  Sub- 
stituting Eq. (4) into (5) gives 

siiKx.y.t);^ = L.  U <W*.y) #rij(".y) 
■ni    tij 

1 = 11 
■ HI 

" s'SnniO. qr,j(t);-]        (6) 

where s[q'mni(t). qltJ(t);^J denotes the cross 
power spectral density of the modal accelera- 
tions qmni(t),   q'r>j(t).   When   (rsj) -   (mni), 
this cross power spectral density reduces to 
the power spectral density, S[qmnj (t);«], for a 
single mode.  It is convenient to deal with an 
acceleration spectral density, S!ii, .■], which is 
space averaged over the surface of the shell, 
and which is defined as 
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Fig. 4. Distribution of resonance fre- 
quencies of cylinder with circumferen- 
tial and axial mode numbers 

r1   f1      - 
S[Ü;o>]  = S[U(x,y,t);a/] dxdy .        (7) 

Such a spectrum is independent of position 
(x.y); and by orthogonality of the mode shapes 
*n,ni<x-y)' *nj(*.y)» MB

 spectrum is also in- 
dependent of the modal acceleration cross 
spectra appearing in Eq. (6). Substituting Eq. 
(6) into (7) gives 

SIÖ;»]   =   L.«„|  Slq^Ct);«] 
inn i 

ani   =   J     J     *mn,("-y)dxdy 

0,      n =  0,   i ■■   1 

1/2,  n = 0.   i -  2 (8) 

.1/4.  n =  1. 2, 3,...;   i =  1, 2 . 

Each mode of vibration is assumed to respond 
independently so that qmni(t) satisfies the 
equation of motion for a single-degree-of- 
freedom system, namely 

(9) 

where Qmn is, approximately, the dynamic mag- 
nification factor at resonance, and Fnni(t) is 
the generalized force defined by the equation 

F»ni<1) = LxLy J   J P(x.y.t)0„ni(x.y)dxdy.(lO) 

The external fluctuating pressure loading at 
point (x.y) is denoted as P(x.y.t).  For a sta- 
tionary and ergodic ranoom pressure excita- 
tion, the solution of Eq. i7) for s[qmni( t);«] 
is [3] 

SliUlCt):«]  - -4-  \j-Y H1 UL) S[Fmni(t);.) 

(ii) 

where S[Fmni(t);üj] is the power spectral den- 
sity of the generalized force, and H2(<Vo>mn) is 
the dynamic magnification factor for the single- 
degree-of-freedom system, 

H("/-nn) (Mt)'] vfe)*| * vmn J 

1- 1/ 2 

From Eq. (10), the generalized force spectrum 
can be written as 

«utH^vf j! j 
« S[P(x,y,t),  P(x\y',t);«j] 

»Wx-y><Wx'-y')dxdydx'dy' 
(12) 

where s[P(x,y,t), P(x',y', t);<<>]  is the cross 
power spectral density of the pressures acting 
at points (x.y) and (x'.y'). This pressure 
cross spectrum is a complex quantity which in 
tsneral has a nonzero real and imaginary part 
termed the cospectrum and the quad spectrum, 
respectively. Based on the assumption of sta- 
tionarity of the pressures, it is easy to show 
that the double space Integral in Eq. (12) of the 
pressure quad spectrum is zero. Assuming 
that the pressure spectral density, S[P;«J, has 
a uniform distribution over the shell, the pres- 
sure cospectrum can be written as 

Real {S[P(x,y,t), P(x',y'.t);u)]} = SlPi-J^x.y.x'.y';^) 
(13) 
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where C(x,y,x',y';aj) is a narrow-band pressure 
correlation coefficient, at frequency ■, between 
the pressures at (x.y) and (x'.y'). Assuming 
further that the pressure correlation patterns 
on the shell are rectangular and that the pres- 
sure field is homogeneous along both the x and 
y axes, this correlation coefficient can be sim- 
plified to the following product form: 

C(x,y,x'.y':w) = C((;w) C(T>;W) (14) 

where £ = x-x* and v - y-y'. Here, C(C;a>) 
denotes the narrow-band pressure correlation 
coefficient along the cylinder axis; C(TI; .) is a 
similar coefficient along the circumference. 
Thus, substituting Eqs. (1), (13), and (14) into 
(12) gives 

S»Wt);aO  = L„JLy
2 S(P;^] j.V) j^(-)       (15) 

where the joint acceptances j „'(<"), Jni(«) are 

jj(v) -   I     I    C(£;^)  sin mwx sin nmx' dx dx' (16) 

^ an 

(20) 

ß„ ■■   2,    n -- 0 

=  1,    n =  1.2,3,... 

}„(") = J    j    C(T;;<U) cos 2nw7j dy dy'. (21) 

In this analysis, the response-to-pressure 
ratio siü;a>]/SiP;"] is computed in units of 
g2/(psi)2; and therefore if /ig is the surface 
density of the shell in pounds per square inch, 
then 

ira-ii: £*."(*)'.*>'.'»->■ S[U;&J 
S 

(22) 

Equation (22) is the desired form of the re- 
sponse equation. 

jnl( .) =   I     I    C(T);CU) sin 2nwy sin 2nwy' dy dy' 
o    o 

(17) 

i    i 

jn2( ■') -   I C(T?;£>J) COS 2nny cos 2nrry' dy dy". 
Jo   4) 

(18) 

Substituting Eqs. (11) and (15) into (8), and 
noting that the generalized mass Mmni = pLJ. /2, 
gives the following response equation: 

S[U;r..J =-L S[P; L /L. [,f-r 

""'(£)'>>'«>>.    (i9) 

ßni - 0, n = 0, i = 1 

= 2, n = 0, i = 2 

=   1,  n =   1.2,3,...;   i  =   1.2 

From the ;,bove definition of H(&»/«„„), it can be 
shown that  Wu>m]4 H2(n,/,U.J = H'(<u.„/ai),which 
simplifies the form of Eq. (19). Also, the sum- 
mation over i = 1,2 in Eq. (19) can be elimi- 
nated by defining a new coefficient ß   and a new 
joint acceptance j>) = ji,(") + j„2<<"), so 
that from Eqs. (17) and (18) 

Joint Acceptance Transformation 

The joint acceptance expressions (16) and 
(21) involve double integrations over one of the 
coordinate axes of the cylinder.  For each of 
these expressions, a coordinate transformation 
can be made which will permit one of the inte- 
grals to be evaluated directly so that the joint 
acceptance can be written as a single integral. 
Consider first expression (16). The product 
sin aws sin tmx  can be written as 

sin nrnx sin mux cos mf'.TJ 

where I = x-s', fs s+x'. Transforming the 
variables of Integration (x,x') to the new vari- 
ables ($, I), the region of integration 0 < x < l, 
o < x' < l is transformed as shown in Fig. 5. 
Integrating first over |, the joint acceptance 
iJ(u) can be rewritten as 

j» = U' ««'-)f 
Mil 

I-1 ?=ICI 

cos m^s -   cos mn^l df dl . 

Performing the integration over - gives 

i-(-) *X «**■• 
£'•1 

(1 - U'l ) cos ml 

s i n imr   C dl.   (23) 
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Fig. 5.   Transformation of the region of 
integration for joint acceptances 

The correlation coefficient C(C;*>) is the nor- 
malized time average of the product of the fil- 
tered narrow-band pressure components acting 
at two points on the shell which are separated 
by an axial distance C; and hence C(L«) = C(-t;i»), 
Thus Eq. (23) can be reduced to the form 

i.2(«") a  j.    cä-.^lil-hconmni+^sinmnÜdl. 

(24) 

Similarly, the joint acceptance jn
a(*>) given by 

Eq. (21) can be expressed as 

r 
"V'O 

jn
a(w) -  2  J       (1-ij) C(TJ;")   :os 2irrfj dfj .     (25) 

Pressure Correlation Coefficients 

Three types of pressure excitation are 
considered in this analysis, namely, boundary- 
layer turbulence, reverberant acoustic field, 
and the modified progressive wave field. To 
evaluate the joint acceptance functions, it is 
necessary to know the space correlation coef- 
ficients C(t;w) and C(fj;w) for these three 
pressure fields. 

Turbulence in an attached boundary layer 
is often characterized as a convected pressure 
field whose internal pressure distributions 
change slowly with time in the moving frame of 
reference. For a frozen pressure field con- 
vected at velocity uc, the cross power spectral 
density of the pressures at two points along the 
flow axis is s[P;aOe'""c/Uc, the real part of 
which Is s[P;u] cos w£/uc. Thus, the axial space 
correlation coefficient C(E;w) = cos yxi, where 
y  - <4-„/uc. Time variations of the pressures 
within the moving frame of reference lead to 

decay of the axial correlations with separation 
distance. The decay is often approximated by 
the exponential factor e"**'*1, where »„ is an 
empirically determined parameter. Normal to 
the flow axis, the space correlations exhibit 
primarily an exponential decay with separation 
distance. Thus the narrow-band space correla- 
tion coefficients for boundary-layer turbulence 
are often approximated by the equations 

.8    (CI 
C(4;w) = e    "       cos y  I 

CW») « e-V*' 

(26) 

Space correlations obtained from subsonic 
wind tunnel data are summarized in Figs. 6 
through 9. Using Maestrello's [4] data in Figs. 
6 and 7 [4-7], the exponential decay parameters 
may be approximated as sx = o. icy,, sy = 2? , 
where yy = «Ly/uc. Based on these expressions 
for s, and 8y, the low-frequency components 
of the pressure are correlated over large dis- 
tances. However, correlation lengths must be 
limited to distances which are of the order of 
the boundary-layer thickness, »b. This effect 
is shown by the data of Bull et al. [7] in Figs. 
8 and 9, where it is seen that the low-frequency 
correlations are a function of the boundary- 
layer displacement thickness 8*. An approxi- 
mate correction for this effect was made by 
choosing sx and 8   equal to the following: 

0.10wLxA)c + 0.265 L„/5b 

8y =  2u,Ly/Uc + 2Ly/8b 

(27) 

For the present analysis of the SLA, the 
boundary-layer thickness was estimated to be 
8b = 12 In. Also, on the basis of Willmarth and 
Wooldrige's [6] data, the convection velocity uc 
was assumed to equal the broad-band convection 
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Fig. 6.   Narrow-band longitudinal space correlation 
coefficient for boundary-layer turbulence [4] 
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Fig. 7.   Narrow-band lateral space correlation 
coefficient for boundary-layer turbulence 

velocity of 0.8 l^, where UB is the free stream 
velocity. Convection velocities used in the anal- 
ysis are u   = 9810 in./sec at Mach 1 and uc = 
15,900 in./sec at Mach 2. 

For a reverberant acoustic field impinging 
on a flat wall, Eckhart [8] shows that the space 
correlation coefficient is (sin kr)/kr where k 
is the wave number and r is the separation dis- 
tance.  In keeping with the rectangular correla- 
tion pattern, this functional form was used for 
the correlation coefficients along the x and y 
axes. Thus 

C(C;w) 

ca.*) = 

(28) 

where, if c0 denotes the speed of sound, and K 
denotes the acoustic wavelength, 

yx - kL„ = '"L,/c0 = 2nlx/K 

y, - kLy -L./C, = 2nLyA 
(29) 
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Fig. 8. Narrow-band longitudinal space-time 
correlation coefficients for wall pressure 
field from boundary-layer turbulence [7] 
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Fig. 9. Narrow-band lateral space-time 
correlation coefficients for wall pressure 
field from boundary-layer turbulence [7] 

Although these correlation functions correspond 
to a diffuse field on a flat surface, they are rea- 
sonably good approximations for a cylindrical 
surface immersed in such a field. For the lat- 
ter case, Wenzel [9] has determined more exact 
correlations and shows that C(£;«0 and C(T>;«J) 
are also functions of LA. These results are 
compared with the approximations of Eq. (?9) 
in Figs. 10 and 11. The correlation C({;«0 is 
relatively insensitive to LA, while C(v;<") is 
more sensitive. In view of the lengthy compu- 
tations leading to the improved correlations, it 
is necessary for the present analysis to use the 
approximations (29). 

For the modified progressive wave field, 
the axial correlation coefficient is C<',;») = 
cos yxl, where y% = *Lx/c0. The lateral corre- 
lation coefficient is assumed to be unity across 
the width of a single duct or a group of adjacent 
correlated ducts. Responses for various duct 
correlation patterns were obtained. If N denotes 
the number of uncorrelated spans around the 
circumference, with all adjacent ducts within a 
span being perfectly correlated, then correlation 
patterns used correspond to N = 1, 2, 4, 8, and 
16. Here N = 1 signifies that there is essen- 
tially one duct since all ducts are correlated; 
N = 2 implies that eight ducts on each side are 
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Fig. 10. Narrow-band longitudinal space cor- 
relation coefficient on surface of a cylinder 
immersed in a reverberant acoustic field [9] 
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Fig. 11. Narrow-band longitudinal and lateral 
space correlation coefficient on surface of a 
cylinder immersed in a reverberant acoustic 
field [9] 

corroJited, but that the two sets of eight ducts 
are uncorrelated; and N = 16 means 16 uncor- 
related 'H'Cts. 

Joint Acceptance for Boundary- 
Layer Turbulence 

integration, giving 

)J0") 
(m")2 A2 

+   4(-l)mqe" 

1- (-l)me     "  cos   v 

sin  y% ♦ — rA (30) 

The expression for the joint acceptances of 
the axial modes of the cylinder for boundary- 
layer turbulence can be obtained by substituting 
Eq. (26 into (24) and performing the necessary 

where 

\iW        \m"/ J VnW 
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I       Kami       \mrrl J    "      \mW   \rär) 

\arr) \wr)  [       \mrl       \"mirl J 

Kan/  [        \mrrl       Karri J 
For L„ - 349 in. and sb = 12 in., the ratio 
LJ/sb - 29.1; and hence according to Eq. (27), 
ix > 7.7. Because of this, the terms in Eq. 
(30) which contain the factor e"'* are negli- 
gibly small so that Eq. (30) can be reduced to 
the following approximation: 

At frequencies well below coincidence, the 
Joint acceptances can be estimated by setting 
r, « 0 and 8„ ■ 0.265 L,/sb = 7.7, which leads 
to the approximation 

..*<•> = J.'(0) = 
m2 + 4.75 

(n^+Ö.OS)2 f « f. 

Thus for large values of m, jp
a(«) s i/m

2 when 
f « f c. The maximum, or coincidence, values 
of jB

2(«) can be estimated readily for say ■ > s 
by noting that yx = n>" and ix/yx ■ °-10 f 7-7/ 
am < 1, SO that A = -P = r2 = (2S„/y )2 « t. 
From (30) then, jB

a(<a) = (S,,-l)/2S/. However, 
since s, = 0. lOmw + 7.7 > 7.7, the approximate 
expression for j„<«) at coincidence reduces to 

'■*•>'si? [S*?i]-     <>»     i.*»'± 1 mil 
0.628m + 15.4 

Numerical values of j ,*(&>) were determined 
for m ■ 1,2,... ,20 using (31), and the results 
are shown in Fig. 12 as a function of the non- 
dimensional frequency parameter 2L„f/uc, 
where f denotes the frequency in hertz. Also 
shown in Fig. 12 are the actual frequency scales 
for free stream Mach numbers of 1 and 2. The 
Joint acceptances are maxima at the coincidence 
condition yx = am, or 2L„fc/uc = m where f 
denotes the coincidence frequency for the mth 
mode. Note that in terms of fe, yx = mn(f/fc). 

This equation defines the envelope of the peak 
values of jj(u) in Fig. 12. 

At frequencies which are well above coin- 
cidence, yx » vm so that A = p = (y /mrr)* and 
r =  (i^mrrXy^kn)2.   Thus   P/A2 =  (mn/yx)*, 
mwr/2A = 8„(nw/y„)2/2 » (mn/yx)

4 = P/A2.   Hence, 
Eq. (31) reduces to the following expression 
which describes the high-frequency roll-off of 
ij(u) in Fig. 12: 

A      10 

i0-:- 

i   i  i i ii ii 1     i   ■  i i 

Fmmwcy, I, a» Moch 2 - K< 

hmmr, f, •» Modi 1 - % 

Fig. 12.   Joint acceptances of axial shell modes 
of cylinder for boundary-layer turbulence 
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m niii« iiiwi um i<r map «rrwi in aw ■ um i— 

ij(-) "" A 

<LJo(MtJL7_(ic\J 

■»      \l   / («.*)'    Vf  / If       «    f  . 

0.446  153.5  „ „ . , 
—-— +      at Mach 1 

0.725  405 

f  + f» 
at Mach 2 

The joint acceptance j „'(<•>) la obtained by sub- 
stituting Eq. (26) into (25) and integrating, 
giving 

i» - 
2*.. 

+ 2 
(«*n) - Sv 

(2rm)» + Sy» "((2™)' + ^'       "      j32) 

From (27), it is seen that sy > 108; and for this 
reason only the first term in Eq. (32) is sig- 
nificant. 

Numerical evaluations of Eq. (32) are 
shown in Fig. 13 for various ring modes and as 
a function of the nondimenslonal frequency pa- 
rameter L f/uc. In this case the joint accept- 
ances are fairly insensitive to frequency and 
are approximately proportional to l/n2 for 
large values of n. 

Joint Acceptances for Reverberant 
Acoustic Field 

The joint acceptance expressions for a 
reverberant acoustic field are obtained by sub- 
stituting Eq. (28) into (24) and (25) and perform- 
ing the necessary integrations. The resulting 
expressions are sojqatarised below: 

).'(») =  -~  lCin lw(m+ 2L.A)] 

- Cin (n|«- 2L,A| )| 

+ 4^7Ä |Si [n(B,+ *•*/*•)] " Si [*(■- 2L,A)]J 

1      1 -  (-1)" co« (2rrLK/K) 

(urn)1 i - (TL^/ak)1 

where 

(33) 

Cin (z) |L dx  (cosine integral) 

(34) 

f- Si  (z) -   |     dx (sine  integral) 

It 

uT_ 

i«*- 

Fraqu«icr, '. «I Moch   J - Ht 

L 1 L   I   l I I III l ■   ■   •■■•■! 
iw 100 1000 

FraqiaHKy, I, at MocH I - Hi 

 1 I ■■■■"■* ■      ■    I   I ■ ■ '■* 
I 10 

Nondinwncimwl fraquancy fotvmmfr, 
100 

1      ' 

Fig. 13.   Joint acceptance« of cylinder ring 
mode« for boundary-layer turbulence 
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1       1 - cos (2nL_A) 

2i,w)a      1 - (i^/nX)' 

Si  (2nLyA) 
"LyA 

1- co» (2nt„A) 
 *  at n =  0. 

^'(L/X)3 

(35) 

Convenient expressions tor the numerical 
evaluation of the Bl(») and Cin(z) integrals are 
given by Abramowitz [10]. These consist of 
power series expansions for small values of 
the argument (o < * < l), rational fraction ap- 
proximations for intermediate values of the 
argument (1 < * < 50), and asymptotic expan- 
sions for large values of the argument (so < i). 
These approximations are also summarized in 
Ref. [11]. 

Numerical values of ja
2(") and in*(«) were 

obtained using Eqs. (33) and (34), and the results 
are presented in Eigs. 14,15, and 16 as func- 
tions of mode number and the nondlmensional 
frequency parameters 2LXA(= asf/c0) and 
2L   K {- 2Lyf/c0). Maximum values of these 
Joint acceptances occur at the coincidence con- 
ditions 2L„fc/c0    m for the axial modes and 
Lyf c/c0 s n for the ring modes. Above coinci- 
dence for each mode the joint acceptances ap- 
proach values which are inversely proportional 
to frequency but which are independent of the 
order of the mode. 

Joint Acceptances for Modified 
Progressive Wave Field 

The Joint acceptances of the axial modes 
for the modified progressive wave field are 
obtained by substituting C(C;«) = cos yj, into 
Eq. (24) and integrating. The well-known re- 
sult obtained by Powell [3] for this case is 

2      1-(-!)" cos y, 
J.O") r  : *    >'. * m 

(mr02   [1  -   (yjm)*)' 
(36) 

The condition ,.,    m- is associated with 
acoustic coincidence of the axial modes; and 
since 
f„ -  m 

d'L_ ,, the coincidence frequency 
,/2L    = 19.2 m.  In terms of f 

>„    m"(f f r >, At frequencies which are well 
below coincidence, j_2("<) = (f/fc)

2 for m ■ 2, 
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Fig. 14. Joint acceptance» of odd-numbered 
axial modes of cylinder for reverberant 
acoustic field 

4,6,...,atidj1,
:'(")^(2/rm7)* form «1,3,5,... . 

At frequencies which are above coincidence, 
the peak values of jB

2v» = (2/nw)2 (fc/f)
4. As 

shown by Fig. 4, the modes (1,3), (2,4), (3,5), 
(4,5), (5,5), (5,6),... have resonance frequen- 
cies which are near the axial coincidence fre- 
quency f   ■ 19.2 m. The remaining modes, as 
well as all of the modes above about 250 Hz 
have resonance frequencies above the coinci- 
dence frequency, which implies that for most 
modes of the cylinder, the acoustic wavelengths 
are shorter than the elastic wavelengths at the 
resonance frequencies of the modes. This con- 
dition would not be true for the lower order 
modes (m < 20) of a pinned-pinned beam of length 
349 In. which had the same stiffness and mass 
properties as (he SLA, since the resonance fre- 
quencies ((a = 1.22 m2) of such a beam would 
be much lower than those of the SLA for the 
same axial mode number. The relatively high 
resonance frequencies of the lower order modes 
of the SLA are due to the extensional stiffness 
K( introduced by the cylindrical nature of the 
structure. 

For N uncorrelated sound fields around the 
circumference of the vehicle, the joint accept- 
ance )n

2(-') for the nth ring mode is N times 
the joint acceptance of that mode when driven 
by one of the N sound fields. Thus for unit 
space correlation across the width of a single 
span, and for an antimode of the nth mode 
located at the center of the span, the joint ac- 
ceptance for N sound fields is 
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numbered axial modes of cylinder 
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j„*(") = N 

1, 2N 

1            cos  2wny dy N 
_ - I/2N 

1 sin n"/Ni3 

N nw/N     J    ' 
(37) 

From Eq. (37), the greatest values of ,r.2( ■) for 
a fixed N occur for the ring modes n < N; and, 
0.10 < Njn

2(') < 1.00 for 0 < n < 0.75 N. Thus, 
for example, the only ring modes having a sig- 
nificant amount of excitation for N =  16 are 
o < n < 12, and of these, the greatest excitation 
occurs for the lower order ring modes. 

VIBRATION RESPONSE EVALUATION 

A digital computer program was developed 
for numerical evaluation of the frequency Eq. 
(2), the response Eq. (22), and the joint accept- 
ance Eqs. (30)-(37).  For each of the various 
environments considered, a normalized 

acceleration response spectrum was computed 
at 100 discrete frequencies per decade for the 
frequency range of 10 to 1000 Hz. From these 
discrete responses, a continuous graph of the 
response spectrum was constructed through the 
use of a plotting routine included in the program. 
The choice of 100 logarithmically spaced fre- 
quencies per decade provided sufficient reso- 
lution of the spectrum curves for a minimum of 
computing time, which was 5 to 10 min per case. 

Response spectra were obtained for 
boundary-layer turbulence at Mach 1 and Mach 
2, for a reverberant acoustic field, and for five 
acoustic duct correlation patterns.   In these 
cases, the damping of each mode was chosen 
as 3-1/3 percent of critical damping so that 
omn     Q     15.   For purposes of comparison, re- 
sponse spectra for boundary-layer turbulence 
at Mach 1 were also determined for 0=5, 25. 
The computed response spectra are shown in 
Figs. 17 through 21. 
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Fig. 17. Cylinder response to boundary-layer 
turbulence, at Mach 1 and 2 and 16 uncorrelated 
ducts 
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Fig. 18.   Comparison of theoretical and experimental 
response for 16 uncorrelated ducts 
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Fig. 19.   Cylinder response to reverberation 
acoustic field and 16 uncorrelated ducts 
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Fig. 20.  Cylinder response for various duct '* 
correlation patterns, with  16 ducts  oper- — 
ating (all ducts  within a  span are corre- •• 
lated; only adjacent ducts can be correlated) " 
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Fig. 21.   Cylinder response for boundary-lay er 
turbulence at Mach 1 for three values of damping 

The analytical response spectra are seen 
to be distinctly modal in character in the low- 
frequency range. This results from the fact that 
the resonan. e frequencies of the lower order 
modes are well separated as shown in Fig. 4. 
At the higher frequencies, the overlapping of 
the modal bandwldths produces a nonmodal type 
of response having a relatively smooth spec- 
trum. The modes which contribute significantly 
to the response at any frequency f have reso- 
nance frequences lying in a narrow frequency 
band of width f'O centered on frequency f. In 
general, the greater the number of modes in 
this band, the greater is the response level at f. 
Thus below 175 Hz, the response spectrum lev- 
els increase with frequency because of the in- 
creasing modal density as defined by Eq. (3); 
and the response levels are maximum near 
175 Hz where the modal density is largest. 
Beyond this frequency, the modal density is 
constant and the theoretical decrease in re- 
sponse is controlled by the joint acceptance 
functions. 

The response spectrum for 16 uncorrelated 
acoustic duct fields (N = 16) is shown in Fig. 17. 
The significant feature of this spectrum is that 
above about 250 Hz, the spectrum levels are 
roughly proportional to f •. The joint accept- 
ances of the ring modes 0 < n < 12 lie in the 
range  1/160 < jn

2(u) < 1/16, with jnV) < 1/160 
for n > 13; and hence only the modes n i 12 can 
have a significant response. With n so re- 
stricted, the near resonance modes at any fre- 
quency t > 250 Hz correspond approximately to 
a single value of m as can be seen in Fig. 4. 
For example, at 500 Hz the dominant modes are 
m = 19 and 0 < n < 12. Thus, the theoretical 

high-frequency responses must follow the vari- 
ation of j„'(«>) with frequency where m is also 
frequency dependent.  For frequencies f > 250 
Hz,  f == f   , and from Eq. (2) f 0 ± 175 [1 «• 
0.50 (m/10)4]' 2.  From Eq. (36), the maximum 
value Of jj'f«) =  ((2/m77)/El-(2Lxf/mc0)

a]}i. 
These two expressions define the t .nations of 
jm

](") and m with frequency; and their numeri- 
cal evaluations would show the high-frequency 
roll-off seen in Fig. 17. 

A comparison of the theoretical response 
spectrum and the spectrum obtained experi- 
mentally in the SAL facility is shown in Fig. 18 
for the case of 16 uncorrelated ducts. The 
normalized experimental spectrum was ob- 
tained by averaging the measured responses at 
several locations on the SLA. The agreement 
is reasonably good except in the high frequency 
range above 300 Hz where the actual responses 
tend to follow mass law. To resolve this dif- 
ference, it would be necessary to study both the 
type of structural response that occurs in this 
frequency range and the experimental acoustic 
correlation functions. Similar experimental 
data were obtained for two uncorrelated spans 
(N - 2), and in this case the agreement between 
theory and experiment is very good below 300 
Hz with a similar mass law response at the 
high frequencies. 

The response spectra for boundary-layer 
turbulence at Mach 1 and Mach 2 are compared 
in Fig. 17 with the response spectrum for 16 
uncorrelated ducts.  For N     16 , the ducts are 
more efficient in generating structural vibra- 
tion than boundary-layer turbulence in the 
lower frequency range. Response levels are 
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greatest when the pressure correlation lengths 
match the elastic half -wavelengths, which Is ap- 
proximately the condition for the lower order 
modes for duct excitation. The aerodynamic 
correlation lengths are much shorter than the 
elastic wavelengths of the low-order modes, 
thur causing a lower response; thui acoustic 
excitation. Theoretically, the reverse situation 
Is true at the higher frequencies. The axial 
coincidence frequency for Mach 1 is f  = 14.1 m, 
and for Mach 2, f  ■ 22.8 m. Comparing these 
frequencies with the resonance frequencies 
shown in Fig. 4, it is seen that for frequencies 
above 250 Hz, all of the modes are above coin- 
cidence and the axial joint acceptances and re- 
sponses roll-off between r1 and f"2. The 
above-coincidence condition for turbulence ex- 
citation difcers from that of acoustic excitation 
in that the aerodynamic field Is not well corre- 
lated over the surface of the shell as are ideal 
acoustic waves. 

The theoretical responses to 16 uncorre- 
lated ducts and a reverberant acoustic field are 
compared in Fig. 19. Except for differences in 
individual resonance peaks, the two response 
spectra are nearly equal below 200 Hz. Meas- 
ured responses for these two forms of acoustic 
excitation indicate a similar result with the 
one-third octave band responses to a rever- 
berant acoustic field being slightly higher (Eq. 
(3b)) than for the duct excitation. Above 300 Hz, 
the theoretical response to a reverberant acous- 
tic field rolls off as f"' in contrast to thai for 
duct excitation. In practice, this large differ- 
ence in the two responses does not apnear, how- 
ever. The high-frequency variation of the re- 
sponse to a reverberant field can be predicted 
easily as follows. Above 300 Hz, the resonance 
frequencies of all the near resonance modes lie 
above the acoustic coincidence frequency. Thus 
as shown in Figs. 14, 15, and 16, jmV) jnV) = 
\2/8Lx = c0*/8LK

Jf2. Thus Eq. (22) reduces to 
the form 

SB»;«] " B»Gzg) 2 r df J H (fj) dO 

S[U;< jl^"1 M SlPi«-]      «.,»£* (*■)» t 

Let Sf (= df/dN) denote the frequency separa- 
tion between resonances and let ßn = l. This 
equation can then be rewritten as 

S[U;^]   . 

S!P;<.>J  ~ 8L„2 

co2 t dN  V   „J /fmn\ Sf 

7wf"t   i_rJT' 
Since the modal density dN. df is constant above 
180 Hz, the summation can be replaced by an 
integral over the resonance frequencies, giving 
as an approximation 

.        co2        1 dN i_Q 
' 8Lx'(Mg)J f"df   2   • 

Thus, the high-frequency response spectrum 
for reverberant acoustic excitation is propor- 
tional to f' as shown in Fig. 19. 

The effect on response of using different 
duct correlation patterns is shown in Fig. 20. 
For N = 1, the sound fields in all ducts are 
correlated giving a uniform distribution of 
acoustic pressures around the circumference; 
and as a result, the ring bending modes cannot 
respond theoretically, and the 1 jw-frequency 
response is negligible. As the number of un- 
correlated spans N increases towards N = 16, 
the low-frequency response increases. The 
high-frequency mass law effect shown in Fig. 
18 is expected to be similar in practice for all 
N. 

The theoretical effect of various values of 
damping on response is shown in Fig. 21 for 
boundary-layer turbulence at Mach 1. The low- 
frequency modal response spectrum is propor- 
tional to Q2, while the high-frequency nonmodal 
type of response is proportional to Q. 

CONCLUSIONS 

The theoretical results indicate tr at acous- 
tic testing with 16 uncorrelated duct fields pro- 
vides the capability for simulating vibration 
response to in-flight environments over a broad 
frequency range.  For the lower frequency 
range, the predicted laboratory and flight re- 
sponses shown in Fig. 17 can be aligned by 
proper choice of the acoustic spectrum level 
and by shaping of this spectrum. At the higher 
frequencies, the analysis gives a better predic- 
tion of response to a reverberant field excita- 
tion than for duct excitation.  Measured re- 
sponses for these two acoustic environments 
are similar in the high-frequency range; and 
furthermore, Figs. 17 and 19 show that ana- 
lytically the responses to a reverberant field 
are similar to those for boundary-layer turbu- 
lence.  Thus computed responses for a rever- 
berant field and turbulence might be used to 
determine the high-frequency spectrum level 
required for response simulation when employ- 
ing the ducts.  This should give a high-frequency 
acoustic test spectrum level which is nearly 
equal to the in-flight pressure spectrum level. 
The implication of these conclusions is that the 
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response levels of the lower order structural 
modes are more sensitive to pressure corre- 
lation lengths and patterns than are the higher 
order modes. 

Although the analysis procedure developed 
for this study was designed only to compare 
responses for different fluctuating pressure 
environments, there is a natural interest in 
using this tool as an absolute response pre- 
dictor when it appears to be valid. The com- 
parisons between theoretical and measured 
responses in the lower frequency range indi- 
cate that the analysis method has reasonable 
engineering accuracy for acoustic environ- 
ments for the lower order modes. Measured 
vibration responses of the SLA for Spacecraft 
9 flight also agree very well with computed re- 
sponses for boundary-layer turbulence below 
200 Hz when the flight pressure spectrum level 
is assumed to be 125-130 db. In the latter 
case, the average slope of the measured vi- 
bration spectrum is nearly the same as pre- 
dicted analytically. The Spacecraft 9 flight 
data cannot be used for comparison above about 
200 Hz because of instrumentation cutoff. 

To study the differences between measured 
and predicted responses at the higher frequen- 
cies, additional data will be required to define 
better the high-frequency dynamic characteris- 
tics of the structure and the acoustic pressure 
correlations of the test environments.  For duct 
excitation, the theoretical responses of the 
higher modes decrease rapidly with increasing 
frequency because of the increasing number of 
plane acoustic wavelengths per elastic wave- 
length along the vehicle axis and because of the 
uniformity of the structural mode shapes.  Un- 
der these circumstances, the pressures within 
many of the oppositely phased acoustic half 
wavelengths cancel, and the effective force 
driving the structure is small. This degree of 
input pressure cancellation does not occur, 

however, if the vibration correlation areas are 
small compared with the pressure correlation 
areas or if the pressure correlation areas are 
small compared with the vibration correlation 
areas. At high frequencies the latter case is 
true for both the reverberant and the turbulence 
pressure excitations; and this explains why the 
predicted responses to these environments do 
not roll off as rapidly as for duct excitation. 
For the duct: analysis, both the structure and 
the acoustic field within each duct were as- 
sumed to be well correlated. Since the SLA is 
composed of a set of panels mounted in a frame- 
work, it is likely that some panel decoupling 
will occur at high frequencies so that the vibra- 
tion correlation areas may be limited to one or 
only a few adjacent panels. Thus, even if the 
acoustic field within each duct is well corre- 
lated, the high-frequency panel response levels 
will be much greater than those predicted for 
the coupled shell. Thus for more accurate 
high-frequency predictions, it would be desir- 
able to have measured data for both the struc- 
tural and pressure correlation areas. 

Many refinements could be made in the 
digital computer program which were consid- 
ered to lie beyond the scope of the present 
study; and it is felt that such refinements would 
greatly enhance the value of the existing pro- 
gram. The manner in which damping is included 
in the analysis could be improved by separating 
structural and radiation damping, and by allow- 
ing damping to be a function of frequency. As 
additional measured data become available for 
the turbulent pressure cross power spectra, 
more accurate treatment of the space correla- 
tion functions can be made. The subject pro- 
gram along with an existing similar program 
for a flat plate are capable of analyzing uniform 
structures. It is believed that still other effi- 
cient programs can be developed for stiffened 
shell and plate structures. 
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DISCUSSION 

Mr. Dorland (NASA Manned Spacecraft Cen- 
ter): The detailed analysis that supports this 
presentation will be released in due time as a 
NASA contract report. 

Mr. Ross (Aerospace Corp.): On the curve 
with the 16 uncorrelated ducts and the Mach 1 
and Mach 2 modulator turbulence curves, I as- 
sume that the latter two curves refer to your 
converted turbulence model. If so, do you have 
any experimental verification or check on the 
relative position of these curves ? 

Mr. Eldred: At this time we do not have 
anything that we completely believe in. On the 
SLA we have measured vibration results from 

three pickups up to about 250 cycles where 
telemetering cuts everything off. It is just 
when the aerodynamic response becomes most 
interesting. We do know that we can duplicate 
the response in the 16-duct configuration, plus 
or minus a couple of decibels, throughout the 
whole one-third octave band spectrum at those 
three pickup locations. We know what sound 
pressure it takes to do that. What we do not 
have is any sound pressure measurements or 
point pressure measurements on the SLA; so 
the only things that we can compare with are 
the simple analytical models which are not al- 
ways the most trustworthy things for the mod- 
ern aerospace vehicle. We definitely need 
some data. 
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DATA HANDLING METHODS FOR LARGE VEHICLE TESTING 

Daniel J. Bozich 
Wyie Laboratories 

Humsville, Alabama 

Environmental testing of large aerospace vehicle structural systems requires a 
great number of measurements to describe adequately the response of the vehicle 
system to simulated environments.   These environmental control and response 
measurements comprise tae full range of acoustic, aerodynamic, vibration, and 
thermal parametric relationships.   Analog-digital data acquisition computer sys- 
tems and digital data reduction techniques have made practical the large-scale 
data processing tasks associated with several hundred response measurements ac- 
quired on line from a single test. 

Several techniques for acquiring per.odic (sinusoidal), random, and aperiodic 
(transient) response signals in real t.rr.e utilizing on-line analog-digital computer 
systems are reviewed, along with the associated digital data reduction methods. 
Ex stmg systems and their capabilities are discussed.   Spectral densities and 
three-dimensional resonant mode shape plots are a few of the examples shown of 
digitally produced information from test data. 

Recent developments in hardware and software techniques, which promise to revo- 
lutionize the application of computers to large vehicle testing, are discussed.   In- 
cluded is a preview of the use of specul integrated-circuit hardware and the use of 
the fast Fourier transform (FFT) meti.->d for analyzing data. 

INTRODUCTION 

Measurement requirements for adequately 
describing the responses of modern aerospace 
vehicles to simulated mission environments 
have increased dramatically over the past five 
years because of the need for higher reliability 
on space-oriented missions.  Increased num- 
bers of measurement transducers, signal con- 
ditioning instrumentation channels, data ac- 
quisition systems, and data processing systems 
were required to handle this unprecedented flood 
of data.  More sophisticated analysis methods 
were demanded, resulting in the extraction of 
additional volumes of information from the 
swelling mass of acquired data. 

Five years ago, 60 channels of broad-band 
data acquired in real time was considered a 
large test requirement.  Three years later, 
data acquisition requirements had grown to ap- 
proximately 540 broad-band response measure- 
ments from a single test. Coupled with this 
requirement was the need to perform close to 
100 full-scale tests within a six-month period, 
realizing about 20,000 separate response meas- 
urements which were to be analyzed and reduced 
within the same six-month period.  To meet 
these demands, new data processing conceptions 
and data systems were developed. 

Development of second-generation (transis- 
torized) computer systems occurred concur- 
rently with the rising need for increased quan- 
tities of data.  The widespread use of analog- 
digital data systems began with the advent of 
high-speed computer systems whose internal 
processing cycle times were in the range of 2 
Msec or less. As a result, high-resolution 
analog-to-digital data conversion systems could 
now be interfaced directly as "standard" peri- 
pheral equipment to (on-line) digital computer 
systems, thus creating analog-digital data sys- 
tems.   Prior to this development, analog-to- 
digital data conversion was accomplished with 
special systems which digitized and recorded 
data directly (off line) onto digital magnetic 
tape for later processing on digital computer 
systems.  These off-line systems were rela- 
tively inflexible and expensive.  Analog-digital 
data systems have been subsequently designed 
and constructed to be directly coupled (on line) 
with several hundred wideband signal condition- 
ing instrumentation channels, which are in turn 
coupled with response measurement transducers 
attached to test specimens. 

This paper contains a brief summary of the 
development of analog-digital data systems for 
on-line automatic instrumentation calibration 
and validation, on-line data acquisition, and 
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high-speed digital data analysis, interpretation, 
and summarization. Several examples illus- 
trate the utility of analog-digital data systems 
for handling a broad range of test data-processing 
requirements. 

DATA ACQUISITION REQUIRE- 
MENTS AND TECHNIQUES 

The countdown preceding a large-scale en- 
vironmental test requires the performance of 
several key checks to assure successful test 
response data acquisition. Check procedures 
include instrumentation system continuity and 
noise floor determinations, pretest instrumen- 
tation calibrations, quick-look verification of 
acquired test data, and, of course, final proc- 
essing of all data as the final test validation. 
Comparing pretest and posttest calibration 
values locates instrumentation channels which 
become damaged or otherwise uncallbrated 
during the test. This simple automatic check 
helps identify and eliminate questionable data. 
Quick-look verification that test data were ac- 
quired properly aids in obtaining an early 
release of the test setup for subsequent tests. 

Rapid computation of the first four statis- 
tical moments from short samples of data taken 
from each channel 1B a task which is easily ac- 
complished by an on-line analog-digital data 
system. The evaluation of these quantities suc- 
cessfully performs the system continuity and 
noise checks, pre- and postcalibrations, and 
the quick-look data verifications for all data 
channels for all types of data. The first mo- 
ment, the mean, evaluates the constant or dc 
bias component of the data sample. The mean- 
square fluctuation of the data sample about the 
mean value is represented by the second mo- 
ment, the variance (the square root of the 
variance is the standard deviation — rms value — 
of the signal about the mean value). The sym- 
metry of the amplitude probability density dis- 
tribution about the mean value is evaluated by 
the third moment, the skewness. For sym- 
metrical distributions, the skewness equals 
zero.  Bottoming, or one-sided signal clipping, 
is an example of unsymmetrical amplitude 
distributions.  The fourth moment, the kurtosis, 
evaluates the distribution of amplitudes about 
the mean value of the data sample.  A normal 
distribution has a kurtosis coefficient of 3.0, 
whereas a sinusoidal signal yields a value of 
1.5.  Kurtosis coefficients between 1.5 and 3.0 
Indicate a mixed random and sinusoidal signal. 
Values greater than 3.0 Indicate a preference 
of the amplitudes for values near the mean, 
such as woulrt occur in signal overdriving 
(clipping) or nonlinear responses. A quick scan 

of the computer printouts of these values for 
each data channel will check system noise, 
loose transducers, bad instrumentation, loose 
cabling, ground loops, signal overdriving, low 
signal levels and the like. 

Parameters which must be known prior to 
data acquisition Include actual maximum fre- 
quency range of each data channel, calibration 
sensitivity values of each channel, sinusoidal 
sweep rate (If applicable), channels whose joint 
statistical relationships are to be determined, 
minimum required analysis resolution bandwidth, 
and maximum estimated test specimen dynamic 
magnification factor. Details on the relation- 
ship of these parameters with respect to data 
acquisition utilizing on-line analog digital data 
systems are contained in Ref. [It. 

Random or transient response data which 
are to be crosscorrelated or otherwise jointly 
related must be acquired within the same time 
interval, that is, grouped so that they are sam- 
pled and submultlplexed together. Since all 
channels, in general, cannot be acquired at the 
same time, these channel groups need to be 
defined prior to the test to assure proper ac- 
quisition.  References [1-3] contain detailed 
descriptions of the use of analog-digital data 
systems for random data acquisition. 

Acquisition of sinusoidal sweep response 
data requires sampling the reference sweep 
oscillator signal simultaneously with each data 
signal. The use of a reference signal allows 
the accurate determination of the phase and 
amplitude relationships between all data chan- 
nels. This method is similar to optical hol- 
ography inasmuch as a monochromatic (sinus- 
oidal) reference signal is used to establish the 
phase and amplitude relationships between all 
transducer signals at all frequencies. Three - 
dimensional displays can then be made of the 
motion of the test specimen at any frequency 
within the sweep range.  At system resonances, 
these three-dimensional displays are the driven- 
resonant mode shapes of the specimen.  Ref- 
erence u [1] and [4] contain detailed descriptions 
of the application of an analog-digital data sys- 
tem to sinusoidal sweep (or step) response data 
acquisition. 

ANALOG-DIGITAL DATA SYSTEMS 

Analog-digital data systems can be de- 
scribed as either on line or off line.  An on-line 
system is capable of acquiring data directly 
from the test in real time and is also able to 
analyze and process these data.  An off-line 
system comprises two systems:  an on-line 
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real-time data acquisition system and a sepa- 
rate oif-line data analyzing and processing sys- 
tem. The two sections of the off-line system 
can be remote from each other. 

Another form of an off-line system uses an 
on-line analog data acquisition system which 
records the data in real time on analog magnetic 
tape. These data tapes are then played back to 
either an on-line or off-line analog-digital data 
system in either real time or scaled time; i.e., 
the tapes are recorded at a lower or higher tape 
speed to facilitate scaling the data frequency 
range to be compatible with the analog-to-digital 
(A/D) conversion rate of the on-line system. This 
type of data acquisition is very useful for short- 
duration transient (shock) tests, for remote 
hazardous test locations, and for either very 
low or very high frequency dynamic test data. 

To date, several versions of each of the 
aforementioned types of systems are in opera- 
tion. To cover even a few of these systems in 
detail would be a formidable task; therefore, 
only a general on-line system is discussed in 
this paper. Reference [1] contains detailed de- 
scriptions of a broad range of analog-digital 
data systems which can acquire rand«m, sinus- 
oidal sweep (or step), and transient (aperiodic) 
data coupled on line with either tests or analog 
magnetic tape recorders. 

Figure 1 illustrates a signal conditioning 
instrumentation system which can condition 
multiple sets of matched transducers through 
the use of a multiple-position coaxial switching 
network between the transducers and the signal 
conditioning instrumentation. This scheme 
multiplies the number of data measurement 
points which can be handled by a specific 

analog-digital data system.  The analog outputs 
from the signal conditioning instrumentation 
are connected to the inputs of two multiplexers, 
as seen in Fig. 2. The multiplexers are con- 
nected to two A/D converters, which are in 
turn connected to two computer input control 
communication channels. The converted data 
are then transferred to computer core memory 
in blocks which are subsequently transferred 
as records onto digital magnetic tape for stor- 
age. Basically these two schematics cover the 
essentials of most on-line analog-digital data 
systems. The system illustrated in Figs. 1 
and 2 is described in detail in Refs. [1] and [3j. 

The techniques for acquiring data properly 
are generally concerned with programming the 
multiplexer.  Random and transient data re- 
quire that groups of channels be sampled at 
the requisite rate sequentially within the group, 
repeating the sequence until the required num- 
ber of samples (record length) has been obtained 
for each channel. Two or more multiplexer? 
are usually sampled simultaneously and with 
similar group designations. Sinusoidal sweep 
(or step) data, on the other hand, are sampled 
using both multiplexers simultaneously such 
that the reference channel on one multiplexer 
is sampled with each channel of the requisite 
group, which is sequenced repeatedly until the 
required number of samples have been obtained 
from the group. The process is then switched 
to the next group and repeated until all channel 
groups have been sampled, after which the en- 
tire procedure is repeated until the test ends. 
Details of these procedures are contained in 
Refs. [1], [3], and (4j. 

Future on-line analog-digital data systems 
will comprise real-time data acquisition, 
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synchronous or independent dual-channel data acquisition using on- 
line digital computer control 

real-time test monitoring and control, and both 
real-  me and off-line data processing. Time 
snaring and multiprogramming, recent develop- 
ments for second-generation computer systems 
and the faster lntegrated-clrcuit third-generation 
computer systems, can be used to advantage in 
performing real-time data acquisition and test 
control at the same time. However, only a lim- 
ited amount of real-time data processing can 
be performed for a large test involving hun- 
dreds of response measurements. 

Projected fourth-generation computer sys- 
tems, wh'ch are discussed in Refs. [5] and [6], 
reveal new conceptions which will Increase the 
data system's ability to perform real-time data 
processing. The fourth-generation system will 
be specialized to perform the various tasks in- 
volved with the entire on-line test process by 
the addition of replaceable "microprograms" 
to a computer system largely comprised of 
large-scale integration (LSI) logic hardware. 
The LSI systems will be from 10 to 100 times 
faster than present systems. 

Mlcragrams, which are used to a limited 
extent in third-generation computer systems, 
are special hardware units which perform the 
operations of normally programmed subrou- 
tines at extremely high speed.  These unite can 
be stored like tape reels or disk packs and 
simply plugged into the system as required.  In 
other words, production program subroutines 
are implemented !" LSI circuitry. The micro- 
programs which include high-speed micro- 
memory buffer units have been termed "firm- 
ware" in Ref. [5] in contrast to the terms "hard- 
ware" and "software" in common usage today. 

DIGITAL DATA REDUCTION 

Analysis methods developed for use on 
digital computer systems have led to significant 
improvements in time-series data analysis 
techniques. A continuous random response sig- 
nal becomes a discrete time series when the 
signal is sampled periodically such thr.t there 
are equal time increments between thu discrete 
samples. These time increments can be short- 
ened (compressed) to scaled time increments 
within the computer system during processing, 
thereby allowing the data processing to proceed 
at the computer's higher Internal operational 
speed. Since all computer operations are 
related to the system Internal basic cycle time, 
it can be assumed that the faster the system, 
the faster the data processing. Of course, with 
the new developments of time sharing and mul- 
tiprogramming utthered in with lntegrated- 
clrcuit third-generation computers, and the 
addition of peripheral hardware units (firmware) 
which add special high-speed algorithmic sub- 
routines to third- and fourth-generation com- 
puter systems, as needed, the future for digital 
data processing is virtually unlimited. 

Time-series digital data analysis techniques 
have e« Isted in the literature for quite a long 
time; however, these methods saw only limited 
use until high-speed computer systems were 
developed. Historically, the direct digital com- 
putation of PSD functions from response time- 
series data was slow compared with the lagged 
products method for computing time-correlation 
functions which are transformed to obtain the 
desired PSD functions. The latter PSD function 
was computed with constant frequency spacing 
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over the frequency range of the data, i.e., with 
a constant resolution bandwidth. Figur* 3 is a 
PSD function obtained from a time-series dat.. 
recoi-d using a straight lagged products corre- 
lation method. This particular PSD function 
was computed from a 32,000-sample time 
series obtaining a constant 6.6!>-Hz resolution 
bandwidth from 5 through 1000 Hz. The total 
computer time required for computation and 
plotting was about 7 min. 

Constant-bandwidth analyses of acoustic 
and vibration responses do not match the re- 
sponse characteristics of the physical sys- 
tems. Constant-bandwidth analyses become 
costly when analyzing wideband data which re- 
quire narrow resolution bandwidths at low fre- 
quencies. A constant percentage resolution 
bandwidth is best suited for assuring equal 
resolution throughout the response frequency 
range. Therefore, a new analysis technique 
was developed which yields a constant resolu- 
tion bandwidth in each octave; it starts with a 
specific narrow bandwidth at the lowest end of 
the frequency range, and then as the frequency 
doubles, the bandwidth within the next higher 
octave of the range doubles, and so forth until 
the upper frequency limit of the range is 
reached. This technique not only gives higher 
resolution at low frequencies but also gives 
essentially "equal" resolution at all frequen- 
cies. Reference [3] contains a detailed de- 
scription of this "selective bandwidth" anal- 
ysis technique.  Figure 4 contains a PSD 
obtained by the selective bandwidth method 
from the same data used for Fig. 3.  The com- 
puter time required was about 5 min. A com- 
parison of Fit's 3 and 4 quickly illustrates the 
increased resolution obtained at low frequences 
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Fig. 4.   PSD obtained by selective - 
bandwidth method, channel 2 

without any apparent loss of information at 
higher frequencies. 

References [7] and [8] describe a recently 
developed technique for obtaining Fourier 
transforms of discrete time-series data. This 
method, known as the fast Fourier transform 
(FFT), can be used to compute PSD's and 
cross-PSD's d'rectly from time-series data ex- 
tremely fast, in fact, much faster than the lagged 
products technique for most cases of interest. 
This method has been incorporated into the 
selective-bandwidth analysis program, resulting 
in a marked decrease in computer analysis time. 
Figure 5 is a PSD function of the same data 
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Fig. 3.   PSD obtained by conntant- 
bai dwidtb method, channel Z 

6000 

Fig. 5. PSD obtained by fast 
Fourier transform selective- 
bandwidth  method,   channel I 
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used in Figs. 3 and 4. The only difference be- 
tween this PSD and that shown in Fig. 4 was the 
use of the combined FFT selective-bandwidth 
analysis program. The required computer time 
was about 2.5 min, which is one-half of Fig. 4's 
time.  Future program refinements should re- 
duce this time to about 1 min. 

Figure 6 illustrates a selective-bandwidth 
PSD function of another response time series. 
The cross-PSD function of the data used for 
Fig. 4 and for Fig. 6 is shown in Fig. 7. Note 
that the magnitude of the cross-PSD function, 
the phase angle magnitude, and the phase angle 
sign are plotted separately. The gain factor 
and phase angle, transfer functions and phase 
angle, spatial correlation function, and coher- 
ence function of these two sets of data can also 
be plotted, since they are all functions made up 
of different comoinations of the PSD's and the 
cross-PSD. 
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Fig. 6.   PSD obtained by selective- 
bandwidth method, channel 3 

The FFT selective bandwidth analysis pro- 
gram has the highly desirable added feature of 
obtaining a cross-PSD from the Fourier coef- 
ficients obtained in computing the PSD's for a 
pair of channels. In other words, a cross-PSD 
is obtained almost "free." The lagged products 
technique requires about four times the computer 
time to compute a PSD to obtain two PSD's and 
one cross-PSD; whereas the FFT technique re- 
quires only about twice the single PSD computa- 
tion time for the same three functions.  For 
example, the PSD's of Figs. 4 and 6 and the 
cross-PSD of Fig. 7 required a total of about 
20 min of computer time using the lagged- 
products selective-bandwidth analysis program, 
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Fig. 7. Cross-PSD obtained by 
selective-bandwidth method, 
channel 2 vs channel 3 

while the FFT selective bandwidth analysis 
program would require slightly more than 
5 min. 

A group of PSD's can be summarized by a 
single set of curves which depict the rvurimum 
value, minimum value, and average value in 
each bandwidth for all of the channels in the 
group. The PSD amplitude probability distri- 
bution of the separate PSD values of the group 
within each band could also be obtained, and 
the mean and some percentile PSD amplitude 
value other than the maximum, such as the 97.5 
percent value, of the distribution would be de- 
termined. These summary response envelopes 
are used to set design and test criteria on 
similar structures, validate tests, review test 
results quickly, etc.  Figure 8 illustrates a 
maximum, average, and minimum envelope 
plot for a set of three PSD's. 

Another form of data summary is obtained 
from data of sinusoidal sweep (or step) tests. 
The data acquisition technique, described above 
and in Refs. [1] and [4], using the sinusoidal 
sweep (or step) oscillator as a reference sig- 
nal which is sampled along with each data sig- 
nal, allows the accurate determination of the 
relative response amplitudes and phases of all 
the transducers attached to a vibrating struc- 
ture or located in a force field. Therefore, 
three-dimensional pictorial displays of the re- 
sponse at any or all frequencies within the 
sweep frequency range can be constructed. 
These three-dimensional response plots are 
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the driven mode shapes of the structure when 
they are obtained at a resonant frequency of the 
structure. Figures 9 and 10 show the first and 
second normalized mode shapes of a uniform 
flat rectangular honeycomb panel which was 
pinned at the four corners and at the center 
point of each side. Twenty-five evenly spaced 
accelerometers were used to measure the ver- 
tical responses of the panel, which were then 
analyzed and subsequently used to construct 
these figures. The vertical lines show the ac- 
tual normalized amplitudes. 

Figure 11 is an illustration of the second 
vertical norm   ized resonant mode shape of a 
complex telescope obtained from measured 
data. These data, however, were obtained by 
recording the responses of 15 accelerometers 
and the sinusoidal sweep oscillator on analog 
magnetic tape.  This process was repeated four 
times with the accelerometers in four different 
positions. The analog tapes were played back 
to the on-line analog-digital data system and 
analyzed separately; then the four sets of data 
were combined into the three-dimensional 
driven mode shape shown in Fig. 11. This ex- 
ample illustrates the accuracy and utility of the 
data system for large vehicle tests. 

The first lateral vibration mode of a large 
space vehicle interstage cylindrical skirt struc- 
ture is shown in rolled-out format from 0 to 
360 deg in Fig. 12. One hundred and sixty 

accelerometers were used to measure this re- 
sponse mode. Note that the upper edge (right 
side, z direction) is constrained to move only 
laterally; thus there are only two zero cross- 
ings, whereas the center motion shows the 
classic figure 8 first bending mode of a cylin- 
der as seen by the four zero crossings. The 
bumps in the response surface are due tu heavy 
component equipment and supporting structure. 

Another use of tnree-dimensional data 
summarizing is shown in Fig. 13, which shows 
the pressure distribution measured on the 
rotor blade of a helicopter averaged over three 
revolutions. 

CONCLUSIONS 

The accuracy and speed of digital computers 
coupled with their ability to perform many tasks 
and make numerous comparisons and decisions 
automatically make analog-digital data systems 
indispensable aids in large environmental tests. 
The application of on-line analog-digital sys- 
tems to environmental test response measure- 
ments and the development of digital data anal- 
ysis techniques are briefly reviewed *n this 
paper. Although far from exhaustive, it is 
hoped that this brief introduction to digital data 
handling ter   .iques will encourage their in- 
creased use in future tests. 
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Fig. 9.   Flat rectangular uniform honeycomb panel (pinned at corner 
and at midpoints of each side — 266.2-Hz, vertical resonant mode) 

Fig. 10. Flat rectangular uniform honeycomb panel (pinned 
at each corner and at midpoints of each side — 420-Hz, ver- 
tical resonant mode) 
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Fig. 11.   Complex space telescope resonant mode at 160-Hz 
vertical acceleration (z axis) 

360" 

Fig. 12.   Forward skirt — 57-Hz, lateral resonant mode 
(upper half of skirt unrolled 0-360 deg) 

The future holds virtually unlimited appli- 
cations for these systems. Time sharing, 
multiprogramming, firmware (or micropro- 
grams;, megacycle sampling rates, etc., are 
the developments which will bring about the 
universal trend toward the increased use of 
analog-digital data systems on everyday prob- 
lems. There are many applications of such 
systems, including on-line medical analyses 
of hospital patients; automobile engine trouble 
diagnosis; all tyres of environm      1 testing 
and monitoring; cil exploration; earthquake 
monitoring, analysis, and prediction; and on- 
line research and analysis of complex operations. 

One of the most important advantages of 
analog-digital data systems is their ability to 
be programmed to summarize and categorize 
thousands of information records into a few 
summary plots or ables so that management 
decisions can be made in timely fashion. In- 
creased use of data interpretation is needed 
since these systems can produce information 
faster than an army of engineers can digest it. 
Prevention of such an "information explosion" 
can be accomplished by using the system to 
make many important observations and deci- 
sions about the test results and present only 
summaries of the most interesting data. 
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Fig. 13.   Pressure distribution measured on the blade 
of a helicopter, averaged over three revolutions 
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DISCUSSION 

Mr. Smith (Martin-Marietta Corp.):  I can 
certainly see the usefulness of the computer, 
particularly with respect to mode shapes, where 
it applies to such things as panels. But, on the 
entire vehicle where the control system inter- 
acts and we need accurate definition of the mode 
shapes, what kind of accuracy can you have with 
a system calibrated in the fashion that you have 

described ? Can you give me some idea of the 
accuracy on the orthogonality of the modes ? 

Mr. Bozich:  I hope that people won't mis- 
understand what I meant by "mode shape." I 
put that in quotes because this system is not 
the true free vehicle. It is being driven, and the 
shape that we turn out is a resonant response 
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shape which includes the non-phase-related 
drivers.  For instance, if you had eight shak- 
ers that were slightly out of phase, this would 
show up in the shape. If you can drive the 
vehicle so that these shapes do represent the 
true mode shapes, then I would expect that the 
measured mode shape on the low frequencies 
should show the orthogonality conditions. 
Again, this is just a conjecture; I do not think 
it can b« proved in a real case. 

Mr. Smith: Do you know if oi thogonality 
checks have been performed on any of the 
modes? 

Mr. Bozich: There are none that I know 
of to date. We have had only this rectangular 
panel to work with but we would like to work 
on the problem further. 
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Demonstration of the structural capability of the Apollo command and service modules 
for withstanding flight environments necessitated extensive vibration test programs, of 
which a significant part was full-scale command module and service module acoustic 
tests.   Verification of vibration test requirements brought about several interesting prob- 
lems in flight test simulation.   Analyses and manipulations of the acoustic test data re- 
sulted in some unique Apollo vibration criteria and procedures.   The documentation of 
these techniques is considered important in the development of manned spacecraft vibra- 
tion criteria. 

At Apollo liftoff and during atmospheric flight, the command and service modules are ex- 
posed to intense noise which produces high-amplitude structural vibration.   The design 
and test vibration criteria for this environment were derived originally by analytical pre- 
diction methods.   Acoustic tests of the command and service modules structural test 
vehicles conducted in the North American Aviation, Inc., Los Angeles Division acoustic 
test facility demonstrated that the responses were generally greater than predicted and 
that increases in vibration test requirements were required in many cases. 

A brief narrative of the developments leading to the present vibration environment defi- 
nition for the command and service modules is presented.   The basis for the vibration 
environment initially defined is discussed; the acoustic test programs carried out on the 
command and service modules are described briefly; the vibration criteria redefinition 
resulting from the acoustic tests is examined; and data obtained from unmanned Apollo 
flights are presented. 

INTRODUCTION 

The Apollo spacecraft is designed to fly on 
the free world's largest rocket propulsion sys- 
tem.  Pressure fluctuations generated by these 
launch vehicles at liftoff and by aerodynamic 
flow during atmospheric flight produce severe 
structural vibration. The random aerodynamic 
excitation patterns and the complex structure 
of the spacecraft make accurate prediction of 
the vibratory response very uncertain. Initial 
vibration criteria were derived from analytical 
predictions and extrapolation of flight data from 
other programs. Subsequent refinements to 
these criteria have been obtained by ccndu"ting 
Apollo spacecraft acoustic tests and by acquir- 
ing flight acouevic and vibration data on three 
unmanned Apollo spacecraft. The spacecraft 

acoustic tests were conducted in the North 
American Aviation, Inc., Los Angeles Division 
(NAA LAD) acoustic test facility on command 
module (CM) and service module (SM) structu- 
ral vehicles with mass-simulated equipment. 
The response data obtained from these tests 
demonstrated the need for substantial increases 
in the vibration levels for much of the Apollo 
spacecraft and brought about a major requalifi- 
cation test program. 

This paper describes the Apollo spacecraft 
launch and boost vibration environment and the 
developments leading to the present Apollo vi- 
bration criteria. It discusses the use of ground 
acoustic tests to develop and substantiate quali- 
fication test requirements, and compares the 
ground test results with flight data. 
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SPACECRAFT 

The CM, the SM, and the spacecraft lunar 
module adapter (SLA) are shown in Fig. 1. The 
CM is the spacecraft control center, housing the 
flight crew, the equipment to control and moni- 
tor the spacecraft systems, and the equipment 
required for the comfort and safety of the crew. 
As seen in Fig. 2, the CM consists of two struc- 
tures, an inner pressure cabin of aluminum and 
an outer structure of stainless steel which sup- 
ports the ablative heat shield. Between these 
two structures are unpressurized compartments 
which contain the earth landing equipment and 
most of the CM reaction control system (RCS). 
Insulation is provided on the inner surface of 
the heat shields. 

cylinder. These beams support the 1-in.-thick 
honeycomb sandwich outer-shell panels.  The 
sectors between the radial beams are used for 
propellant tanks and equipment installation. 
The central cylinder and aft bulkhead support 
the SPS engine and two large SPS helium tanks. 

The SLA (Fig. 3) provided the structural 
connection between the SM and the launch vehi- 
cle. Its primary purpose is to house the lunar 
module (LM). The construction of the SLA con- 
sists primarily of attachment rings and honey- 
comb sandwich panels 1.7 in. thick. 

FLIGHT VIBRATION ENVIRONMENT 

Acoustic and Aerodynamic Fluctuating 
Pressures 

Launch Escape System 

CM SM Fairing 

Spacecraft LM Adapter 

During the atmospheric portion of an 
Apollo flight, the CM and SM structure is ex- 
posed to intense aerodynamic and acoustic ex- 
citation, which produces high-amplitude struc- 
tural vibration.  At liftoff, intense noise is 
generated in the turbulent boundary between the 
rocket engine exhaust and the surrounding at- 
mosphere and is radiated to the surface of the 
spacecraft. After liftoff, the radiated engine 
noise diminishes rapidly with time as the vehi- 
cle moves away from the reflective surface of 
the launch pad. The engine noise on the space- 
craft at liftoff is not as severe as the aerody- 
namic noise encountered later in flight, except 
on the aft portion of the SLA. As the spacecraft 
velocity increases, the aerodynamic excitation 
resulting from turbulent airflow over the space- 
craft surfaces increases. Near sonic velocity, 
airflow separations occur on the SM, causing 
a transient peak in the sound pressure levels 
(SPL's).  Beyond sonic speed, steady flow con- 
ditions are reestablished, with a resulting re- 
duction in the fluctuating pressure level.  How- 
ever, as the dynamic pressure increases, the 
fluctuating pressure levels again increase until 
another peak value is obtained near Mach 1.6. 
The noise levels then diminish as the spacecraft 
rapidly climbs out of the atmosphere. 

Fig. 1.   Apollo CM, SM, and 
SLA flight configuration 

The SM (Fig. 2) contains the service pro- 
pulsion system (SPS) engine and propellants and 
the SM RCS cryogenic storage provisions, fuel 
cells, etc.; it provides the support surface for 
space radiators for the electric power and en- 
vironmental control systems.  The SM consists 
of forward and aft bulkheads connected by six 
shear beams radially disposed about a central 

Command Module 

Data acquired from three fluctuating pres- 
sure transducers on an early Apollo boilerplate 
vehicle (BP-13) flown on a Saturn were used to 
formulate the CM aerodynamic noise criteria. 
The average one-third octave band SPL's of 
these data are shown in Fig. 4.  These maxi- 
mum levels occurred at approximately Mach 
1.55, near the max Q region, and compared 
favorably with data measured during wind- 
tunnel model tests. 
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Fig. 4.  CM external flight noise levels 

It was also necessary to determine the CM 
noise level during an abort at or near the max 
vj region as a special case of the atmospheric 
flight criteria. Data taken during abort tests 
were analyzed and used as the basis for the 
max Q abort levels shown in Fig. 4. The lower 
frequency portion of the abort spectrum shows 
little change, but in the higher frequency SPL's 
are increased because of the presence of the 
added turbulence generated by the launch es- 
cape system (LES) rocket motor exhaust im- 
pinging directly on the CM surface. 

Service Module 

A large quantity of aerodynamic noise data 
on the SM was obtained from wind-tunnel tests 
and boilerplate flights. A typical plot of over- 
all SPL vs body station is shown in Fig. 5. The 
general trend of the fluctuating pressure levels 
measured for Mach 1.6 is presented; local vari- 
ations from turbulent flow around protuberances, 
such as the RCS enciaes, are not included. The 
spectral characteristics of the noise data at 
various body stations were found to be similar. 

SERVICE 
MODULE 

"TO—IW 

SPACECRAFT LM ADAPTER 

900 .;00 

SPACECRAFT BODY STATION 

600 

Fig. 5     Variation of aerodynamic noise along 
Apcilo spacecraft, Mach 1.6 
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It was assumed that the Integrated vibration re- 
sponse of the SM was the result of a spatial 
average exterior sound pressure field instead 
of local pressures at any SM point. Reference 
[l] presents the analyses used in arriving at 
this assumption.  The overall spatial average 
SPL of 152 db was used as the SM external 
aerodynamic noise criteria lor the critical max 
Q condition. The spectrum derived for the SM 
aerodynamic noise criteria is shown in Fig. 6. 

The boilerplate flight data were also ana- 
lyzed to determine the spectral characteristic 
of the transient peak noise levei associated with 
flow separation near Mach 1. The spectral 
characteristic of this transient was found to be 
similar te that c! the max Q condition over most 
of the SM surfaCv area, exhibiting an average 
overall SPL 4 db higher than the max Q level. 
Therefore, the average noise levels associated 
with the Mach 1 transient condition were deter- 
mined to have the same spectral shape as the 
max Q condition and to have an overall SPL of 
156 db. 

Spacecraft LM Adapter 

Data from Apollo scale-model wind-tunnel 
tests were analyzed to determine SPL variations 
for the region of the SLA.  Comparisons were 
made for all recorded Mach numbers of the data 
from four transducers mounted on the model 
along the length of the SLA section. 

A time scale was constructed from nominal 
Saturn trajectory Mach numbers vs time. The 
resulting plot of the SLA overall SPL's vs time 
for the four test transducers, shown in Fig. 7, 

indicates that the peak aerodynamic SPL's for 
all SLA transducers occur at about 63 sec after 
liftoff or at Mach 1.0. Figure 8 presents the 
spatial average noise levels of the ore-third 
octave band SPL data for Mach 1, adjusted to 
the full-scale vehicle configuration. 

Vibratory Response Prea'.rtions 

Initial vibration criteria for the spacecraft 
were developed by analytical methods using data 
from other aerospace programs, scale-model 
wind-tunnel results, and accepted statistical 
techniques for predicting the vibration environ- 
ment of a vehicle exposed to an acoustic field. 
The primary prediction technique used was that 
developed by Mahaffey and Smith [2] from meas- 
ured vibrations of aircraft structure in jet- 
engine noise fields. This technique allows 
grouping of data according to the types of struc- 
ture from which they were obtained, and allows 
the vibration environment for each type to be 
defined in terms of percentile or confidence 
intervals.  The resulting spacecraft vibration 
criteria are presented in Fig. 0. 

VEHICLE ACOUSTIC TEST PROGRAM 

SM 007 Acoustic Tests 

The SM 007 acoustic tests were conducted 
on a production SM in the NAA LAD acoustic 
test facility.  Figure 10 is a diagram of the test 
setup.  For the SM test, equipment weighing 5 
lb or more was mass simulated except on the 
radial beams, where no mass simulations were 
included.   No attempt was made to represent 
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Fig. 6.   SM external acoustic spectra, max Q  flight 
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Fig. 7.   SLA exterior SPL variation during launch and boost 
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Fig. 8.   SLA  average external acoustic spectra, Mach 1 

wiring or plumbing except on the aft bulkhead. 
Mass simulations of the fuel cells and cryogenic 
tanks were attached to the basic equipment 
mounts.  The SPS propellant tanks were of 
aluminum construction and contained water, 
simulating a 20 percent fuel loa*4..  Acoustic in- 
sulation of the SM forward and aft bulkheads 
was used to reproduce end conditions of the CM 
to SM area and SM to SLA area.  A 2-g static 
load was Imposed on the SM to simulate the ac- 
celeration loading condition at max Q.  A total 
of 252 vibration response measurements were 
made on primary and secondary structures, 
and 15 microphones /ere positioned around and 
inside the SM. 

The SM 007 structure was exposed to 31 
sinusoidal and random acoustic tests that varied 
in overall SPL from 130 to 160 db.   Figure 11 
presents acoustic spectra for the highest noise 
levels obtained during the tests.  For compari- 
son, the predicted transonic and max Q fluctu- 
ating pressure spectra are also shown. The 
SM circumferential acoustic field was not uni- 
form, varying as much as 7 db. 

After the final test run, inspection revealed 
cracks in some of the radial beam shear webs 
and in some of the equipment support brackets 
of the RCS panels.  In addition, several broken 
tension straps between radial beam inner caps 
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were found.  No damage was found In the exter- 
nal panels or the forward and aft bulkheads. 
The vibration response of much of the SM 
structure was greater than predicted. The outer 
shell levels were 12 db over predicted levels, 
and the aft bulkhead and radial beam levels were 
8 to 10 db over those predicted. 

CM 007 Acoustic Tests 

The CM, which was subjected to acoustic 
tests, consisted of a spacecraft structure includ- 
ing forward compartment, crew compartment, 
and aft heat shield,, but utilizing cork in place 
of the forward and crew compartment heat 
shields and the ablative material.  All major 
components were either mass simulated or 
represented with prototype or mockup hardware. 
The quantity of the mass simulation was Insuf- 
ficient to allow definition of all equipment vibra- 
tion requirements without any further extrapola- 
tion of the recorded response data. 

The CM was oriented in an upright attitude 
in the NAA LAD facility and positioned on an 
acoustic closeout between itself and the facility 
floor. Figure 12 is a diagram of the test setup. 
Vibration responses were recorded at 129 

locations, and acoustic measurements were 
recorded at 12 positions around and inside the 
CM. 

The acoustic environment was imposed 
laterally from one direction and, as In the case 
of the SM, did not provide a uniform acoustic 
field around the test specimen. The maximum 
variation in one-third octave bands around the 
CM was 5 db.  The applied broad-band acoustic 
spectrum was developed froia the instrumented 
flights of Apollo boilerplate vehicles and from 
scale-model wind-tunnel test data.  Four tests 
were performed, varying In overall SPL from 
135 to 156 db.  The highest test levels are 
shown in Fig. 13, along with the expected max 
Q flight environment. 

No structural failures occurred in the CM 
as a result of these tests, and the resulting data 
generally substantiated the predicted primary 
structural response.  However, the Internal 
secondary structure responded approximately 
6 db higher, and the forward and crew compart- 
ment heat shields responded approximately 10 
db higher than predicted. Noise reduction prop- 
erties of the CM w-re measured and used to de- 
termine the maximum expected acoustic level of 
125 db in the crew compartment during flight. 

•   Extornol 

A iMvfnil 

NAA LAD Acoustic Tut Facility 

Acoustic Borrlor 
Simulation of Sorvlco Modulo 

Fig. 12.   CM 007 acoustic test setup 
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Follow-on Tests 

As a result of the high SM vibration re- 
sponses and fatigue failures of the SM elements, 
several acoustic tests were performed on an- 
other SM. These tests were performed to assess 
the effectiveness of varying mass loading on spe- 
cific areas of the SM and to evaluate the radial 
beam shear web response characteristics when 
loaded with different configuration* of damping 
tape. This SM (006) was complete as to basic 
structure, except boilerplate SPS fuel and oxi- 
dizer tanks were substituted and all equipment 
and supporting structure were omitted. Fuel 
and oxidizer tank loads were simulated with 
water, and the max Q iiertial loading (2 g) was 
simulated with a static loading fixture. Nine 
tests were performed, each in excess of 2 min. 
The first test run was conducted with an overall 
acoustic level of 128 db, the second run at 138 db, 
and the remaining seven runs were carried out 
at 143 db. 

The responses from the SM 006 tests were 
slightly lower than the responses of the SM 007 
tests, but generally substantiated the previous 
results. The addition of damping tape to the 
thin webs of the radial beams was effective to 
the extent of mass added, and the addition of 
masses to these webs produced response reduc- 
tions from 6 to 15 db, depending upon the mass 
amounts.  However, the additional mass added 
to the webs had very little effect on the response 
of the beam caps or surrounding structure. Ad- 
dition of mass to the SM shelves and bulkheads 

resulted in considerable attenuation at frequen- 
cies in excess of the members' fundamental 
frequency. During these tests, no failures of 
the radial beam shear webs or other compo- 
nents occurred. Subsequent fatigue testing of 
the radial beams indicated that the radial beam 
fatigue strength was satisfactory to perform 
the designed missions and that the failures ex- 
perienced during the SM 007 testing were un- 
realistic with respect tc flight conditions be- 
cause of excessive test time at nonrepresentative 
mass loaded conditions. 

TEST DATA EVALUATION AND 
DERIVATION OF THE REVISED 
VIBRATION ENVIRONMENT 

The acquisition of data from the CM 007 and 
SM 007 acoustic tests and the resulting revisions 
to the spacecraft vibration environment were 
accomplished after the equipment qualification 
test program was well underway.  The revised 
vibration environment was devised as follows: 

The CM, SM, ard SLA were divided into the 
following zones: 

Command Module 

Forward and crew compartment heat 
shield 

Crew compartment inner structure 
side walls 

Aft heat shield 
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Aft equipment compartment 
Main display console 
Left-hand equipment bay 
Right-hand equipment bay 
Crew support system 
Main display console 
Lower equipment bay 
Forward bulkhead 
Crew compartment inner structure 
Aft bulkhead 

Service Module 

Outer shell 
RCS quadrant panels 
CSM fairing 
Forward bulkhead 
H2 tank shelf 
Upper 02 tank shelf 
Lower 02 tank shelf 
Radial beam caps 
Radial beams 
Helim pressure panel 
Helium tank 

Spacecraft Lunar Module Adapter 

Outer shell forward of LM attachment 
frame 

Outer shell aft of LM attachment frame 

The large number of zones was chosen to pro- 
vide greater flexibility and to minimize impact 
to the equipment vibration qualification test 
programs. 

Data recorded during the acoustic tests 
were reduced to narrow-band acceleration spec- 
tral density curves. These data had to be scaled 
to the maximum expected flight conditions be- 
cause the test facility was unable to match the 
flight conditions, as shown in Fig. 13, and be- 
cause the data from some of the lower level 
test runs had to be used in the criteria defini- 
tion of some zones. In some cases, it was nec- 
essary to scale the data at particular frequen- 
cies as much as 25 db.  Normally, scaling 
vibration response in this manner produces 
conservative results, since structural nonlin- 
ear ities tend to limit the structural response. 
The scaled data were grouped into composites 
according to the zonal descriptions above.  The 
vibration criteria, in general, represent the en- 
velope of the composite for the given zone. 
However, narrow spectral peaks that protruded 
up to 3 db above the spectral envelope were al- 
lowed to be "clipped" by this envelope, provided 
that the rms g value of the envelope was equal 
to 1.5 times the rms <j value of the composite 
plot. Figure 34 presents a typical SM zone with 
corresponding envelope of the range of adjusted 
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Fig.  14.   Typical vibration  specification 
derivation, SM  forward bulkhead 
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data p>=tud for the max Q flight condition. A 
comparison of this method of enveloping data 
and the statistical analysis of a large quantity 
of Titan data indicated that this method produced 
levels which were approximately equal to the 
90th percentUe probability of the Apollo test 
data. 

Two vibration levels, A and B, were derived 
for the SM and SLA. Level A criteria repre- 
sented the max Q portion of the flight, while the 
level B criteria represented the higher excita- 
tion associated with the transient flow separa- 
tion near Mach 1. The durations were defined 
for the purpose of testing as 140 sec for level A 
and 10 sec for level B. The total test duration 
of 150 sec was derived from the flight time, 
which was established as the time that a space- 
craft would be exposed to SPL's in the range 
10 db down from those expected at max Q. This 
exposure duration was then increased by a fac- 
tor of 1.5 to obtain the 150 sec. 

The CM vibration criteria were also speci- 
fied at two levels, one representing max Q flight 
and the other representing excitation expected 
during an abort at max Q using the LES. The 
test time for the max Q condition was set at 140 
sec, and the abort condition was defined at 
10 sec. 

The vibration environment for the SLA was 
determined from SM 007 outer shell response 
data scaled to the predicted SLA acoustic levels. 
These adjusted SM 007 data were enveloped and 
reduced 6 db to compensate for the increased 
mass per unit area of the SLA panels as com- 
pared with the SM 007 outer shell panels. 

FLIGHT VIBRATION DATA 
EVALUATION 

A large number of vibration measurements 
were acquired during the A-004 LEG develop- 
ment flight of CSM 002 at NASA's White Sands 
Missile Range using the Little Joe II launch 
vehicle. Since A-004 was flown at a lower 
maximum dynamic pressure than the expected 
design limit, some scaling of the data was re- 
quired. From Fig. 15, it can be seen that the 
A-004 dynamic pressure was 635 psf at Mach 
1.6; the Saturn max Q, which is considered to 
be the design limit condition, is 800 psf. In 
addition, A-004 was flown at an angle of attack 
of 4 deg, whereas the design limit condition is 
0 deg.  Therefore, the acoustic excitation levels 
for A-004 that occurred at Mach 1.6 can be 
shown to be approximately 2 db lower than the 
design limit condition. 

The internal vibration data measured on 
CM 002 were linearly adjusted to compensate 
for differences in fluctuating pressure level 
and were found to compare favorably with the 
CM vibration criteria. However, the vibration 
levels on the crew compartment heat shield 
were found to exceed the CM 007 test-derived 
vibration levels. All of the crew compartment 
heat shield data were reassessed, and revised 
vibration cirterla were developed by enveloping 
composites of the flight data. 

One usable fluctuating pressure measure- 
ment was made on the A-004 SM, The spatial 
average of all the measured Apollo wind-tunnel 
and boilerplate flight data for the forward end 
of the SM was determined, and the comparison 
of this spatial average and the A-004 measure- 
ment is shown in Fig. 16. The A-004 measured 
SM vibration levels were then increased by the 
difference between the two spectra shown in 
Fig. 16 to determine the design limit vibration 
condition. 

The vibration data from eight measure- 
ments on the A-004 SM outer shell were en- 
veloped, as shown in Fig. 17.  The conservative 
shape of the envelope above 400 Hz was to com- 
pensate for the telemetry channel limitations. 
This envelope was then raised by the SPL dif- 
ferences of Fig. 16.  Next, data measured dur- 
ing the SM 007 tests at eight locations similar 
to the A-004 SM measurements were also en- 
veloped. The difference in the outer shell re- 
sponse envelope using data from all 180 SM 007 
measurements and the data from SM 007 loca- 
tions that were similar to the A-004 SM loca- 
tions, as shown in Fig. 18, was determined to 
be the difference in response criteria based on 
a large and small data sample. This difference 
was added to the scaled A-004 SM outer shell 
data to produce vibration criteria that were 
representative of a larger sample of data. 
Since it was generally believed that the excita- 
tion of both primary and secondary structure 
was induced by mechanical excitation from the 
SM outer shell, the difference between the SM 
007-derived outer shell criteria and the A-004 
SM modified outer shell criteria was applied to 
each SM zone to develop the final SM zonal vi- 
bration criteria. 

Flight vibration levels recorded on AS-201 
(CSM 009) consisted of only one SM and four 
CM broad-band vibration measurements.  Six 
other SM vibration measurements were obtained 
over standard IRIG telemetry channels, but were 
restricted to frequencies below 300 Hz and were 
of limited value.  The AS-201 CSM vibration 
levels, when adjusted for differences in max Q, 
were generally lower than those measured on 
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A-004 CSM.   Because of the limitations of 
these data, no change was made to the CM 
or SM criteria. 

Three measurements on the AS-201 SLA 
indicated that the vibration responses at liftoff 
were generally higher than predicted and higher 
than during subsequent transonic or max Q flight. 
Descriptions of these recorded flight spectra 
are included in Ref. [3]. Revised SLA vibration 
criteria were constructed from an envelope 
of the highest aerodynamic vibration re- 
sponses (level A), and from an envelope of 
the vibration responses at liftoff (level B). 
The maximum vibration levels did not occur 
on the SLA during transonic flight, but instead 
occurred at liftoff.   Therefore, for the SLA, 
level B was redefined as a liftoff vibration 
criterion. 

The vibration instrumentation used on 
AS-202 (CSM Oil) was essentially the same 
as on CSM 000, except for the relocation of 
five broad-band vibration measurements from 
the CM interior primary structure to the 
guidance and navigation base and main dis- 
play panels.   The AS-202 flight vibration data, 
after being adjusted for differences in dy- 
namic pressure, confirmed the AS-201 data. 
Accordingly, no changes to the CSM or SLA 
vibration criteria resulted from the AS-202 
flight. 

CONCLUSION 

This paper describes the contribution made 
by vehicle acoustic tests in the development of 
the present Apollo spacecraft launch and boost 
vibration environment. The importance of the 
CM and SM 007 acoustic tests must be stressed, 
since these vehicle tests provided necessary in- 
sight for evaluating the complex impedance en- 
vironment and the intricate CM and SM struc- 
tural response.  The zoning, scaling, and enve- 
loping techniques employed in analyzing the test 
results provided sufficient margin to account 
for unknown factors, such as the relative effec- 
tiveness of aerodynamic and acoustic noise in 
inducing vibration in the Apollo structure and 
the effects of variation in launch trajectories. 

The revised vibration criteria derived from 
these acoustic tests generally represented in- 
creases in vibration levels. Flight data obtained 
after the vehicle acoustic tests indicate that the 
revised vibration criteria were sufficient to rep- 
resent the Apoilo design limit flight environment. 

The inadequacy of existing analytical pre- 
diction techniques for providing accurate defi- 
nition of the vibration environment for the Apollo 
CM, SM, and SLA structure must be under- 
scored.  Early predictions were as much as 10 
db less than measured flight vibration environ- 
ments, and only the vehicle-level acoustic tests 
provided the means for defining adequate vibra- 
tion criteria. 
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DISCUSSION 

Mr. Morse (TRW Systems):   I notice that 
you had about 13 zones in each of the areas. 
How many locations did you instrument to dif- 
ferentiate these zones ? Also, were the spectral 
shapes as well as the levels different for each of 
these zones ? In other words, did you have to de- 
velop 13 or 26 different spectra and levels for the 
equipment that goes in the different areas ? 

Mr. West:   There was much instrumenta- 
tion on these acoustic tests.  In the case of the 
service module about 195 measurements were 
made, and about 125 on in the command module. 
We did have to develop criteria for each one of 
these zones, because they did differ in spectral 
distribution as well as in level. 
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DEVELOPMENT AND VERIFICATION OF THE APOLLO 

LUNAR MODULE VIBRATION TEST REQUIREMENTS 
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Bethpage. New York 

The Apollo lunar module (LM) size, weight, and configuration have given rise to 
problems in determining equipment vibration requirement« and in verifying struc- 
tural adequacy for anticipated mission environments.   The application of large- 
scale vibration testing has played a prominent part in qualifying the LM for its in- 
tended mission. 

The LM is subjected to mechanical excitation from on-board engine firings and 
from acoustic excitation during launch and boost.   The LM engine firing conditions 
were simulated by replacing the ascent stage and descent stage engines with vibra- 
tion test fixtures and applying shaped random excitation.   Simulation of the LM 
launch and boost vibration environments required use of the unique vibration and 
acoustic test facility at the Manned Spacecraft Center (MSC), Houston, Texas. 
Testing in this facility resulted in expeditious certification of the LM structure and 
allowed completion of the necessary equipment qualification testing. 

The initially predicted LM vibration and acoustic environment is described, and the 
LM structural vehicle vibration test program is outlined.   A brief account of the 
LM dynamic tests conducted at MSC and the data evaluation are presented.   Test 
results are compared with original predictions, and the effectiveness of the venicIt- 
dynamic test program in certifying the LM for its intended mission is examined. 

INTRODUCTION 

The Apollo lunar module (LM) spacecraft 
must withstand severe vibration environments 
during earth launch and boost and during lunar 
descent and ascent flight.  The complex configu- 
ration of the LM has made the prediction of vi- 
bration requirements and the demonstration of 
structural adequacy a difficult endeavor.  Deri- 
vation of the LM vibration criteria began with 
analysis of Apollo scale-model wind-tunnel 
unsteady-pressure data and predictions of pri- 
mary structure response.  Refinement and 
verification of the vibration predictions were 
accomplished with vehicle-level dynamic tests. 

Simulation of the vibration environment 
required test programs that provided both 
mechanical and acoustic excitation of the space- 
craft.   Vehicle-level vibration tests to simulate 
LM rocket engine excitation were conducted at 
Grumman Aircraft Engineering Corporation 
(GAEC), Bethpage, New York; acoustic tests to 

simulate launch and boost were conducted in the 
unique facilities at the Manned Spacecraft Cen- 
ter (MSC), Houston, Texas. 

This paper examines the development of 
the LM vibration criteria from initial predic- 
tions to existing specifications.  Data evaluation 
and significant observations from the vehicle 
dynamic test programs are briefly discussed, 
and the effectiveness of the LM vehicle vibra- 
tion test program in satisfying qualification 
test objectives is presented. 

SPACECRAFT 

The LM vehicle shown in Fig. 1 consists of 
a descent stage and a separate ascent stage in- 
terconnected at four points.   The basic descent 
stage structure is a 65-in.-deep cruciform con- 
sisting of a central engine compartment and four 
propellant tank compartments.   The four land- 
ing gear legs are mounted on four member 
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Fig. 1.   Apollo lunar module 

trusses which also act as supports when the 
vehicle is inside the spacecraft LM adapter 
(SLA) during launch. Auxiliary equipment, 
such as helium and oxygen tanks and the Apollo 
lunar surface exploration package, are mounted 
in the four quadrants of the descent stage cruci- 
form. The ascent stage is constructed of two 
cylindrical sections capped by forward and aft 
machined bulkheads, with a major intermediate 
bulkhead separating the crew area from the aft 
cabin. The ascent engine is mounted from the 
midsection floor. Two spherical propellant 
tanks are supported from bulkheads, principally 
by struts. Much of the electronic equipment is 
located in the aft equipment bay airf is mounted 
on a vertical rack supported by struts that ex- 
tend off the rear bulkhead. 

LAUNCH AND BOOST EXCITATION 

The LM is exposed to both low-frequency 
mechanical vibration and high-frequency acous- 
tic excitation during liftoff and atmospheric 
flight.  Mechanically induced vibration trans- 
mitted from the SLA panels through the support 
trusses Is limited to low-frequency vibration 
amplitudes. Above 12 Hz, the LM vehicle is 
effectively decoupled from the SLA and experi- 
ences only high-frequency acoustic excitation. 
The induced LM high-frequency vibration is 

closely related to the SLA internal acoustic 
environment. These noise levels follow the 
typical rocket booster flight p/ofile of decreas- 
ing rapidly after liftoff and then Increasing to a 
peak near Mach 1, as presented in Fig. 2. These 
external noise levels Induce SLA panel vibration, 
which generates a quasi-reverbei ant acoustic 
field inside the SLA. The Internal SLA aotae is 
considered to be the most significant source of 
LM excitation. A detailed discussion oi the 
mechanics of internal SLA noise generation is 
presented in Ref. [l]. 

Initial estimates for the LM launch and 
boost acoustic environment were based on un- 
steady pressure measurements obtained from 
scale-model wind-tunnel tests and from early 
Apollo boilerplate flights. The SLA external 
noise levels presented in Fig. 3 were the re- 
sults of these early analyses. It is assumed 
that the LM spatial average peak external 
acoustical levels would produce vibration re- 
sponses similar to tho. e experienced by upper 
stages of launch vehicl■ ?. Following this as- 
sumption, the LM vibration levels for the 
ascent and descent stage structures, presented 
in Fig. 4, were predicted using procedures 
derived by Barrett [2]. These procedures allow 
extrapolation of a large number of vibration 
measurements compiled on launch vehicles to 
any dynamically similar structural configuration, 
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and account for variations In acoustic levels, 
mass density of structural members, and com- 
ponent weight on supporting structure.  In addi- 
tion, these levels were supplemented by the 
vibration requirements of Military Standard 810 
[3], and those defined by North American Avia- 
tion, Inc., for the Apollo command module. The 
resulting LM criteria were a composite of these 
requirements. It should be noted that many LM 
equipment items, such a" valves, regulators, 
and switches, were ass Ik** .1 a vibration test 
requirement before a definite LM location was 
known. These vibration levels were derived 
from Military Standard 810 and were specified 
approximately 10 db higher than primary struc- 
ture requirements to compensate for unknown 

amplification resulting from mounting config- 
uration. 

ENGINE-INDUCED EXCITATION 

The LM spacecraft also experiences vibra- 
tion Induced by the LM ascent and descent stage 
rocket engines and the reaction control system 
(RCS) engines.  Figure 5 presents the Initially 
predicted vibration requirement for these engine 
firing simulations.  Originally, a mathematical 
model of the LM, consisting of about 140 degrees 
of freedom for half of the vehicle, was derived. 
Unsteady thrust values determined from the LM 
engine test-stand firings were applied as a 
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forcing function to this model. The resulting 
vibratory motion on various portions of the 
vehicle was calculated, and an envelope drawn 
to cover all but the responses at the engine 
support points. This analysis was adequate up 
to about 100 Hz for the descent stage configura- 
tions and up to about 250 Hz for the ascent stage 
configuration.  Levels above that frequency 
were obtained by extrapolating to 2000 Hz. 

VEHICLE VIBRATION AND 
ACOUSTIC TEST PROGRAM 

To verify the predicted vibration require- 
ments, a structural prototype vehicle (LTA 3) 
was subjected to tests which simulated the in- 
duced vibration during the various mission 
phases.  This vehicle included mass simula- 
tions of all flight hardware weighing more than 
20 lb and all those known to be susceptible to 
vibration. In addition, models of the navigation 
sensors, mounted on the top of the forward por- 
tion of the ascent stage, and elements of the life 
support system, mounted in various cabin loca- 
tions, were also included. All tanks were filled 
with referee fluids and were at weights repre- 
sentative of the proper flight conditions.  Main 
engine prcpellant lines and representative sets 
of RCS lines, water glycol lines, and repre- 
sentative wiring harnesses were included. Be- 
cause of safety limitations, propellant lines 
were pressurized to only 50 psl, about 20 per- 
cent of normal operating pressure. 

A total of 540 accelerometers were used so 
that vibration environments could be determined 
directly for a majority of the equipment. In this 
test program, emphasis was placed on defining 
Individual equipment requirements rather than 
defining a zonal representation.  Most measure- 
ments were made at tine Interfaces between sup- 
port structure and equipment, and some were 
made on control panels and tanks. The large 
number of measurements required a series of 
repeated test runs in many of the configurations 
since the capacity for recording vibration data 
was limited.  Prior to each run, the correct 
accelerometer range setting was determined by 
a full-level test run for 10 to 15 sec and im- 
mediate data reduction and review. About one 
third of the acceierometers were located on 
primary structure, and the rest were on sec- 
ondary structure. Strain gages were mounted 
on the struts supporting the LM in the SLA and 
on the supports that attach the LM engines to 
the primary structure. 

LM Engine Firing Simulation 

Figure 6 shews the LTA 3 vehicle mounted 
for the engine-induced vibration tests. The 

Fig. 6. Configuration of LTA 3 
during vibration tests, engine 
firing simulation 

oscillating forces applied for the descent en- 
gine were determined from measured loads on 
the engine gimbal ring during tept firings. Dif- 
ferences In dynamic characteristics of the en- 
gine test stand and the vehicle were resolved 
by conducting exploratory sinusoidal tests of 
LTA 3 before the measured forces were ap- 
plied. The force spectra for the ascent engine 
were most difficult to determine because the 
data recorded during test-stand engine firings 
had a very low signal-to-noise ratio. There- 
fore, conservative values were adopted for the 
magnitudes of the forces, and were adjusted by 
the spectra measured on the injection head of 
the test-stand engines.  The RCS engines are 
located in clusters of four thrusters supported 
by struts off the primary structure. There are 
two forward clusters and two aft clusters.   Vi- 
bratory forces were also applied to the RCS 
cluster mounting struts to determine the in- 
duced accelerations.  These forces were deter- 
mined from load time histories measured when 
the RCS thrusters were firing on a very rigid 
stand. Random vibration, used to represent the 
unsteady portion of the force, was combined 
with low-frequency sinusoidal vibration in the 
range expected to be excited by the pulsing 
nature of these thruster firings. 
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The maximum ascent stage vib: itioa, re- 
sulting front ascent engine firing excitation, 
produced equipment responses in a few areas 
that were higher than predicted. Over portions 
of the frequency range, vibration requirements 
for the ascent engine firing condition had to be 
increased for about 15 Items, mostly those 
mounted close to tht engine.  Ascent stage re- 
sponse to descent engt le excitation was less 
than predicted, and there appeared to be less 
actual transmission between stages than orig- 
inally estimated. The naximum response in 
the descent stage, resulung from descent en- 
gine inputs, was representative of predicted 
values.  Vibration induced by the RCS thrusters 
was significant only for certain display panels 
in the forward area of the cabin, and for some 
components in the aft equipment bay. The data 
obtained from these tests permitted reductions 
in vibration requirements for much of the LM 
equipment. 

Launch and Boost Simulation 

The launch and boost low-frequency me- 
chanical vibration and high-frequency acoustic 
excitation are generally more severe than the 
engine firing vibration conditions. Some equip- 
ment located near the LM engines experiences 
high vibration during engine firing conditions, 
but most of the LM structure and equipment 
have higher responses during launch and boost. 
Therefore, accurate simulation of the launch 
vibration environment was a necessary part of 
the LM certification program. 

For the low-frequency tests, the LTA 3 
was mounted on the lower portion of the SLA, 

which was supported on a Saturn instrument 
unit (IU) as shown in Fig. 7. Shaker forces 
were applied to a large structural base ring 
which supported the iJ. The launch and boost 
vibration tests consisted of sine sweeps of 4 to 
20 to 4 Hz, with the motion of the LM primary 
structure and the LM-SLA outrigger attachment 
points limited to 0.2-In. double amplitude. The 
location of the controlling transducers was 
based on low-level mode surveys conducted 
previously. Figure 8 indicates typical maxi- 
mum velocities measured during excitation of 
one axis. As was expected, the maximum con- 
trol point at low frequencies was on the vehicle; 
above 12 Hz, It was on the outrigger attachment 
points. A typical example of the shaker force 
required to generate these responses is shown 
in Fig. S. Also plotted on these curves are the 
measured forces applied to LTA Z from the 
calibrated outrigger struts.  The main differ- 
ences between the force curves occur above 12 
Hz. These differences can be explained by not- 
ing that the test control procedures required a 
constant displacement on the LTA3-SLA con- 
figuration, and higher accelerations and forces 
were induced by the shakers into the SLA base 
as the frequency increased. The higher input 
forces did not produce increased loads on LTA 3, 
since the test vehicle it essentially isolated 
from the SLA above 12 Hz. 

The high-frequency launch and boost acous- 
tic tests of the structural prototype were con- 
ducted in the NASA MSC Spacecraft Acoustic 
Laboratory. Figure 10 is a diagram of the test 
configurations. Detailed descriptions of the facil- 
ity design and operation are contained in Ref. [4]. 

Selection of the test acoustic spectrum and 
control pattern was difficult because of the lack 
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of appropriate flight acoustic data and because 
of uncertainties in the response of the test 
structure to the pattern of applied acoustic 
pressures generated in the facility. In partic- 
ular, there was concern that the difference in 
spatial correlation characteristics between the 
test facility and the actual launch vehicle might 
prevent adequate simulation of the environmen- 
tal vibration. This problem is described in 
detail in Refs. [l] and [4]. It was necessary to 
base the test control on flight vibration data, 
since no actual SLA flight acoustic data were 
available.  The control procedure that finally 
evolved was to adjust the applied external SLA 
fluctuating pressures so that the responses 
measured on three SLA accelerometers during 
the test would match a maximum envelope 
determined from flight data measured at the 
same locations during Apollo spacecraft flights 
AS-201 and AS-202.  The SLA flight vibration 
levels were adjusted to account for the antici- 
pated differences m the liftoff acoustic and 
aerodynamic noise generated by Saturn IB and 
Saturn V launch vehicles, and k was these ad- 
justed vibration levels that were generated on 
the test SLA. 

The acoustic tests were conducted in three 
parts to allow all the required data to be 

recorded.  Between high-level test runs, before 
repatching Instrumentation for the next run, all 
recorded data were played back on oscillographs 
and reviewed for adequacy. 

DATA EVALUATION AND 
OBSERVATIONS 

The recorded data from all accelerometers 
were reduced to acceleration spectral density 
plots, which were then grouped into composites 
to represent the environment for each item of 
equipment on the vehicle.   Envelopes were 
drawn through the composites so that no narrow- 
band spectrum peaks were clipped more than 
3 db.   Figure 11 presents a typical LM equip- 
ment envelope requirement. Note that minimum 
vibration requirements were specified no lower 
than 0.005 g2/Hz. 

Response data from the low-frequency tests 
were reviewed to establish equipment vibration 
test requirements.   The maximum equipment 
displacement criteria, resulting from this test, 
were about 2.5 times the response control level. 
The data review al so revealed that some pri- 
mary structure points responded with motions 
greater than the control limit.  The placement 
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of the control transducers was based on the 
results of the low-level modal surveys, in which 
the vehicle support conditions were somewhat 
different.  This may account for the discrepancy 
between estimated and measured maximum mo- 
tion locations. 

Sinusoidal test requirements up to 100 Hz 
were determined from the maximu.n random 
level in the ranee between 20 and 100 Hz by 
calculating a sine input wnich would give the 
same peak response as the three- sigma ran- 
dom response when calculated for a . ingle- 
degree-of-freedom system.  This sinusoidal 
requirement was maintained as a part of the 
qualification test because it avoids random 
testing difficulties at low frequencies and it 
provides additional assurance of adequacy under 
the anticipated environment. 

A comparison of the original LM primary 
structure estimates with envelopes of primary 
and secondary structure, obtained from the 
acoustic tests, is shown in Fig. 12.  The pri- 
mary structure composite shown is from an 
envelope of 75 vibration measurements made 
on the ascent stage.  Fifteen measurements (20 
percent) exhibited narrow-band peaks that 

exceeded the original requirements by more 
than 1 db.  Twenty percent seems like a large 
number, and had not been anticipated.   How- 
ever, when the acceleration spectral density 
plots wt re subdivided into 50-Hz intervals and 
compared with the predicted criteria, only 1 
percent of all the 50-Hz bandwidths were higher 
than the original primary structure estimates. 

The envelope drawn for secondary struc- 
ture, in Fig. 12, was from a composite of 282 
ascent stage measurements.   Note that the dif- 
ference between primary and secondary struc- 
ture envelopes is small and indica'es little dif- 
ference between maximum motion points. 

The only common characteristic notable in 
all of the vibration data from the ascent stage 
and descent stage data was a peak in almost all 
plots at about 40 Hz.  This corresponds to one 
of the higher frequency modes measured in the 
launch and boost configuration.   At higher fre- 
quencies, there are larger differences in the 
vibration environment in various locations. 

An interesting and somewhat disconcerting 
phenomenon encountered during the low- 
frequency launch and boost tests was a definite 
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tion   criteria  with   LTA  3  acoustic   test data 

high-frequency content noted in many of the ac- 
celeration signals. To determine whether the 
high-frequency response was being generated 
within the measuring instrumentation, acceler- 
omoters were physically removed from the 
structure and left in place on isolators with no 
change in the connecting cables. A review of 
the output of these disconnected accelerometers 
indicated large reductions in high-frequency 
content compared with runs made when they 
were mounted on the structure. Apparently, 
the high-frequency acceleration resulted from 
phenomena associated with panel buckling or 
impacting of various adjacent structural ele- 
ments. It is believed that this high-frequency 
response to low-frequency excitation was suf- 
ficiently accounted for during the high- 
frequency acoustic tests. 

Several design changes were implemented 
as a result of the vibration tests on LTA 3. On 
the ascent stage, the bonding technique used to 
mount thermal shield supports was altered as 
a result of poor adhesion and failure during the 
test.  The end covers on the aft equipment rack 
rails were redesigned because cracks were 
found after the LTA 3 vibration and acoustic 
tests, although metallurgical analysis indicated 
that stress corrosion probably caused the fault. 

The major change on the descent stage was an 
increase in skin gage in the beam panels. The 
type of attachment used for the thermal shield- 
ing support straps was also changed. 

The resulting random-vibration equipment 
test requirements were higher than those ini- 
tially estimated on 40 items of equipment out of 
a total of about 250. Since much of the equip- 
ment had not yet been qualified, the results 
were used to change requirements without 
specifying additional tests. In some instances 
where equipment had not yet completed sched- 
uled overstress testing, an additional over- 
stress test became a necessary requirement to 
qualify equipment. 

CONCLUSION 

TheApolio lunar module spacecraft is an ex- 
tremely complex dynamic structure. Prediction 
of the LM vibration environment by use of ana- 
lytical or empirical methods employed on ^.ther 
spacecraft programs was very uncertain. There- 
fore, conservatism was included in ths definition 
of equipment test requirements to compensate 
for this uncertainty and to allow necessary mar- 
gins of safety for a man-rated spacecraft. 
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Refinement of the original LM vibration 
estimates could only be accomplished with 
vehicle-level dynamic tests.  The primary fac- 
tors in achieving these vehicle tests were ac- 
curate definition of the LM excitation environ- 
ment and available facilities in which to conduct 
the tests.  At the time of the LTA 3 test pro- 
gram, SLA response data had been measured 
on two successful unmanned flight vehicles, and 
L" engine excitation levels had been acquired 
fi jm test-stand firings to provide authentic 
engine-firing vibration input levels. The GAEC 
test facilities were adequate to supper. LTA 3 
for the LM engine simulation tests, and ihe MSC 
acoustic facility provided the necessary control 
flexibility to generate the SLA flight response. 
Therefore, the LM test program relied largely 
upon vehicle-level vibration tests, with empha- 
sis directed toward acoustic testing in the MSC 
facility. This procedure was a highly desirable 
approach, since accurate simulation of the SLA 
panel flight response was neceesary to generate 
the acoustic forcing function of the LM. It is of 
interest to note that the LM structural response 

to descent engine firing as determined on the 
LTA 3 has been confirmed by recent propulsion- 
structural tests in the high altitude chamber at 
the MSC White Sands test facUity. 

The large number of vibration measure- 
ment locations used for these vehicle tests was 
selected so that individual equipment vibration 
test requirements could be derived. Since the 
LM is not easily subdivided or broken down into 
zoned vibration criteria, this procedure allowed 
detailed definition of all LM equipment vibra- 
tion levels. 

Comparison of the vehicle test results with 
initial LM vibration predictions shows the un- 
certainty in the original prediction techniques. 
The apparent difference points up the justifica- 
tion for vehicle-level dynamic tests. The tech- 
niques used in developing the LM vibration 
criteria should provide insight for future vibra- 
tion test programs of large, structurally com- 
plex spacecraft. 
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The major factor governing design of rocket-vehicle secondary structure and com- 
ponent parts is the low- and mid-racpe frequency response of the primary struc- 
ture shell to acoustic excitation associated with engine and aerodynamic noise. 

Until recently, laboratory simulation of these imposed acoustic environments has 
been impossible because of facility size and power limitations.   However, recent 
advances in facility capability have provided means by which full-sized assemblies 
can be exposed, in ground test, to simulation of vehicle boost vibration and acoustic 
environments.   Marshall Space Flight Center has made extensive use of these capa- 
bilities in ground-test developmental programs on S-II, S-IVB, and instrument unit 
assemblies and subassemblies.   Presented are:   (a) a summary of these tests; (b) 
the philosophy of the utilization of assembly tests; (c) methods of establishing test 
environments; (d) advantages and limitations of this type of testing; (e) a compari- 
son of test results to other types of ground tests and flight environments; and (f) 
conclusions, derived from these comparisons, on the usefulness and validity of this 
type of ground test. 

INTRODUCTION 

During liftoff and flight, rocket vehicle 
structures are subjected to considerable noise- 
generated vibration. The Saturn V vehicle, 
being developed for manned space exploration, 
is the largest and most powerful of the present 
generation of booster vehicles.  The 7,500,000 
lb of thrust produced by the five F-1 engines 
burning on the first stage (S-IC) of the Saturn V 
generate over 200,000,000 acoustic watts of 
energy. This sound field and the aerodynamic 
noise of transonic flight develop approximately 
90 percent of the vibratory forces present in 
the upper stages of the vehicle. The other 10 
percent is produced by mechanical energy 
transmitted through the structure (see Fig. 1). 

While both the engine-generated noise and 
aerodynamic noise are described as acoustic, 
their characteristics differ markedly.  The 
pressure fluctuations produced by the F-1 en- 
gine Jetstream turbulence are predominately 
low frequency (peaking below 100 cps as shown 
in Fig. 1), directional, and highly correlated, 

and they affect large sections of the vehicle. 
The aerodynamic noise caused by shock oscil- 
lations at transonic speeds, separation at 
supersonic speeds due to shock/boundary-layer 
interaction, and turbulence in the boundary 
layers at maximum dynamic pressure is higher 
in frequency, much less correlated, and a less 
effective vibration exciter.  There is insufficient 
energy to drive primary structure.  Because of 
these characteristics, the structural effects are 
more localised.  The engine noise predominates 
during ignition, liftoff, and the early boost 
phases of flight, and the aerodynamic noise 
reaches a maximum during Mach 1, max Q 
flight. 

The forcing environment affecting vehicle 
vibration then can be spectrally separated by 
the dynamics engineer into two areas of 
importance: 

1.  Low-frequency vibration ('^300 cps) — 
affecting large areas of the vehicle primary and 
secondary structure; 
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Fig.  1.   Sources of vibration 

2. High-frequency vibration (>300 cps) - 
affecting localized areas of the vehicle structure. 

It should be recognized that this separation 
is a broad generalization and that there is con- 
siderable spectral overlap in both areas. The 
structures tested to date characteristically 
locate the dividing line around 300 cps. This is 
graphically demonstrated in Fig. 2, which com- 
pares primary structural responses measured 
during acoustic and random mechanical vibration. 
The left-hand graph shows the response to acous- 
tic excitation, while the right-hand graph com- 
pares the response to broad- and narrow-band 
mechanical excitation of a typical shell struc- 
ture. The solid lines show the input and re- 
sponse to the broadband excitation, and the 
dashed lines show the narrow-band input and re- 
sponse.  Note that both curves roll off rapidly 
above 300 cps, indicating location of the dividing 
line for the generalized (large t-rea) and local- 
ized condition. 

Discussions and publications under the gen- 
eral heading of component and subassembly level 
testing emphasize testing for the localized con- 
dition, but relatively few efforts have been di- 
rected toward simulation of the low-frequency 
condition which requires testing of large 

structural assemblies. The reasons are many, 
but they can be categorized as follows: 

1. Facility size and power limitations; 

2. Vehicle test requirements — low- 
frequency environments are not as significant 
or detrimental on small vehicles. 

Only recently, and in close association with 
development of the Saturn vehicles, have facili- 
ties developed to the extent that makes assem- 
bly testing practical. 

This paper presents a two-part discussion 
on assembly testing. Part 1 presents a general 
discussion on the philosophy of assembly test- 
ing, discusses some of the advantages and 
limitations, presents a brief summary of the 
major programs directed by Marshall Space 
Flight Center (MSFC), and submits a general 
discussion on development of a typical program, 
covering such items as program objectives, 
specimen choice, test specification develop- 
ment, test setup, test techniques, instrumenta- 
tion requirements, and typical results.  Part 2 
presents a more detailed technical discussion 
cf test results, drawing comparisons between 
assembly test, other types of ground tests, and 
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measured flight results.  Also included are con- 
clusions about the use and validity of large as- 
sembly tests and recommendations for future 
work in the field. 

PART 1 

Philosophy 

The philosophy behind all large assembly 
testing is that the test specimen shapes anü 
controls its own vibration response by its mass 
distribution and mechanical impedance charac- 
teristics.  This simulates the way the natural 
vibration environment is controlled during 
flight.   Flight responses in a vehicle are a 
function of the shell's acceptance of tht forcing 
environment, mass distribution, and the struc 
ture's mechanical impedance.   The stiffened 

shell of the flight vehicle absorbs acoustic 
energy that in turn drives the nonacoustically 
susceptible primary structure.  The process 
can be reversed for test, with the primary 
sti icture excited to produce representative 
flight responses in the stiffened shell.  Figure 
3 compares flight and mechanically induced 
test responses from the uprated Saturn I in- 
strument unit (ru).   From this type of compari- 
son it can be concluded that realistic low- 
frequency tests can be made when the proper 
excitation is applied to a sufficiently large as- 
sembly.  The result is a force-controlled test 
of the primary and secondary structural areas 
of interest. Three modes of excitation are em- 
ployed in the full test program: 

1. Sinusoidal sweep (5-300 cps) — at rep- 
resentative levels to evaluate structural 
transmissibilities and interaction character- 
istics in support of analysis; 

2. Random vibration (10-300 cps) — shaped 
to predicted flight levels to evaluate the struc- 
tural response under simulated flight conditions; 

3. Broadband random acoustic excitation 
(40-5000 cps) — at maximum facility lev »Is to 
validate and support mechanical vibration test. 
Several sound pressure levels (SPL's) are 
usually employed to enable extrapolation to 
other levels. 

Technical Discussion 

The Saturn vehicles are large-diameter, 
cylindrical-shell structures made of light skin 
panels stiffened oy stringers and ring frames 
or of the newer honeycomb materials.   These 
types of structure are extremely susceptible to 
the high-energy pressure fluctuations produced 
during rocket flight.  As stated earlier, the 
large panel surfaces absorb these pressure 
fluctuations and convert the acoustic energy to 
mechanical energy in the structure.  At the 
lower frequencies, this mechanical energy af- 
fects large sections of the structure.  This re- 
sults in coupling and interaction between adjacent 
structural segments and components; i.e., each 
area affects all other areas to some degree, 
either reducing or amplifying the vibration. 

Large assembly tests have been developed 
to simulate this environment under controlled 
laboratory conditions where engineering evalua- 
tion of their influence can be made.   The forcing 
environment on the Saturn V booster is of pre- 
dominately low frequency, as shown on Fig. 1. 
and is weil correlated.  The structural vibra- 
tion can be laboratory simulated by using either 
mechanical or acoustic excitation.   Below 300 
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responses of the uprated Saturn I IU 

cps the structures cannot distinguish between 
mechanical and acoustical excitation (Fig. 3). 
This is discussed in detail during the data 
presentation. 

The objectives of assembly testing are: 

4. To supplement theoretical dynamic anal- 
ysis with test results; 

5. To evaluate the adequacy of component 
and subassembly level qualification pecifica- 
tions and tests prior to flight. 

1. To determine the integrity of the pri- 
mary and secondary structure under simulated 
worst-case conditions; 

2. To define mode shapes and response 
characteristics of the primary and secondary 
structure; 

3. To determine interaction characteris- 
tics at all levels of assembly; 

Summary of Large Assembly Tests 

Table 1 presents a summary of the large 
assembly tests conducted on the Saturn program 
under MSFC responsibility since 1963. All of 
the tests except the instrument unit tests were 
conducted at independent test laboratories under 
supervision of the respective stage contractors. 
The instrument unit tests were conducted under 
direct contract between the test laboratories 
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TABLE 1 
Saturn V Test Summarv 

Specimen 
Approx. 
Weight 

(lb) 

Number of 
Vibration 

Axes 

Maximum Excitation 

Test Facility Mechanical 
Acoustic 

(db) Sine 
(g) 

Random 
(g Vcps) 

Saturn V IU 

S-IVB stage (Saturn V) 
forward skirt 

S-IVB thrust complex 

S-n stage (Saturn II) 
forward skirt 

S-n thrust complex 

S-II aft interstage 

4,000 

6,000 

20,000 

12,000 

42,000 

18,000 

3 

3 

6 

4 

5 

3 

6 

4 

2.3 

1.8 

4.2 

0.04 

0.08 

0.033 

0.011 

0.033 

153 

155 
(overall) 

155 
(overall) 

155 
(overall) 

Wyle, Huntsville, 
Alabama 

Thiokol, Brigham 
City, Utah 

Thiokol, Brigham 
City, Utah 

Wyle, Huntsville, 
Alabama 

Wyle, Huntsville, 
Alabama 

Wyle. Huntsville, 
Alabama 

and MSFC. See Figs. 4 through 10 for a picto- 
rial presentation of this summary.  Figure 10 
shows the placement of the specimens in the 
assembled vehicle. 

As Table 1 shows, assembly tests have 
progressed to very large, massive, complex 
structures. It should be noted that there are no 
assembly tests included on the first stage of the 
Saturn vehicles. Dynamic testing for these 
structures is effectively accomplished during 
their static firing tests — the booster stage 
creates its own worst-case environment, which 
the upper stages do not encounter until boost 
flight.  Their static firing environments average 
10-20 db below the boost environments at low 
frequencies (5-400 cps).  To limit the scope of 
this paper, and because the S-n stage was the 
most thoroughly tested, the remainder of Part 1 
concentrates on the test accomplished on the 
second stage (S-II) of 'he Saturn V vehicle. All 
tests were conducted at Wyle Laboratories in 
Huntsville, Alabama, during 1966 and early 1967. 

Choosing the Specimen 

The most desirable specimen configuration 
for an assembly test ;vould be a complete stage 
or vehicle with all flight components installed 
and operating.  This is impractical in most 
cases, however, because of specimen size and 
weight, test complexity, facility costs, sched- 
ules, etc.  The S-n assembly tests were made 
on three convenient sections, forward skirt. 

thrust complex, and aft interstage.  These sec- 
tions were logical choices because they contain 
almost all of the stage's operational components 
and because the stage is designed and manufac- 
tured in these subassemblies for ease of han- 
dling prior to final stage assembly.  Their up- 
per and lower interfaces consist of beefy primary 
structure ring-frames which mate to adjacent 
S-n or adjoining stage structures. 

The test specimens were assembled from 
flight-type primary and secondary structure with 
mass, stiffness, and center of gravity simulated 
for most of the components.  These components 
included such items as electrical components, 
fuel tank bulkheads, and the engines. Other 
items such as valves and feed!!; e? were flight 
hardware. Dummy electrical components were 
used because tney are infinitely less expensive 
and are technically acceptable at the test fre- 
quencies (below 300 cps), and because flight 
components are usually unavailable for specimen 
assembly.  Valves and lines, however, are al- 
most impossible to simulate and are normally 
included in flight configuration. 

Test Environments 

Vibration — The technique used to estab- 
lish the mechanical vibration test environments 
for the taree assemblies was the "similar 
structures" or Barrett technique which has 
been successfully used by MSFC to establish 
component specifications (. 1.2J.   Vibration data 
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Fig. 5.   Test specimens for  Saturn V large assembly tests 

from response measurements made on dynami- 
cally similar types of basic structure (i.e.. 
similar inertial, damping, and elastic proper- 
ties) during static firings or flights were statis- 
tically evaluated.  Probability estimates of the 
environments were derived on a spectral basis. 
The statistically derived environments thus es- 
tablished were used as the reference levels, 
from which the environment for a new similar 
type of basic structure was extrapolated. Con- 
sideration is given in the extrapolation tech- 
nique to the inertial properties of the new struc- 
turr. new noise sources, distance from the noise 
sources, and aerodynamic configuration changes. 
The reference data came primarily from S-IC 
static firings and S-I and S-IB flights. 

Experience has shown that assembly test 
environments based on extrapolation from the 
statistical mean of the reference data yields 
flig-ht level responses in the primary and sec- 
ondary structures of the test specimens.  As a 
precaution against overtesting. response 

measurements located at critical points on the 
test specimen are "red lined" at maximum pre- 
dicted flight levels and monitored during each 
test run. 

Acoustic — Acoustic specifications were 
based on theoretical-empirical methods 
derived by Dyer [3J and Bolt Beranek and 
Newman Inc. [4j. 

Test Setup 

Vibration — Combination of the input speci- 
fications with the mass of the S-II thrust com- 
plex and the mass of the fixture, and considera- 
tion of normal fixture dynamic characteristics 
produce exciter force requirements approach- 
ing 400.000 lb.  The magnitude of this force 
almost dictates the use of hydraulic shakers, 
especially when economics and the limited 
range (400 cps) test requirements are consid- 
ered.  Remaining factors to be considered then 

123 



§S8G  '—^^^SÜE'-T," 2 ?-^rz^^:'^-,'!^,i^'^ 

1. S-JVB »latatian fssr apacimant 
2. $-IVB hoai tail lattnl OKIM 

tan tal-up 
S-IVB boat tail vortical «sis 
«•if tat-up 

Fig. 6.   Test specimens for Saturn V 
large assembly tests 

1.   Vibration tant facility construction - 
fair lataral laitmic most*« or« 
camplata 

2. Vibration tatt facility pit, naar 
complation 

3. yiarotla» la,t facility . high hay 
aalUlna naor completion 

Fig. 7.   Vibration test facilities for 
Saturn V large assembly tests 

124 



iß0äg^L 

■..uv\ 

1. S-Il fkrvtt complt* on ttuitportu 
2. S-Il thrutt mmpltx and vorffca/ 

l'.'lfvr* 
l   ill thrvtf eompln h»ing p/«»rf 

•» vorticsf Uttvr» 

Fig. 8.   S-ll thrust complex 
test arrangement 

I -IttStt 
■■■»•■•I •#!? 

Fig. 9.    Lateral vibration se tup 

125 



' 

« 

Fig. 10 - Specimen configuration 
for Saturn V assembly test 

were (a) how the load should be applied, (b) how 
many exciters are required, lc) how the exciters 
should be arranged, and (d) how they should be 
controlled to meet the test requirements. 

These decisions are generally the respon- 
sibility of the testing laboratory, with the test 
requirements, test specimen configuration, and 
test specifications used as guidelines.  Since 
these are always considered as evaluation tests, 
the decisions are seldom easy, usually requiring 
mu^i'i arbitration and compromise based on nu- 
merous technical and program considerations. 

For the S-n program the low-frequency 
conditions were simulated with ?n eight-exciter, 
400,000-force-lb Hydrashaker system used in 
conjunction with massive steel drive fixtures 
and sophisticated control electronics. Pit-type 
reaction masses were designed and built to 
react the forces, and a complex flexuring sys- 
tem was developed to restrain the crops-axis 
motion of the specimen. Figure 11 shows the 
mechanical vibration test setup for longitudinal 
and! lateral testing of the thrust complex. Vi- 
bration forces were transmitted from the eight 
exciters to the specimen by 15,000-lb steel fix- 
tures. The fixtures were designed to distribute 
the exciter loads uniformly to the 33-it-diam 
specimen interfaces. It was recogn^ed that the 
stiffness-controlled fixtures rigidly attached to 
the "soft" test specimen created locally unreal- 
istic vibration conditions. However, the struc- 
tural areas of interest were generally located 
away from this unrealistic zone in areas where 
the input environment had been shaped by the 
structure, as discussed earlier. The areas of 
interest were not influenced by the rigid attach- 
ment joints. When structural areas of interest 
were located within the fixture influence zones, 
a transition segment was used.  The transition 
segments were designed to simulate the radial 
response characteristics of the stage structure 
adjacent to the test specimen. 

Input control to the averaged primary 
structure levels, established as described 
earlier, was maintained at the rigid fixture 
interfaces. Sinusoidal and random excitations 
were applied to the specimen in five axes: one 
longitudinal or flight axis and four lateral axes 
acting through the centerline of the structure 
and separated by 45 deg.  The number of axes 
required for a test depends on dynamic anal- 
ysis and engineering judgment of the ability of 
the fixture to excite the structure.  Five axes 
proved to be more than required for the S- II 
program; one longitudinal and two lateral axes 
would have been sufficient. The control cir- 
cuitry for both the sine and random tosts is 
shown in Figs. 12 and 13. 

Acoustic — Figure 14 shows the thrust 
complex mounted on the S-II aft interstage in 
the 100,000-cu-ft acoustic reverberation cham- 
ber at Wyle.  The specimen was isolated from 
the concrete floor by the rubber tires on the 
transporter and shielded from unwanted acous- 
tic leakage to the inside of the specimen by 15- 
db attenuation ahields located on top and around 
the bottom of the specimen. This forced the 
acoustic energy to pass through the exterior 
shell as it does under operational conditions 
where continuous structures a'° present.  The 
overall SPL required in the an .stic test speci- 
fication was beyond the facility capability, so 
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reduced step levels were used, increasing in 3- 
db steps.  Tests were run at 149, 152, and 155 
db, with thr energy concentrated to meet speci- 
fied levels below 400 cps during the 155-db test 
run.  Typical str-jtura) responses are shown 
in Fig. 15. As noted above this gives spectral 
coverage of the critical structural frequencies 
and the ability to extrapolate data to higher 
SPL's. The acoustic levels roll off significantly 
below 40 cps and above 400 cps. Figure 16 
shows the test specifications required for both 
the vibration and acoustic tests. Typical levels 
achieved during the S-II tests are shown on the 
same figure. Test results gave excellent con- 
trol tolerances:  11 .!b on the sine and 13 db on 
the random average ot eight control points for 
vibration, and t 2 db for the control microphone 
during the acoustic tests. 

Instrumentation 

Of great importance for any vibration or 
acoustic test is establishing the number and 
location of all response transducers.  For the 
S-II program, an attempt was made to monitor 
flight measurement locations and the inputs to 
all components.  Unloaded primary structure 
(ring frame and stringer) data were also of pri- 
mary importance for comparison with theoreti- 
cally determined specifications.  Saturn V flight 
data will be compared with the test data when it 
becomes available for proof of test validity. 

A total of 594 response measurements was 
recorded during the acoustic test of the thrust 
complex and aft interstage. A maximum of 200 
could be recorded during any run, so a total of 
three runs was required at each SPL. In spite 
of the large number of measurements taken, ad- 
ditional locations would have been very useful. 
This was particularly true when interest was 
concentrated in a certain location because of a 
failure. 

Data Reduction 

Over 20,000 bits of data were obtained 
from the S-II assembly test program. These 
were recorded and reduced by an on-line, 200- 
channel digital computer system (Control Data 
3200).  The sine data were presented in the 
form of peak g vs frequency and transmissi- 
bility vs frequency.  The random data from ihe 
mechanic*.1 vibration tests were reduced to 
power spectral density utilizing constant- 
bandwidth, 10-cps filters and presented as 
g Vcps vs frequency. Random data from the 
acoustic tests were treated in the same way 
except for reduction with 20-cps filters. More 
detailed analyses, such as reduction with nar- 
row and variable bandwidth filters, crosscor- 
relations, and mode shapes, were accomplished 
and are currently being evaluated.  Even with 
this large quantity of data, more could be 
utilized. 

10.0 

10 100 1000 
FMQUENCY-CK 

Fig. 15. Extrapolated radial responses to Saturn V pre- 
dicted flight-level acoustic environment, based on re- 
sponse to three levels of acoustic excita'ion (average of 
six unloaded ring-frame and stringer measurements) 
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PART 2 

Data Evaluation and Comparisons 

In general, the following questions arise 
concerning the use and application of assembly 
testing: 

1. What are the test facility capabilities? 

2. Can these facilities provide a simulation 
of the flight environment ? 

3. What can be learned from assembly test* 
ing that cannot be determined by analysis or 
component test ? 

These questions and other interesting and sig- 
nificant aspects of assembly testing are dis- 
cussed and evaluated in the subsequent para- 
graphs. 

To illustrate the capability of large rever- 
berant acoustic chambers for exciting full-scale 
structures, two representative examples from 
ihr <?-II thrust-complex acoustic test are 

presented. The first example is the response 
of unloaded primary structure at station 118.5 
of the S-n stage interstage. This location is 80 
in. from the fixture-specimen interface restraint 
and 40 in. from the forward ullage motor fitting. 
This location is well removed from either fix- 
ture restraint or component loading and is there- 
fore considered unloaded primary structure. 
Figure 17 illustrates the measurement location 
at ring-frame station 118. Since the acoustic 
chamber was incapable of meeting the predicted 
acoustic SPL for the entire frequency spectrum, 
a compromise was selected that would attempt 
to meet predicted levels hi the frequency ranges 
most critical to secondary support bracketry 
and primary structure: 30-250 cps.  In the re- 
maining frequency ranges, the SPL was allowed 
to roll off. The resulting acoustic environment 
is shown in Fig. 18. The unloaded primary 
structure response is shown in Fig. 19. The 
response in the frequency range above 300 cps 
shows the effect of the corresponding acoustic 
environment roll-off. Of note is the 50-300-cps 
medal response corresponding to the 153-db 
SPL. This is especially indicative of this large 
chamber's low-frequency reverberant capability, 

Oj ULLAGE ROCKET 

ACCE CELEROMETERS 

/ 

i—r T 
STA.    77. 5 

T 
STA.  118 

Fig.  17.   Instrumentation location*,  S-II 
interstage unloaded and loaded structure 
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Fig. 19.   Unloaded S-II interstage radial vibration 
response to acoustic excitation 

which was a unique requirement to simulate the 
singular low-frequency acoustic environment 
generated by the S-IC stage at liftoff.  As an 
illustration of the acoustic forcing capability for 
relatively heavily loaded structure, an ensemble 
of the input vibration measurements of the 500- 
lb S-II stage ullage motor is included in Fig. 20. 
The acoustic environment of Fig. 18 is still ap- 
propriate.  The response at 30 cps is a rigid 
body mode of the ullage motor on the supporting 
shell structure.  The notch area indicates the 
lack of rigid body modes in that frequency range, 
i.e., I.tv structural mobility.  The vibration level 
increasing to 100 cps is the support structure 
response to the resonance of the ullage motor 
and support brackets.  Beyond approximately 
100 cps, the primary support structure is es- 
sentially decoupled from the ullage motor and 
the interstage response is in effect unloaded. 

The greater high-frequency response of the 
loaded structure is associated with a localized 
resonance of the monitoring accelerometer 
mounting location. 

Unfortunately no direct comparison can be 
made between flight data and assembly response 
to acoustic excitation, since all acoustic tests 
were on Saturn V hardware and attempted to 
simulate the anticipated Saturn V liftoff envi- 
ronment.  The best comparisons available are 
those between the uprated Saturn IIU flight 
data from AS 204 and 202 flights and the Saturn 
V IU acoustic tests.  The two structures are 
essentially identical although exposed to differ- 
ent acoustic environments.   Figure 21 illus- 
trates these acoustic environments.   The flight 
measurement was obtained on the instrument 
unit during uprated Saturn I liftoff.   The test 
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Fig. 20.   Loaded S-II interstage radial vibration 
response to acoustic excitation 
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Fig. 21.   Comparative acoustic environments for 
uprated Saturn I IU and Saturn V IU 

5000 

measurement was obtained during the Saturn V 
IU acoustic test. It is emphasized that the test 
measurement is not intended as a simulation of 
the flight measurement but is an attempt to 
simulate Saturn V liftoff environment which has 
a higher low-frequency SPL than the uprated 
Saturn I.  The two curves are shown to facilitate 
comparison of the resulting vibration response. 

Comparative vibration response levels on 
the stabilized platform (ST-124) are shown in 
Figs. 22 and 23.  Instrumentation locations as- 
sociated with these curves are shown '•■ v 6. 24. 
As illustrated in Figs. 22 and 23, th e 
modes are apparent in both the flight and test 
response; however, the magnitude of the re- 
sponse varies greatly at 280 cps.  The acoustic 
test vibration response is much higher than the 
flight data, even though the acoustic test SPL 

is lower than flight SPL.  The greater 280-cps 
acoustic test response is considered to be a 
reverberant-chamber reinforcing effect which 
does not exist in flight. Also apparent is the 
inability of the acoustic chamber to force a re- 
sponse at 40 cps because of the sharp chamber 
ro"    ff.  In Fig. 23, superimposed on the acous- 
tic    at response, is the mechanical random- 
excitation response 21X07R, which well supple- 
ments the acoustic test response in the low- 
frequency range.  Figures 25 and 26 compare 
the flight, acoustic test, and vibration test re- 
sponses at the flight control computer support. 
In general the vibration response data support 
the trend expected from a comparison of the 
acoustic excitation in Fig. 21.  Higher response 
levels were obtained during test in the 200- 
1000-cps range than during flight. As noted in 
the analysis of ST-124 data, mechanical 

132 



I 1.0 

0. I 

.01 

.001 

1 
FLIC1 
AS-20 

— * IT - i 

- 

» - ^I\M 
- ' V 1 1 / v Ä 

ft $*\\ 
i 

» .. 
■ ' ii r« vu 
■ " 1 - \ « 
- ft V \ 1 » 

1 f     . 1 .1- .L.  L  1  A -i. >, 
4        6      8   100 2 

FFEQ.   (CPS) 

6     S   1000 

Fig. 22.   Saturn IB IU stabilized platform, flights 
AS201 and AS202, measurement E9-603 

i.o 
3. 7 G'/CPS 

0. I 

Q 

°>     .01 

c—1 
•»■» «M ACOUSTIC ru 

=T=1 

- VIBI AT C W A 

—i vv 
I it t\ t—«— —f \- 7 i-f¥i 

/ V A «   1/1        fl f A > yj 1      M 
'         III' > ■  ■ ■   

% r j 
T ■' ^ 

- * 
 1  i ' • '                ' - ■» i i _i- -i. 

10 4        6     8    100 2 

i nr.Q. (cps) 

4 6      8   1000 

Fig. 23.   Saturn V IU  stabilized platform acoustic 
and vibration test, measurement E9-603 
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Fig. 24. Instrumentation locations, sta- 
bilized platform (ST-124) (E9-603: radial 
flight measurement; 21A07R: corre- 
sponding radial vibration response meas- 
urement during acoustic test) 

Fig. 25.   Instrumentation location 
for flight control computer 
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environments, flight AS201, acoustic test and 
vibration test 

vibratto-.s are a very efficient excitation for 
low-frequency modes. 

Transmissibility and Rigid 
Body Modes 

One of the primary assets of assembly 
testing is the capability of defining transmis- 
sibility factors of secondary support structure 
with actual primary structure impedance. Usu- 
ally, secondary support transmissibility is cal- 
culated by analyzing or testing the response of 
the item when supported by an infinitely rigid 
mass.  For example, the transmissibility of 
component support structure or the response of 
a component is obtained from a component test 
with the specimen support bracketry attached 
to a rigid slip plate.  Generally this method 
yields acceptable results when the secondary 
support structure is relatively "soft" compared 
with the primary supporting structure.  The 
method becomes less applicable when the sup- 
port structure impedance approaches the im- 
pedance of the primary structure in the 
component-secondary bracket resonance- 
response range. Li other words, the secondary- 
support bracket stiffness is approximately equal 
to the stage primary structural stiffness. At 
the other end of the spectrum, a condition can 
exist where the secondary-support bracket 
stiffness is much greater than the primary 
structure.  This latter condition is discussed 
and illustrated here. When this condition exists, 
the rigid body modes of the component/support 
bracketry on the "soft" supporting primary 
structure will obviously not be obtained in a 
component-support bracketry test bat are par- 
ticularly evident in an assembly test.  From a 
secondary-structure design standpoint, the 

rigid body modes are generally not a considera- 
tion if the secondary bracketry design is based 
on an infinite primary structure-support im- 
pedance, since the maximum resulting loads 
will be defined by the latter analysis.  However, 
if in specific instances a component has an 
actual functional frequency in the rigid body 
mode range, then a potential problem may go 
undetected unless an analysis or test is per- 
formed utilizing the primary structure dynamic 
characteristics.  An example of this possibility 
is illustrated in Figs. 27 and 28.  The instru- 
ment unit stabilized platfcrm is supported by a 
very stiff magnesium casting, and the assembly 
is attached to a relatively soft honeycomb shell, 
1 in. thick, 30 in. high, and 260 in. in diameter. 
Figure 27 shows the result of a component 
evaluation test with the magnesium support 
casting attached to a slip plate. The response 
A15X and input A5X measurement locations are 
shown on Fig. 2t.  Although the overall response 
of the bracket is highly damped, resonance fre- 
quencies at 100, 190, and 250 cps are noted. 
Figure 28 shows the result of the instrument 
unit assembly sine-sweep test with measure- 
ments in the identical position as in the compo- 
nent test. These measurements indicate a sig- 
nificant rigid body mode at 93 cps, another at 
100 cps which masks the 100-cps component- 
support bracket resonance but is of greater 
magnitude, and the 250-cps resonance indicated 
by the component test but of significantly less 
magnitude.  Lacking the rigid body data, one 
could conclude that any actual low-frequency 
functional sensitivity in the 40-60-cps range 
would not be a problem; however, the assembly 
test data point out that indeed a ma, or problem 
may exist.   The example is presented to il- 
lustrate the point that rigid body and low- 
frequency structural modes may be overlooked 

134 



100. 0 I - f-^ 

X - ---- A5X     INPUT 
i 

0. 

0   ,n n 
<< taf UNifc 

— 
0 f. VIK > H < 

_J / 
J — t 

0 
U < 

- 
- 1 

1 - 
i-i i. 0. 1 1 

1 
L.         Jl 1 i i i 

4 6      a 100 

TSV).   (CPS) 

Fig. 27. Stabilized platform (ST- 124/ component 
test: longitudinal sinusoidal input (A5X) and re- 
sponse (A15X) 

- 
«•••« 21X05X   INPUT 

— 
M      A 

*v/ % 
1 1 ' 1    «ft l 

1.0 
** /# r 

- 
■ I 

1# u  

i 0. 1 1 1 1 1 i     1       lli 1 .1 

FKQ.   «I. ) 

Fig. 28. Stabilized platform (ST-124) assembly 
test: longitudinal sinusoidal input (21X05X) and 
response (21X07X) 

and undetected in component tests but can bo 
diagnosed in assembly tests.  The case illus- 
trated was selected because it particularly em- 
phasized the point; but it could not be considered 
as a typical case since the magnesium bracket 
was deflection-designed and, as such, would be 
much stiffer than a load-designed bracket. 

Comparison of Acoustic and 
M^hanical Lxcitation 

Figures 29 and 30 illustrate a comparison 
between measured S-II thrust structure response 
to acoustic and random mechanical excitation. 
The data are presented to illustrate that, with 
sufficient reverberation chamber capacity, 
low-frequency structural modes of significant 

magnitude can be excited on relatively dense, 
loaded structures.  In doing this, one sacrifices 
other high-frequency areas of the spectrum. 
The response curves are not meant to imply 
that the acoustic excitation is more efficient 
than mechanical excitation in low-frequency 
ranges, since the full capacity of the mechan> 
cal excitation was purposely being limited b 
the expected vibration response.  In fact, me- 
chanical excitation is not only a more efficient 
exciter in the low-frequency range but generally 
more practicable, unless existing acoustic fa- 
cilities can efficiently obtain the required low- 
frequency spectrum.   In either case, a supple- 
mental high-frequency acoustic test is needed 
to cover the complete spectrum.   A supplemen- 
tal high-frequency acoustic test is, without 
doubt, the most efficient method of obtaining 

135 



6.1        =■ 

.oi    r 

.001 

—1 1—1—l—l  r r — 
VCOUSTIC TEST 

(ADIAL VIBRATION 

! - 
1J 

-•••4{ TESTS 

L    A M — •m MtV.'l ' («■■ 
i t     , 1 «f ■ 

> •V F v 
ff» f f * • f 1 i* J 

/ \l • 
1 / , 1 1 , 1 1 , V 

10 *        6     S 100 2 

ritEQ. (CPS) 

4 f      t   1000 

Fig. 29.   S-II stage thrust complex acoustic and 
r tdial vibration inputs to equioment c ntainer 207 

1.0 

o. l 

Ü 
a 
£ .01    =■ 

.001 

=— 1 1 
iCOUSTK 

 r-rH  
/ : TEST 

"••••RADIAL VIBRATION TESTS *A ■ 
A L ./ I — I-**"' 1 r«   */ n - 

- IV \ 
" * 3 • r 

V V n i; 
i 

if V ! 
«■ — i - i 
- 

1 . r    i _1- 1 1 ' I _i— i i 
6      9   100 

ruQ. (i:cs) 

« 1000 

Fig. 30.   S-II stage thrust complex acoustic and 
radial vibration inputs to equipment container 209 

high-frequency excitation, since Hydrashaker 
frequency response and fixture design severely 
limit the mechanical forcing capability. 

CONCLUSIONS 

Conclusive evidence exists to support the 
use ci assembly testing.  Although large assem- 
bly testing should not be used as a substitute 
for component qualification tests, it provides 
an invaluable supplemental program o accom- 
plish the objectives outlined here.  These objec- 
tives cannot be accomplished by any other test 
means.  Program costs associated with test 
facility construction and activation are high. 
Now that facilities are available, however, 
actual test costs are not excessive when 

compared with large complex component quali- 
fication tests.  For shell-type structures, ac- 
ceptable full-spectrum test results can be ob- 
tained from either acoustic tests or vibration- 
acoustic tests, depending on the low-frequency 
capability of the acoustic chamber.  Acoustic 
tests are generally simpler and cheaper, pro- 
vided that a facility is available to obtain the 
required acoustic environment; however, 
acoustic-chamber-to-flight-environment trans- 
fer functions must be established.  Tests to date 
show significantly higher acoustic test response 
levels than are anticipated during flight. 

The following are recommended: 

1.  Expand assembly test programs to in- 
clude operational components. Operational 
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components on the assembly test would provide 
a means for final-system verification prior to 
flight. 

2. Expand assembly test programs to in- 
clude acceptance testing of the flight systems 
in piace of individual component acceptance 
tests. 

3. Expand assembly est programs to study 
the effects of vehicle static, thermal, and 
propellant-mass pressure loading on the stage 
structural response characteristics. 

4.  Expand assembly test programs to in- 
clude localized impedance tests.  The impedance 
values could be combined with measured re- 
sponse accelerations to establish force spectra 
for use in component qualification test pro- 
grams. 

a 

Each of the above recommendations, in- 
cluding acoustic-chamber-to-flight transfer 
functions, has been implemented at MSFC and 
the results will be used in all future programs. 
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DISCUSSION 

Mr. Slckmeier, General Motors Corp.:  You 
mentioned during your opening remarks that 
these structures receive hirh static and vibra- 
tory loads. I have yet to hear any comments 
concerning how these combined loads are ac- 
tually treated either in test or analysis. 

Mr. Everitt: Currently the combined loads 
are not treated in test; they are treated in anal- 
ysis.  Generally speaking, the vibration loads 
that we are talking about are affecting, for a 
stress man, localized aieas of the structure. 
He would classify it as secondary structure. 
Therefore the vibration does not contribute sig- 
nificantly to the static load environment for the 
basic vehicle. 

Mr. Kachadourlan, General Electric Co.: 
Our findings are quite different from yours as 
far as complete system vibration testing is con- 
cerned. We get considerable difference in 

responses from a mechanical vibration test than 
we do from actual flight, or from an acoustic 
test.   Possibly the difference is that you are 
using multiple shaker systems and that you are 
only going up to 400 Hz.  We found thai most of 
our significant vibration due to acoustic excita- 
tion is in the high frequency range, say from 
200 to 1000 Hz.  I noticed in a lot of your data 
that you did get differences in the 200-600 Hz 
range. 

Mr. Everitt:  You will get differences in 
the 200-600 Hz range after you get away from 
the primary structure such as the ring frames, 
stringers, etc.  In the primary structure the 
mechanical vibration and the acoustic vibration 
does agree very well. 

Mr. Kachadourian:  Weil, being concerned 
about component environments I think mechani- 
cal vibration loses a lot of its validity in the 
high frequency range. 
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DEVELOPMENT OF ACOUSTIC TEST CONDITIONS FOR 

APOLLO LUNAR MODULE FLIGHT CERTIFICATION 

Wade D. Dorland, Robert J. W ren 
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Houston,  Texas 
and 

Kenneth McK. Eldred 
Wyle Laboratories 

El Segundo, California 

An acoustic test of an Apollo lunar module test article was performed prior 
to flight to verify structural and component integrity.   Since the lunar module 
is. enclosed within a spacecraft/lunar-module adapter during the first-stage 
boost when the dynamic pressure environments are encountered, the test was 
performed in accordance with criteria based on measurements of sparer raft/ 
lunar-module adapter vibration response.   The test operations were coniucted 
in the Manned Spacecraft Center Spacecraft Acoustic Laboratory, which em- 
ploys a progressive-wave mode of acoustic excitation and has a due* syst-m 
tailored to the outer moldline of the Apollo spacecraft.   In the lunar module 
qualification test, the acoustic spectrum imposed on the spacecraft/lunar- 
module adapter was nearly as predicted for frequencies above 315 Hz, where- 
as the low-frequency spectrum contained more energy than predicted.   The 
measured spacecraft/lunar-module adapter responses provided an excellent 
fit to the flight envelope. 

INTRODUCTION 

Verification of the capability of the Apollo 
lunar module (LM) to sustain the dynamic loads 
experienced during launch necessitated the per- 
formance, prior to the launching of the first LM 
vehicle, of a comprehensive ground test pro- 
gram to qualify the structure and system com- 
ponents for flight.  As a part of this grouni test 
program, an acoustic test was performed to 
simulate realistically the dynamic pressure en- 
vironment which exists during the launch-and- 
boost phase of an Apollo mission. (The expres- 
sion "dynamic pressure" refers to the acoustic 
and high-frequency, unsteady fluctuating- 
pressure components of the total pressure 
environment.  "High frequency" in this context 
refers to that part of the audio spectrum be- 
tween 20 and 2500 Hz.) Since the LM acoustic 
testing imposed certain uncommon environmen- 
tal simulation requirements, the resulting test 
operation Incorporated several newly devised 
experimental techniques which are considered 
to be an important contribution to acoustic 
testing technology. 

Throughout the launch-and-boost phase, the 
LM is located within the spacecraft-LM adapter 

(SLA).  The LM is attached at four points to the 
SLA, which is a truncated cone 28 ft long that 
fairs the spacecraft into the Saturn IVB (S-IVB) 
stage (Fig. 1).  During the initial phas    >f flight, 
the dynamic environment exterior to the vehi- 
cle has three distinct characteristics of interest: 

1. Booster noise at liftoff, a zero-velocity 
condition; 

2. Aerodynamic excitation in the transonic- 
velocity condition; 

3. Aerodynamic excitation in the supersonic - 
velocity condition. 

The environment Inside the SLA, however, is a 
function of the dynamic energy transmitted 
through the structure; hence, the interior en- 
vironment is largely determined by the SLA re- 
sponse to exterior excitation.   This aspect of 
the LM environment introduces an unusual con- 
sideration into the determination of adequate 
ground test conditions, since current analytical 
techniques do not yield precise environmental 
definitions for a test article that is mounted 
inside an adapter.  Accordingly, an experimen- 
tal procedure which obviated the requirement 
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for analytically derived test environments was 
needed. Such a procedure was devised for this 
project. The procedure was based on the ra- 
tionale thfct the environment for the LM is a 
combined result of the acoustic field in the SLA 
and the vibration transmitted through the SLA 
attachment fittings. The LM environment is 
uniquely related to the SLA dynamic response; 
therefore, the proper LM environment could be 
obtained in the laboratory only by exciting the 
SLA to its flight response. To support such an 
experimental procedure, data available from 
three flight pickups (which were recorded dur- 
ing each of the first two Apollo flights) were 
used to define the required SLA vibration re- 
sponse. Application of this procedure enabled 
the adjustment of the laboratory acoustic spec- 
trum to compensate for the difference in the 
spatial distribution of phase-correlation coef- 
ficients which exist in flight and laboratory en- 
vironments. Hence, the acoustic field was con- 
trolled for the specified SLA vibration response 
rather than for faithful simulation of a predicted 
flight fluctuatlng-presnure environment. It is 
significant that the acoustic spectrum actually 
imposed on the SLA in the laboratory contained 
more low-freqoency energy than was predicted 
for the liftoff environment, whereas the high- 
frequency spectrun? (ahi»e 3iC H?.) was nearly 
as predicted. Trc; increased low-frequency 
energy was not undesirable but illustrates how 
the empirically determined test conditions dif- 
fered from predicted conditions. 

The acoustic testing of the LM test article 
was performed in the Manned Spacecraft Center 
spacecraft Acoustic Laboratory (MSC SAL). 
This facility employs a progressive-wave mode 
of acoustic excitation and has a duct system 
tailored to the outer moldline of the Apollo 
spacecraft. These ducts, in combination with 

controllable acoustic noise generators, provide 
the ability to control acoustic energy levels, 
the spectral distribution (in one-third octave 
bands), the longitudinal dynamic pressure pro- 
file, the circumferential dynamic pressure pro- 
file, and the approximate circumferential space 
correlation of the acoustic field. Prio/ to the 
LM acoustic test, a sequence of runs was per- 
formed on an Apollo spacecraft, during which 
the acoustic field was tailored to produce SLA 
response that simulated flight response. 

The simulation problem is described below. 
This description includes the vehicle and its 
launch environment, the available environmen- 
tal and response data, the test rationale, and 
the derivation of the test criteria. After a 
brief description of the test facility, the experi- 
mental program used to prepare the facility for 
the LM acoustic test is presented. In add: ion, 
the test results are presented. 

APOLLO VEHICLE AND 
ENVIRONMENT 

The Apollo spacecraft launch configuration 
embodies a complex of various spacecraft and 
launch-vehicle modules.  The spacecraft launch 
configuration, based on specific mission objec- 
tives, may consist of a launch escape system 
(LES), the command and service modules (CSM), 
the LM, an SLA, an SLA nose cone, and the 
launch vehicle which is a Saturn booster con- 
figuration.  Of particular interest for ground 
test simulation is a spacecraft configuration of 
LES, CSM, and SLA launched by an uprated 
Saturn I booster (S-IB and S-IVB stages) or this 
spacecraft configuration with an LM added 
launched by the Saturn V booster (S-IC, S-II, 
and S-IVB stages). Also of interest is a mission 
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involving an LM mounted inside an SLA with a 
nose cone attached to the forward end of the 
SLA. This spacecraft configuration would be 
launched by an uprated Saturn I booster. In all 
flights, the instrument unit (IU) provides the 
mechanical interface between the spacecraft 
and launch vehicle. The external dimensions 
(or moldline) of the CSM, SLA, and IU remain 
constant. Figures 1 and 2 show the arrange- 
ment of the modules at launch. 

such that each panel behaves as a continuous, 
curved honeycomb shell segment.  The panels 
are joined by bolted doubler plates on internal 
and external surfaces. At the LM attachment 
station (81 in. forward of the SLA-IU interface), 
a light ring stiffener is employed at the joint 
between the forward and aft sections. The entire 
SLA can be considered a continuous, uniform 
shell composed only of the honeycomb structure 
used in the construction of the subpanels. This 
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Fig. 2.   Apollo spacecraft and launch vehicles 

Since, as previously mentioned, the struc- 
tural response of the SLA is a key factor in the 
LM acoustic test, the SLA structure must be 
described in some detail.  The SLA is a trun- 
cated cone comprising eight panels.  Four of 
the panels, such as the forward section, have 
linear explosive charges installed at panel 
junctions. During CSM-SLA separation, the 
charges are fired to open the four panels, which 
frees the CSM from the launch vehicle and ex- 
poses the LM (Fig. 1).  The other four panels 
make up an integrated aft section which remains 
attached to the IU throughout the flight,  The 
SLA diameter is 155 in. at the SM interface and 
260 in. at the IU interface. The adapter is 336 
in. high and has a slant height of 349 in. and a 
slant angle of 8.6 degrees.  Each of the eight 
panels is constructed of sever A aluminum 
honeycomb subpanels, and tiie eight panels are 
joined by stiffeners having same radial thick- 
ness as the honeycomb face sheets. Thus, in 
appearance, the composite of subpanels and 
stiffeners forms a smooth curved surface for 
one panel. The structural dynamic properties 
of the panels are controlled essentially by the 
honeycomb subpanels and not by the stiffeners, 

honeycomb Is constructed of type 2024T-81 
aluminum alloy that is 1.7 in. thick and has a 
surface weight density of approximately 2 lb/ft2. 
The entire SLA assembly weighs approximately 
3600 lb. During unmanned CSM flights, the LM 
is replaced in the SLA by the flight stabilizer, 
which is a simple crossed truss weighing ap- 
proximately 60 lb. During missions which re- 
quire the LM, the SLA supports the full weight 
of the CSM, weighing approximately 70,000 lb, 
and of the LM. weighing approximately 30,000 lb. 

During launch and boost, the Apollo space- 
craft is exposed to an acoustic environment at 
liftoff that is generated by the exhaust turbu- 
lence of the first-stage booster engines.  Addi- 
tional dynamic pressure environments envelop 
the spacecraft during the transonic and super- 
sonic portions of flight, b,„ no significant pres- 
sure environments excite the spacecraft at ve- 
locities in excess of Mach 3.  In all these 
conditions of first-stage boost, the spacecraft/ 
launch-vehicle configuration is the same.  Ac- 
cordingly, a single test-article setup is suffi- 
cient for a ground test simulation of the launch 
dynamic environment. 
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AVAILABLE DATA AND 
TEST RATIONALE 

In the development of the Apollo spacecraft, 
nearly all of the early effort for environmental 
definition was concentrated on the CSM, and only 
the forward section of the SLA was included in 
this work. After most of the early definition 
had been accomplished, the shape of the SLA 
was drastically altered, thus nullifying the 
validity of this work — both analytical and ex- 
perimental — as applied to the SLA or the LM. 
The LM vehicle designers had employed a 
comparability technique based on Barrett's 
method [1,2] to establish early LM environmen- 
tal descriptions. It was recognized that the LM 
environment *at a combined result of the acous- 
tic field in the SLA and the vibration transmitted 
through the SLA attachment fittings on the 
descent-stage outriggers.  Barrett's method is 
an accepted procedure for deriving launch- 
vehicle structural test requirements.  How- 
ever, application of this technique to LM envi- 
ronment definition presented difficulties since 
Barrett's method is based on the assumption 
that similar structural configurations exhibit 
similar dynamic characteristics.  The differ- 
ence between the environmental excitation of 
the Saturn and LM structures contributes a sig- 
nificant uncertainty to the application of Barrett's 
method.  Hence, the anticipated noise reduction 
of the SAL was calculated, and the resulting 
lower LM vibration levels were used as struc- 
tural and equipment specifications for design 
and qualification purposes.  By using this 
modification of Barrett's method, overly con- 
servative vibration levele were avoided. One 
important test objective, therefore, was the 
verification of the predicted SLA noise reduction 
and the resulting LM vibration. 

To achieve this jbjective, a test procedure 
was devised that used the limited flight data 
available on the response of the SLA panels to 
obtain the required test conditions    In this pro- 
cedure, the proper LM environment could be 
obtained in the laboratory by exciting the SLA 
so that its response matched the flight data as 
nearly as possible.  The motion of the SLA 
panels in response to external environmental 
excitation serves as a source of excitation of 
the internal SLA air mass; therefore, the acous- 
tic ' eld inside the SLA during a test closely 
simulates the internal SLA acoustic field during 
flight, if the response is the same in both the 
test and the flight.  Hence, this excitation of the 
LM Is realistic.   Also, the LM receives a small 
amount of dynamic excitation through its attach- 
ment points to the SLA.  Since the test configura- 
tion of the SLA and Its mating components In the 
laboratory closely duplicate the SLA flight 

configuration (with only minor exceptions), the 
LM excitation through the attachment points is 
essentially the same in boti: situations. Accord- 
ingly, the total dynamic excitation of the LM 
acoustic test closely simulates flight conditions. 

TEST CONDITIONS 

As mentioned above, limited SLA vibration 
measurements were obtained during early Apollo 
spacecraft launches. The measurements, which 
were made at three asymmetric points, indicated 
motion in the radial direction. (The locations of 
the points are shown in Fig. 3, a developed sketci 
of the SLA. The measurements are designated 
SLA-0, SLA-1, and SLA-2.) Identical measure- 
ments were made on two flights which followed 
very similar boost profiles. The records of 
overall rms vibration level (rms g) as a function 
of range time for all six measurements (that is, 
records for each of three locations during each 
of two flights) are shown in Fig. 4, and a tabula- 
tion of measurement parameters is given in 
Table 1.  Inspection of these data shows that the 
characteristics with time of the two flights are 
very similar.  In addition, the conditions of 
maximum response (that is, liftoff, transonic 
velocity, and supersonic velocity) are clearly 
evident.  Plots of acceleration power spectral 
density (PSD) for the response at liftoff are 
presented in Figs. 5, 6, and 7, and one-third 
octave-band spectrograms for all three re- 
sponse conditions are plotted In Figs. 8, 9, and 
10. Again, from the spectral plots, a rather 
remarkable repeatability of the vibration is 
evidenced in the two flights. 

Since the electronic control system of the 
MSC SAL [3] provides spectral control in one- 
third octave band widths, test conditions were 
developed using corresponding bands. Only one 
spectral condition can be programmed in the 
test; therefore, It was necessary to reduce the 
number of applicable spectra to a single spec- 
trum at each location.  Examination of the spec- 
tra for the different flight times at each meas- 
urement location (Figs. 6, 9, 10) revealed that 
the range of spectral levels in each band was 
nominally 15 db or a half order of magnitude. 
Furthermore, the liftoff spectrum was observed 
to dominate, except for the very low and high 
frequencies where the transonic response Is 
higher.  (As a peripheral observation, super- 
sonic response does not dominate any portion 
of the spectrum at any of the three locations.) 
Enveloping the spectral data points would pro- 
duce slightly more strenuous test conditions 
than averaging the data, but in a flight simula- 
tion such an envelope spectrum for each loca- 
tion is advantageous in obtaining a reasonable, 
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TABLE 1 

Spacecraft/Lunar-Module Adapter Flight Measurement Parameters 

Parameter 
Mission 

AS-201 AS-202 

Flight parameter time (sec) 
Engine ignition 
Liftoff 
Machl 
MaxQ 
Mach 2 

-1.7 
0.37 

65 
75 
89 

-1.2 
0.93 

6» 
79.0 
87 

Data reduction slice time (sec) 
Liftoff 
Transonic 
Supersonic 

-1.0 to   1.0 
61.5 to 63.5 
88.0 to 90.0 

-1.0 to  2.0 
59.5 to 62.5 
84.0 to 87.0 

Max Q peak value (lb/ft2) 625 665 

Nominal data bandwidth (Hz) 
SLA-0 
SLA-1 
SLA-2 

5 to 220 
5 to 330 
5 to 450 

5 to 220 
5 to 330 
5 to 450 
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Fig. 5.   SLA-0 PSD at lifted 
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Fig. 10.   SLA-2 one-third octave- 
band spectrogram 
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Fig. 9.   SLA-1 one-third octave- 
band spectrogram 

but not prohibitive, degree of conservatism in 
the test.  Also, an envelope spectrum is not 
likely to result in an undertest and thus pre- 
clude satisfying the test requirements.  Ac- 
cordingly, a spectrum envelope was drawn for 
each location to the highest values of Figs. 8, 9, 
and 10 as the initial determination of tne test 
conditions. 

The domination of the resulting spectral 
envelope by liftoff conditions required another 

consideration to be included in the test condi- 
tions. That is, although the LM would be 
launched by both the Saturn IB and Saturn V 
vehicles, the foregoing test conditions included 
only environmental characteristics of the Saturn 
IB launches.  However, during liftoff, the Saturn 
V booster noise would impose higher SPL's be- 
low 100 Hz on the SLA surface, as indicated in 
Fig. 11.  Consequently, test conditions derived 
from Saturn IB flight measurements would be 
insufficient to assure that the LM would ade- 
quately survive the Saturn V liftoff environment. 
To overcome this problem, the envelope spec- 
tra were adjusted for the difference in liftoff 
environments. 

Consideration was also given to increased 
transonic and supersonic excitation caused by 

>(0       1)0      400       ("C      lOOO 

ONE   TMIBO OCTAVE   BAND   CENTEf» FNEOUtNCT.Hi 

Fig. 11. Comparison of predicted 
Saturn IB and Saturn V liftoff sound 
pressure spectra averaged over 
SLA surface 
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higher aerodynamic pressures in Saturn V 
boost as compared with Saturn I boost.  Nomi- 
nally, the measured response of the SLA would 
be increased by 2 db to account for this change. 
But since transonic excitation of the SLA is 
higher than liftoff excitation only in the extreme 
limits of the measured spectrum, this adjust- 
ment would have negligible effect on the overall 
excitation levels or response characteristics. 
Accordingly, no adjustment was needed in the 
test conditions for differences in the Saturn I 
and Saturn V transonic dynamic pressures. 

A smoothed envelope of the environment 
spectra from Fig. 11 and the Saturn IB environ- 
ment spectrum are plotted in Fig. 12.  The dif- 
ference in these spectra was applied (added 
arithmetically) to the SLA response spectra. 
For example, the SLA-2 response envelope, 
shown by the solid curve in Fig. 13, was ad- 
justed between 40 Hz (the lowest frequency of 
liftoff dominance) and 125 Hz (the highest fre- 
quency of liftoff spectral difference).  The re- 
vised portion of the spectrum ie indicated by 
the dashed curve. The resulting test spectrum 
for SLA-2 is shown in Fig. 13 by the dashed 
curve between 40 and 100 Hz and by the solid 
curve at all other frequencies. Similar adjust- 
ments were also made on the SLA-0 and SLA-1 
measurements, thus yielding the three response- 
control spectra for the LM acoustic test. 
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Fig. 12. Comparison of Saturn IB 
and smoothed envelope spectra at 
liftoff over SLA surface 

FACILITY CALIBRATION PROGRAM 

The MSC SAL, which was designed and 
equipped to perform environmental tests of 
full-scale manned spacecraft, is described in 
detail in Ref. [3].  In the LM project, the CSM 
and SLA were surrounded by an assembly of 16 
ducts through which plane-wave acoustic energy 
was propagated.  Each duct in this arrangement 

ONC   TrtMC OCTAVt   BANS   C E NTf-' F *' Q Jf *C * . «a 

Fig. 13.  SLA-2 vibration envelope 
adjusted for Saturn V liftoff 

(designated the horn-and-duct system) was 
driven by an independent air- modulator noise 
source, as shown in Fig. 14.  An annular sound 
field divided into 22.5-degree segments was thus 
formed.  The outer wall of the ducts can be 
moved in and out radially to control sound levels 
in the longitudinal direction by varying the duct- 
to-test-vehicle clearance.  Each air modulator 
is controlled by an independent channel of the 
SAL electronic control system where such a 
channel provides control of overall level, con- 
trol of spectrum shape in one-third octave 
bands, and control of limited phase correlation 
between channels.  Hence, the sound field can 
be optimized in each duct for level and spectrum, 
and circumferential correlation around the vehi- 
cle (that is, between ducts) can be controlled to 
a limited extent.  The spectrum in each duct is 
shaped by a ouc-third octave-band shaper, but 
control is exercised by measuring the sound 
field in the duct at a selected point with a micro- 
phone.  The shaper controls were manipulated 
until the required spectrum was measured. How- 
ever, control below 50 Hz is limited by the roll- 
off characteristics of the coupling horn between 
the air modulator and the duct.  Also, above S15 
Hz, control is limited by the fact that mu~h of 
the sound energy in a duct is generated by har- 
monic distortion of Uie lower frequency energy. 
It should be mentioned that the total weight of 
the horn and shroud system is supported by the 
SAL tower structure such that this assembly 
adds no load to the test vehicle.  A soft unin- 
flated hose is used to seal each radial duct wall 
to the test vehicle surface.   Minimal restraint 
is exerted ty these seals on the displrneiüient 
of the vehicle skin. 

Although the MSC SAL has the c&pability 
for adjusting and controlling the spatial 
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Fig. 14.   Arrangement oi test vehicle 
and horn-and-duct system 

correlation characteristics of the acoustic field, 
the best fit to the desired SLA response is ob- 
tained with a control mode in which each air 
modulator is controlled by a separate electronic 
noise generator.   Previous experiments [4] have 
shown that the facility has greater than sufficient 
capability tu drive the» SLA to the required re- 
sponse levels.  In other tests in the MSC SAL, 
the SLA has produced a very uniform response 
at all points on its surface; thus, it was con- 
cluded that laboratory fixtures were not intro- 
ducing any undesirable anomalies into the SLA 
response.   Further, the specific SLA being used 
in the laboratory has been shown to behave in 
accordance with the salient features of a mono- 
coque, continuous truncated cone when excited 
by a dynamic forcing function. 

Starting with arbitrary test conditions, the 
LM calibration runs were arranged to vary 
acoustic-field parameters until a best-fit SLA 
response was obtained and the sound fields 
within the various ducts had reasonably small 
variations.  (At the conclusion of these runs, 
the ducts were disassembled, and the SLA for- 
ward and aft sections were separated in prepa- 
ration for installing the LM test article.) 

VEHICLE TEST PROGRAM 

Test Sequence 

After the LM test article was mated to the 
SLA, and the horn-and-duct system was assem- 
bled around the vehicle, a sequence of eight 
acoustic tests was performed. This sequence 
is tabulated in Table 2. The specific test arti- 
cle used for this program was LM test article 
3 (LTA-3).  This was a complete structural 
demonstrator with an unabridged complement 
of prototype or mass-representative equipment 
and subsystems.  Consequently, this sequence 
of tests was designated the LTA-3 acoustic test. 

Test Results:  Acoustic Environment 

The acoustic field imposed on the SLA ex 
terior is shown in Fig. 15.  The average spec- 
trum for each of the three long tests (35 or 
more sec) is shown, and the envelopes show the 
maximum and minimum values measured in 
each one-third octave band in any duct during 
the three tests.  Repeatability of die levels 
from test to test was quite good,  This spectrum 
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TABLE 2 
Lunar Module Test Article 3 LTA-3 Acoustic Test Sequence 

Test 
Number 

Level Duration 

Remarks High or 
Low 

SPL 
(db) 

Long or 
Short 

Time 
(sec) 

1 Low 139 Long 65 Facility checkout run 

2 High 152 Short 18 Establish data acquisition system 
gain settings 

3 High 152 Long 42 Data acquisition with channels 1 
to 275 

4 High 152 Short 19 Establish data acquisition sys- 
tems gain settings 

5 High 152 Long 38 Data acquisition with channels 
276 to 550 

6 High 152 — 5 Prematurely terminated by 
equipment malfunction 

7 High 152 Short 18 Establish data acquisition system 
gain settings 

8 High 152 Long 41 Data acquisition with all channels 
misled on previous runs 

< S 

 SPL. X 552-X 670 (AFT END) 
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Fig. 15. Sound-pressure spectra at X„ 670 
in three long-duration LTA-3 tests (average 
of 16 ducts in each test and maximum and 
minimum values for all three tests are 
shown) 

was measured at station X.670, which is mid- 
way along the length of the SLA. The spectral 
consistency along the length of the SLA is indi- 
cated in Fig. 16; the average SPL spectrum is 
plotted at station X, 778 (near the forward end 
of the SLA) relative to X. 670 and at station 
X, 552 (near the aft end of the SLA) relative to 

0*t  TM*[) OCTAvE   BANC  :[NTC '«EQuC*CT.«, 

Fig. 16. Average LTA-3 sound- 
pressure spectra at forward end 
and aft end of SLA relative to 
spectra at  the mid-SLA  location 

X. 670.  U the field were the same at all three 
locations, both curves would converge to 0 db. 
The major deviation is in the low-frequency 
bands near the cutoff frequency of the horn. 
However, this deviation is not cons.dered lo be 
serious since the SLA has relatively low exci- 
tation and acceptance.  The SPL in the 31-Hz 
bandwidth is 7 db below the bandwidth of highest 
SPL (at 100 Hz), and the typical SLA response 
(in the 31-Hz bandwidth) is 22 db below the 
bandwidth of maximum response (at 250 Hz). 
Except for an undesirable peak at 400 Hz, the 
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deviation is an average of 3 db or less between 
50 and 1000 Hz. 

The acoustic field inside the SLA (but ex- 
ternal to the LM) was measured with 18 micro- 
phones placed around the LM in a configuration 
roughly approximating a sphere. The results 
of these measurements and the sound spectrum 
measured inside the LM ascent-stage crew 
compartment with a single microphone are 
shown in Fig. 17. (Data from this microphone 
are not entirely applicable for extrapolating 
flight conditions since LTA-3 lacked certain 
interior furnishings which will be installed on 
flight articles; in addition, the LTA-3 cabin 
walls had several open penetrations which will 
be sealed in Ute flight articles.) Figure 18 is 
a plot of the SLA noise reduction (that is, the 
average SLA external spectrum minus the SLA 
average internal spectrum) and the LM noise 
reduction (that is, the SLA average 'nternal 
spectrum minus the LM internal spectrum). 
Finally, Fig. 19 is a plot of the SLA external 
spectrum, a predicted S-IB liftoff spectrum on 
the SLA exterior, and an SLA external tran- 
sonic spectrum, as contained in the Apollo cer- 
tification test requirement (CTR). The com- 
parison with the transonic spectrum is of 
interest since this predicted spectrum had 
been used to derive vibration specifications for 
the qualification of LM components and equip- 
ment [5], 
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Fig. 17. Sound-pressure spectra 
measured inside the SLA (and 
external to LTA-3) and inside 
the LTA-3 ascent-stage crew 
compartment 
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Fig. 18.   Noise  reduction 
through SLA and   LTA-3 
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Fig. 19.   Comparison of  LTA-3 and 
predicted  spectra on SLA exterior 

Test Results: Structural Response 

The response spectra for locations SLA-0, 
SLA-1, and SLA-2 are presented in Figs. 20, 
21, and 22, respectively. In each figure, curves 
indicating the response during the calibration 
run (identified as "empty SLA") and the LTA-3 
test are plotted with the flight envelope or 
response-control spectrum. The SLA responses 
at locations SLA-1 and SLA-2 during the cali- 
bration test provided an excellent fit to the 
flight envelope, but the response of SLA-0 gen- 
erally exceeded the flight envelope.  It should 
be noted, however, that the flight response of 
SLA-0 was not consistent with the flight re- 
sponses of SLA-1 and SLA-2.  This inconsist- 
ency may be artificial in that the telemetry 
bandwidth of SLA-0 was narrower than for 
either SLA-1 or SLA-2; consequently, the neg- 
ative slope above 160 Hz is attributed to the 
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! Fig. 20.   SLA-0 response 
spectrogram 

Fig. 22. SLA-2 response 
spectrogram 
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Fig. 21.   SLA-1 response 
spectrogram 

limited response of the measurement equipment 
used in flight.  If the response up to 160 Hz is 
extrapolated with a response characteristic, as 
shown in the other two measurements, a peak 
of approximately the same amplitude as the 
laboratory-induced response could be expected 
at 250 Hz. On this basis, the slightly poorer 
fit of laboratory-induced response to flight re- 
sponse is acceptable. 

The response of the SLA during the LTA-3 
test was lower in the frequency range from 80 
to 800 Hz at locations SLA-1 and SLA-2 than 
was measured in the calibration test in which 
the SLA was empty. The aft-section response 
(as indicated by SLA-0) was almost identical 
for the calibration and LTA-3 tests.  The small 

changes in response could be attributed to the 
effect on the SL> structural dynamics of sup- 
porting an additional 30,000 lb, or the internal 
sound levels could be lower as a result of the 
absorption of acoustic energy by the LM. Since 
SLA internal sound pressures were not meas- 
ured during the calibration test (empty SLA), 
the absorption of the LM is not known.  In any 
case, an explanation of th ? causes of the SLA 
response variations is nut forthcoming from 
the data obtained in this program. 

CONCLUDING REMARKS 

Flight certification of the LM required an 
acoustic test to verify the structural integrity 
of the LM to the hi. h-frequency dynamic pres- 
sure environment encountered in launch and to 
define or verify equipment-qualification 
vibration-test requirements.  This test was 
performed using a structural demonstrator 
vehicle designated LTA-3.  The test environ- 
ment was evolved from a facility calibration 
program which culminated in a preparatory 
run and which produced the best possible match 
of laboratory response to launch response in 
the empty SLA.  The SLA response was a key 
factor in obtaining a faithful simulation of the 
flight environment since the SLA shrouds the 
LM during the portion of launch when the dy- 
namic pressure environment exists, and the 
LM environment is, therefore, a unique func- 
tion of the SLA response.  Knowledge of the 
SLA response has been obtained at three loca- 
tions during the launch of Apollo flights AS-201 
and AS-202.   Enveloping the maximum spectral 
values obtained from these flights produced the 
spectrum used for the test requirements. Close 
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adherence to this spectrum was obtained in both 
the calibration and the LTA-3 tests, indicating 
a highly realistic test of the LM in its flight 
environment. 

In this testing, the high degree of simi- 
larity between the SLA structural vibration re- 
sponses measured in the acoustic laboratory 

and in flight demonstrates that successful simu- 
lation of environmental excitation ".an be ob- 
tained without complete definition of the envi- 
ronmental criteria. Such a. demonstration 
marks a forward step in the application of 
ground test facilities in achieving more real- 
istic flight simulations. 
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DISCUSSION 

Mr. Manning (Bolt Beranek & Newman): 
Were you concerned about slight changes in the 
excitation causing a variation of the vibration 
pattern on the shell ? I would expect that the 
overall average level would not change, but 
perhaps the spatial pattern would. 

Mr. Dor land: Yes, we considered that and 
we ran a series of tests to investigate that 
point. We found that there were some deviations 

in the data. We finally adopted the configura- 
tion used in this test and the data on that con- 
figuration are shown here. 

Mr. Manning: W^uld it be better to get 
flight data averaged over many accelerometer 
locations and to control from the average ? 

Mr. Dorland:  Yes, and we will probably do 
that next time. 
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VIBROACOUSTIC TEST METHODS FOR VIBRATION 

QUALIFICATION OF APOLLO FLIGHT HARDWARE 

Richard W. Peverley 
General Electric Company 

Houston, Texas 

Vibroacoustic test methods were used to perform vibration qualification 
tests on a majority of the components located in the Apollo service 
module.   The test subjects were attached to a structural segment, and 
realistic reproduction of vibration environments was provided by acous- 
tic excitation.   Tests were conducted with both large segments, which 
simulated a half segment of the Block I and Block II ser 'ice modules, 
and small segments, which simulated a radial beam and a fairing.  This 
approach was used to provide a meins of duplicating accurately com- 
ponent mounting conditions and thus improving the simulation that 
would otherwise have been furnished by an electromechanical shaker 
test.   The success of the Apollo tests verified that the concept of vibro- 
acoustic testing can, in many circumstances, result in a significant 
improvement in vibration simulation.   This parer describes vibro- 
acoustic tests pertaining to the Apollo program and presents a com- 
parison of vibroacoustic data with flight data and vibration test criteria 
levels.   Also presented is a discussion of some of the advantages and 
limitations of vibroacoustic testing. 

Spacecraft hardware is generally subjected 
to vibration testing as a normal part of the com- 
ponent qualification program.  It has become an 
accepted practice to conduct such tests on elec- 
tromechanical shakers.   Vibration test spectra 
are often derived by enveloping a number of 
data samples that have been acquired during 
ground or flight tests. Data peaks are occa- 
sionally clipped, but notches in the data are 
more often filled in to provide smooth test cri- 
teria.  The test specimen is attached to the 
shaker and vibration energy is then applied. 
One of the inherent shortcomings of this ap- 
proach is that spacecraft mounting conditions 
are not accurately duplicated.  Since the me- 
chanical impedance of the shaker head is gen- 
erally much greater than the impedance of the 
structure, the component is not allowed to re- 
spond in its natural manner.   In addition, elec- 
tromechanical shakers can be controlled in only 
one direction at a time and three tests are often 
specified to assure that adequate excitation has 
been applied to each major axis.  The short- 
comings described above generally produce an 
overtest.  If the vibration test levels are mod- 
erate, the overtest condition can be tolerated. 
If the component is located in an area where 
the vibration environments are high, however, 
this overtest condition can produce unnecessary 
test failures. 

Many of these overtest conditions can be 
avoided by conducting acoustically induced vi- 
bration tests (also called vibroacoustic tests*}. 
Such tests are conducter". by acoustical excita- 
tion of a representative segment of spacecraft 
structure to which the test specimen is attached. 
The acoustic spectrum is shaped to produce vi- 
bration responses that satisfy the test criteria. 
Vibroacoustic tests can be conducted on a full- 
scale structure or on structural segments. 
There is a distinct advantage in u.jing a full- 
scale structure.  The ability to simulate acous- 
tic and aerodynamic flight environments should 
produce accurate reproduction of vibration re- 
sponses throughout the spacecraft.   This ap- 
proach does, however, require the availability 
of large acoustic test facilities.   Two acous- 
tic test facilities which have the capability to 
test full-scale spacecraft have been developed 
by NASA.   The NASA MSC Spacecraft Acous- 
tic Laboratory |lj has the capacity to sub- 
ject an entire Apollo command, service, and 
lunar module to an acoustic excitation which 
closely simulates the flight environment.   The 

''The term vibroacoustic" designates an acous- 
tic lest used to conduct a component vibration 
test and distinguishes this acoustic lest from 
olher types. 
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NASA/GSFC Combined Environmental Test Fa- 
cility [2] goes one step furiner and combines 
the launch acoustic, acceleration, temperature, 
pressure, and mechanical vibration environ- 
ments. Vibroacoustic tests can also be con- 
ducted on smaller structural segments, how- 
ever, if the vibration environments are known 
and can accurately be reproduced. 

Vibroacoustic tests have been conducted in 
support of the A;x>llo program. These tests 
were conducted on structural segments of var- 
ious configurations and demonstrated that under 
many conditions, structural segments could be 
used to provide accurate vibration simulation. 
The author discussed some of the results of 
these tests during the 36th Shock and Vibration 
Symposium [3]. At that time, testing had been 
completed only on Block I Apollo hardware. 
Additional tests have subsequently been con- 
ducted on Apollo Block II service module hard- 
ware and have provided additional information 
for use in the evaluation of the vibroacoustic 
test concept.  The purpose of this paper is to 
describe the total Apollo vibroacoustic test ex- 
perience and to evaluate the advantages and 
limitations of the vibroacoustic approach to vi- 
bration testing. 

APOLLO VIBRATION TEST PROGRAM 

The Apollo spacecraft is made up of three 
basic spacecraft modules and an adapter, as 
shown in Fig. 1.  The command module Is com- 
posed of an Inner and an outer shell, which are 
partially isolated from one another.  This struc- 
ture is reasonably stiff and well damped and, as 
a result, has moderate vibration response char- 
acteristics.  The service module is made up of 
a honeycomb skin with radial beams whose 
shear web thickness is only 0.018 In.  Equip- 
ment Is located on brackets attached to the 
stringers of these beams, on bulkheads, and on 
shelves between the beams.  During the launch 
and boost phase of a flight, the outer skin is ex- 
posed to intense aerodynamic pressure levels 
which produce high vibration responses.  The 
lunar module is an extremely complex structure 
which contains two stages, each with Its own 
propulsion system.  The descent stage structure 
Is a cruciform consisting of four tank compart- 
ments and one engine compartment.  The ascent 
stage is constructed of two cylindrical sections 
and houses the crew during the lunar ascent and 
descent.  During the launch and boost phase of 
the mission, the lunar module is housed within 
the service module-lunar module adapter (SLA), 
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Fig. 1.   Apollo command module, service module, and lunar module 
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and all of its systems are in a passive mode. 
Although the Lunar Module is a highly respon- 
sive structure, the exterior noise levels are 
sufficiently attenuated by the adapter so that the 
vibration levels are moderate.  Thus, only the 
service module is exposed to high vibration 
environments. 

Early in the Apollo program, a number of 
boilerplate Apollo spacecraft were flown.  Thus, 
it was possible to acquire a significant quantity 
of acoustic and fluctuating pressure measure- 
ments which provided a concise picture of the 
excitation environments [4]. Because of the ir- 
regular aerodynamic geometry presented by the 
escape tower, reaction control engines, and 
shoulders, these environments were relatively 
high.  Sound-pressure levels as high as 160 db 
were measured at the shoulder of the service 
module and 145 db at Its base. The measured 
spatial average sound-pressure level of the 
service module versus time is shown in Fig. 2. 
The initial exposure to acoustic energy occurs 

at lift-off. A fluctuating pressure transient oc- 
curs near Mach 1 and is probably the result of 
a momentary flow separation from the shoulder. 
The longest exposure occurs near max Q. One- 
third octave sound-pressure levels at max Q of 
the service module are also shown in Fig. 2. It 
was not possible to obtain accurate definition of 
the spectral characteristics of the Mach 1 tran- 
sient because of its short time duration. 

A limited quantity of vibration data were 
also taken during some of the early boilerplate 
flights. Because of the extensive differences 
between the boilerplate and the spacecraft 
structure, however, these vibration data were 
of little use.  Thus, the initial vibration qualifi- 
cation test levels were based entirely on ana- 
lytical methods.  Later, acoustic tests were 
conducted on each of the three individual mod- 
ules for the purpose of verifying the adequacy 
of the analytical predictions. An Apollo Block I 
command module and service module were sub- 
jected to acoustic testing at the North American 
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Rockwell (Los Angeles Division) Acoustic Test 
Facility.  Vibration data were obtained from 
spacecraft structure which contained a limited 
number of mass simulated components. These 
data were analyzed and provided vibration cri- 
teria for electromechanical shaker tests [5]. 
The acoustic field in the North American Rock- 
well facility was determined to be quasi- 
reverberant.  Thus, the spatial correlation co- 
efficient and the resulting vibration levels were 
expected to be higher than would be encountered 
during a flight [6]. There was, however, no way 
to compensate for these differences and the vi- 
bration levels measured during these tests were 
assumed to be valid until flight data became 
available. Acoustic tests were conducted on the 
lunar module at the NASA Spacecraft Acoustic 
Laboratory [7].  Tue lunar module was tested 
in its launch configuration, i.e., the lunar mod- 
ule inside of the adapter. The excitation, in- 
cluding the spatial correlation, was controlled 
to duplicate measured flight i esponses. Again, 
vibration data from these tests were used to 
provide electromechanlr 1 i. aker test cri- 
teria [8]. 

The vibration levels measured during the 
command module and lunar module acoustic 
tests were moderate. The subsequent vibration 
tests, which were conducted on electromechani- 
cal shakers, did not produce an excessive num- 
ber of problems. During the service module 
acoustic tests, however, the measured vibration 
levels were extremely high and exceeded the 
analytically derived test criteria. A typical ex- 
ample of the test criteria derived from these 
data is shown in Fig. 3. It was feared that the 
Inability to simulate mechanical Impedance 
properly during an electromechanical shaker 
test of such high amplitudes could produce an 
excessive number of failures.  A decision was 
then made to utilize vibroacoustlc segment test- 
ing to requallfy the service module hardware to 
the revised levels. Acoustically induced vibra- 
tion testing had been successfully used on a 
very limited basis in the past [9,10,11].  From 
this experience, it was felt that the vibroacous- 
tlc test approach would provide an accurate 
simulation of vibration responses and mechani- 
cal impedance and would, therefore, limit the 
amount of overtestlng. 
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Fig. 3.    Typical vibration test criteria for the 
Apollo service module 
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VIBROACOUSTIC TESTS 

Three different test segments were used 
for the vibroacoustic test.  The majority of the 
tests were conducted on a half segment of the 
Apollo service module; (this test fixture was 
referred to as the 180-deg SM segment). A 
smaller number of components were tested on 
a segment which simulated a service module 
radial beam.  Finally, a set of flyaway umbili- 
cals was tested on a section of the command 
module-service module fairing. 

180-Deg SM Segment 

The 180-deg SM segment was specially 
fabricated using spacecraft materials.  A photo- 
graph of the segment is shown in Fig. 4, and a 
drawing is shown in Fig. 5.  The basic struc- 
ture consisted of the outer shell, forward and 
aft bulkheads, shelves, and two (there are nor- 
mally six) radial beams.  The top sector was 
used for testing equipment mounted to bulk- 
heads or shelves.  Thus, the shelves could be 
moved so that the top sector of the segment 
m'ght duplicate one sector on one test and a 
different sector on the next test.  The segment 
was isolated from the floor with Isomode pads. 

The 180-deg SM segmt.it was oriented in 
the test facility as shown in Fig. 5.  A fiber 
glass model of the command module was em- 
ployed to provide the proper fairing attachment. 
The total test d"     ion was 150 se^..  The over- 
all sound-pressu» e level was varied during the 
test as shown in Fig. 6.  This profile was es- 
tablished to simulate the flight time history, 

and the spectral shape was chosen to simulate 
ttie space average sound pressure levels of 
Fig. 2.  The level A portion of the test simu- 
lated the (light level at max Q while the level B 
part (which was 4 db higher) simulated the peak 
near the transonic region.  The duplication of 
flight sound-pressure levels was good above 100 
Hz.  Below 100 Hz, however, the sound-pressure 
levels were lower in the facility.  These differ- 
ences did not degrade the test, however, since 
the quasi-reverberant field in the facility pro- 
duced higher vibration levels in this frequency 
region; (this point is discussed in more detail 
later on). 

The original vibration test criteria were 
derived from an acoustic test of a full-scale 
spacecraft which contained a limited number of 
mass simulated components.  Thus, it was nec- 
essary to calibrate the 180-deg SM segment by 
subjecting it to essentially the same sound pres- 
sure levels, while in the same mass loading 
condition as the full-scale test structure.  This 
test was conducted to assure that responses 
were comparable.  The test subjects were at- 
tached to the segment and the same sound pres- 
sure levels were then applied.  A comparison of 
the vibration response, measured at comparable 
locations on an empty equipment shelf of the 
original full-scale test and the 180-deg SM seg- 
ment test, with and without a component at- 
tached, is -shown in Fig. 7.   The responses on 
the two unloaded structures, shown in the left- 
hand part of the figure, compare favorably.  On 
the right-hand side of the figure, the vibration 
response at the same location on the 180-deg SM 
segment, but with a 17 lb component attached, 
shows a significant reduction of vibration levels 

Fig. 4.   A photograph of the 180-deg SM segment 
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Fig. 5.   Sketch of the NAR/LAD acoustic test facility 
used for the 180-deg SM segment 

in the higher frequency bands.  Had this compo- 
nent been tested on an electromechanical shaker 
using the test levels derived from the unloaded 
structure, it would obviously have been over- 
tested.   The effect of mass loading, as shown in 
Fig. 6, was the largest that was observed.  At a 
few locations, in fact, no loading effect could be 
detected.  Thus, the specification of common 
test criteria for this bulkhead would have been 
unfair in some cases and quite justified in 
others. 

A total of 56 components were tested dur- 
ing 13 test runs. As many as 13 components 
were tested simultaneously.  Once the adequacy 
of the segment to reproduce the desired vibra- 
tion levels had been established, the test cri- 
teria for each of the 13 separate tests then be- 
came the acoustic levels of Fig. 6.  Vibration 
measurements, acquired at various locations, 
including the base of each component, were ex- 
amined for abno.. malities after each test and to 
detect possible degradation of the test fixture. 

Component pe   ,rmance was monitored during 
each test, as required. 

A significant number of changes had been 
made to the Block II service module structure 
and are listed in Table 1. Analysis of these 
changes indicated that the vibration character- 
istics of the Block II service module would be 
different from those measured on the Block I 
service module.  In addition, there were a num- 
ber of component changes.  Thus, a similar 
180-deg SM segment vibroacoustic test was 
planned to qualify Block II hardware.  Since the 
external geometry and acoustic test levels had 
not changed, the criteria once again became the 
acoustic levels of Fig. 6.  An initial **"rt was 
also made on the Block II segment to provide a 
calibration of the structure. 

Data acquired at comparable locations on 
the unloaded forward bulkhead of the Block I 
and Block II 180-deg SM segment are shown 
on the left-hand side of Fig. 8.  The vibration 
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TABLE 1 
Major Differences in the Block I and Block II Apollo Service Module Structure 

Area 
                                                      ■ 

Block I Block II 

Outer skin No. of panels: 6 

Honeycomb inner facesheet: 0.016 in. 
Longitudinal radiator tubes 

No. of panels: 4 (Two large panels 
replace 4 smaller panels) 

Honeycomb inner facesheet: 0.010 in. 
Horizontal radiator tubes 

Forward bulkhead 4 large tank holes 
Few components 
Facesheet 0.016 In. 

No tank holes 
Many components 
Facesheet 0.010 in. 

Aft bulkhead 4 large tank holes 
2 at 45.3 in. diam 
2 at 39.0 In. diam 

4 large tank holes 
2 at 51.0 in. diam 
2 at 45.0 in. diam 

Fairing ] in. honeycomb 
No radiators 

0.5 in. honeycomb 
Radiators 

Tanks Length:  164 in. Length:   154 in. 
Shelves Thickness:   1 in. 

Constrained 2 sides 
Thickness:   1.5 and 2 in. 
Constrained 4 sides 

(Attached to outer skin) 
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Fig. 6.    Acoustic test criteria for the 180-deg SM 
segment vibroacoustic test 
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Fig. 7. Vibration levels measured at a common point on the service 
module forward bulkhead during three different tests: a full-scale 
spacecraft with no equipment; the 180-deg SM segment with no equip- 
ment: and the 180-deg SM segment witn a 17-lb component attached 
(equivalent sound pressure levels applied) 

responses above 80 Hz are similar.   Below 80 
Hz, the lighter Block II bulkhead shows higher 
responses.  The effect of adding a 42 pound 
component is shown on the right-hand side of 
Fig. 8. Significant reduction of vibration levels 
was also noted, but in this case, the largest re- 
ductions occurred in the lower frequency re- 
gions. Again, the example shown in Fig. 8 
exhibited the largest mass loading effect. 

A total of 20 individual components were 
tested during four test runs.  The most signifi- 
cant problem occurred at bracket-structural 
interfaces.  Following the test, the face sheet 
of the honeycomb forward bulkhead was found 
to have failed at several locations. A discrep- 
ancy of this type could have been detected only 
when primary structure, the bulkhead, brackets, 
and equipment were Included in the test. 

A small quantity of vibration data had been 
acquired on the service module outer shell dur- 
ing one of the later Block I Apollo flights.   The 

quantity of these data was too limited to allow 
for a total statistical analysis. No Block II 
flight vibration data have yet been acquired. 
Thus, only qualitative comparisons can be made 
to assess the relative adequacy of the 180-deg 
SM segment tests. A comparison of measure- 
ments acquired at a similar location during a 
Block I flight and the Block I and Block II 180- 
deg SM segment tests is shown in Fig. 9.   The 
flight data have been scaled up 2 db to compen- 
sate for flight trajectory parameters.  The 
Block I data agree, and the Block I-Block II 
comparison shows a reasonable similarity. 
Similar comparison of the vibration data ac- 
quired at other locations shows the 180-deg SM 
levels to be higher than the flight levels.  A 
comparison of all available flight vibration data 
and corresponding ground test data, in fact, 
showed the envelope of the ground test data to 
be higher than the envelope of the flight data, 
particularly in the lower frequency regions. 
Thus, the vibroacoustic test exposed the equip- 
ment to higher acceleration-spectral-density 
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Fig. 8. Vibration levels measured at a common point on 'he service 
module forward bulkhead for the Block I and Block II 180-deg SM 
segment vibroacoustic test 

levels than the equipment would encounter in 
flight.  In spite of the higher levels, a minimum 
number of hardware test failures occurred. 

Radial-Beam Segment Tests 

The service module radial beam consists 
of eight 0.018 in. panels that are bounded by 
vertical and horizontal stringers.  There arc 
six beams in each service module.  The pri- 
mary function of the radial beams is to carry 
shear loads.  Some components are located on 
b-ackets which are attach ed to the horizontal 
stringers. These components were vibroacous- 
tically tested on a small segment that consisted 
of three complete beam panels. A diagram of 
the radial beam segment is shown in Fig. 10. 
Since all beam panels are structurally similar, 
only one test fixture was required.  During each 
test, the center panel of the segment was con- 
figured to represent a different service module 
beam panel. A typical test setup is also shown 
in Fig. 10.  Prior to each test, the segment 

alone was placed in the chamber. An acoustic 
spectrum was then found that would produce a 
response equivalent to the criteria.  This pro- 
cedure was necessary because the criteria had 
been developed from test data acquired on a 
panel that was not mass loaded with hardware. 
The test subject and itc bracket were attached, 
and the panel was again excited with the same 
acoustic spectrum.  No attempt was made to 
duplicate flight acoustic environments, but in- 
stead the acoustic spectrum was shaped to con- 
trol the response.  A comparison of the bare 
panel response and the test criteria is shown in 
Fig. 11.  The test criteria were deliberately ex- 
ceeded to assure that adequate excitation was 
applied.  A totalof 29 components and their as- 
sociated bracketry was tested in this manner. 
Again, a minimum number of component prob- 
lems was encountered. 

Fairing Segment Test 

A vibroacoustic test was also performed to 
qualify a flyaway umbilical; (this test has be?n 
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Fig. 9. Comparison of vibration data measured at a common point on 
the Apollo service module outer skin during flight, Block I 180-deg SM 
segment and Block II 180-deg SM segment 

previously described by Stevens et al. [12]). 
This component had previously failed to function 
properly during an electromechanical shaker 
test.  The vibroacoustic test, which utilized a 
segment of the command module-service mod- 
ule fairing, was performed in a manner similar 
to the radial beam tests.  The acousiic spec- 
trum was shaped to excite the panel before the 
component was attached. Again, the vibration 
test criteria had been derived from an unloaded 
panel.  Once the proper acoustic spectrum had 
been determined, the component was attached, 
and this acoustic spectrum was reapplied.  The 
flyaway umbilical functioned properly during 
the vibroacoustic test.   This was only one of 
several examples where an extensive redesign 
effort was avoided by achieving better test 
simulation. 

ADVANTAGES AND LIMITATIONS 
OF VIBROACOUSTIC TESTING 

The vibroacoustic tests had been initiated 
under the Apollo program as an interim measure 

to requalify service module hardware.  These 
tests had been designed to provide a better 
simulation of flight vibration environments than 
could have been obtained during electromechan- 
ical shaker testing.  The results indicated that 
this objective had been satisfied.  These vibro- 
acoustic tests also provided an opportunity to 
evaluate some advantages not always found in 
an electromechanical-shaker vibration test 
program.   Some of these advantages are listed 
below: 

1. The improvement in the simulation of 
mechanical impedance and the capability to ex- 
cite equipment simultaneously in all axes are 
the two most obvious advantages and require no 
further discussion. 

2. Vibroacoustic tests can provide a con- 
venient means of testing component interfaces. 
If the segment is sufficiently large, it may be 
possible to conduct a test on an entire subsys- 
tem.   For example, the service module reaction 
control subsystem (there are four per spacecraft) 
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Fig. 10.    The radial beam vibroacoustic test setup 

was tested during the 180-deg SM segment 
vibroacoustic test.  A photograph of the reac- 
tion control subsystem test article is shown in 
Fig. 12.  Test specimens this large can also be 
tested on electromechanical shakers, but such 
tests are more complex. 

3. Vibroacoustic tests can provide a con- 
venient means of testing many components at 
one time, depending on the sizr of the segment. 
For example, 13 components were tested simul- 
taneously during one of the JdO-deg SM segment 
tests. 

4. Bracket- .secondary-structure-primary- 
structure interface integrity can often be veri- 
fied. 

5. Plumbing and wiring installations can 
be tested with the components.  If these instal- 
lations are long, vibration tests on electrome- 
chanical shakers often become unwieldy. 

6. The effect of minor structural modifica- 
tions or component relocation on structural re- 
sponse can be determined without acquiring 
ilight data or conducting full-scale spacecraft 
tests. 

7. A reasonable assessment of testing 
margins can be obtained.   It is often difficult or 
impossible to determine how much overtesting 
has occurred during an electromechanical 
shaker test unless impedance measurements 
have been acquired. 

8. Problems associated with the magnetic 
fields often generated by electromechanical 
shakers are greatly reduced. 

9. Components can be exposed to vibration 
environments peculiar to their individual loca- 
tion.  Often vibration data are available at only 
a few general locations, and test levels are 
specified by structural zones.   By forcing the 
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segment response to be equivalent to the test 
criteria at the specific location where the data 
were originally acquired, one can be assured 
that the vibration responses at other locations 
on the segment are correct. 

There are a number of limitations that one 
should consider before planning a vibroacoustic 
test program.  Some of these are listed below: 

1. The vibration responses should obvi- 
ously be induced by rocket engine or aerody- 
namic noise. It is not impossible to simulate 
mechanically induced vibration by acoustical 
excitation, but it would probably be extremely 
difficult. 

2. An adequate acoustic test facility must 
be available. Most prime contractors do have 
acoustic facilities, but many vendors do not. 
Thus, many of the vibroacoustic tests would 
have to be conducted at the prime contractor's 
facility. The limited availability of structural 
segments would also require that the majority 
of the tests be conducted by the prime contractor. 

3. The spacecraft structure should be 
amenable to vibroacoustic testing.  If the struc- 
ture is not somewhat symmetrical, a large 
number of segments would be required. During 
the service module vibroacoustic tests, for ex- 
ample, both the radial beam and the 180-deg SM 
segment could be used for a number of different 
installations because of their symmetry. An 
entire command module would have been re- 
quired to test all of its components, however, 
because of its nonsymmetry. 

4. If the vibration levels are moderate, 
vibroacoustic testing may not be advantageous. 
Unless the levels are high, the overtesting that 
normally accompanies an electromechanical 
shaker test generally can be accepted.  Also, 
there is less concern over wiring, plumbing, 
and structural interfaces.  However, some pro- 
grams require that components be subjected to 
a minimum vibration test level, regardless of 
the environments.  Such minimum test levels 
might be difficult to obtain during an electro- 
mechanical shaker test. 

5. The specification of test tolerances will 
require a great deal of flexibility. Most vibra- 
tion specifications require that the test spectrum 

be reproduced within very narrow tolerance 
bands.  Such requirements are necessary to 
assure that an adequate lest is conducted.  The 
inconsistency in this approach is that the vibra- 
tion responses in the spacecraft are not as re- 
peatabie and can vary from spacecraft to space- 
craft or from place to place within a single 
spacecraft.  Thus, one could not expect a vibro- 
acoustic-segment vibration response to repeat 
itself within z narrow tolerance band.  For ex- 
ample, the vibration responses of the 180-deg 
SM segment were very similar to the vibration 
responses of the full-scale spacecraft, in spite 
of some large differences in narrow frequency 
Dr.nds. Obviously, some experienced engineer- 
ing judgment is required in assessing the ade- 
quacy of a vibroacoustic test. 

CONCLUSIONS 

The concept of vibroacoustic testing has 
been verified during the Apollo service module 
vibration qualification program.  The ability to 
reproduce vibration responses on both Urge 
and small segments was also confirmed. This 
approach offers an improvement of the simula- 
tion of vibration environments over the simula- 
tion normally found in electromechanical shaker 
testing.  Instead of forcing the component to 
respond to an artificial input, the structure is 
excited and the component is iree to respond in 
a natural manner.  In the Apollo program, 
acoustic energy was used as the form of exci- 
tation since it was thought to be more realistic. 
Mechanical excitation of the structure could 
have been used as well.  Regardless of the 
manner in which the structure is excited, the 
principle is not changed.   The vibroacoustic 
approach is obviously not the ultimate in vibra- 
tion simulation.  Its use, however, can in many 
circumstances result in a significant improve- 
ment in vibration simulation. 
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DISCUSSION 

Mr. Scharton (Bolt. Beranek & Newman): 
Why do you call these vibroacoustlc tests in- 
stead of just acoustic tests ? 

Mr. Peverley:  We talked about acoustic 
testing as being a means of deriving qualifica- 
tion levels, and we distinguished the vibro- 
acoustic test as a means of using acoustic en- 
ergy to conduct a vibration test. 

Mr. Angelopulos (Lockheed Missiles & 
Space Co.):  I not :ed that your sound-pressure 
level profile cu.   * differed quite markedly from 
a curve in an earlier paper, at the speed of 
jound and max Q.  What criteria did you use 
that were markedly different from that curve? 

Mi. Peverley:  What we had shown was a 
sound-pressure level time history on the serv- 
ice module and adapter.   The main difference 
was that the service module exhibited a very 
short duration peak at Mach 1.  We reasoned 
that this difference was due to flow separation 

and did not occur on the SLA.  As far as our 
criteria went, we basically used the sound- 
pressure levels at max Q.  When we conducted 
the test we generally just raised the levels 4 db. 
That was the difference between them.   Because 
this transient peak was of such a short duration 
and looked more like a pulse, it was difficult to 
get an accurate idea of what the spectrum looked 
like.  The best we could surmise was that it re- 
sembled the spectrum at max Q, so we used it. 

Mr. Brunnemer (Hughes Aircraft Co.):  Did 
you say that during Block I testing you have 
seen response levels higher than you did during 
the actual test in flight? 

Mr. Peverley:  No, the flight levels were 
much lower.   The result was that w>     da very 
conservative test, just looking at pure power 
spectral density.   However, because we felt we 
had a better impedance maich, it would not have 
been such an overtest had we used mechanical 
shakers. 
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ACOUSTICAL QUALIFICATION OF S-IC FIN STRUCTURES* 

Clark J. Beck, Jr. 
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Results of acoustic qualification testing on four aerodynamic fins are 
presented.   The fin test specimens were portions of the aerodynamic 
fins used on the S-IC stage of the Saturn V vehicle.   The objective was 
to determine if the fin could withstand the acoustic qualification test 
level of 163 db without structural failure.   Two fins failed, while the 
other two fins did not fail under similar test conditions.  The difference 
in test results is attributed to the presence of fiber-glass tape between 
the skin and ribs of the two fins which did not foil.   Strain instrumen- 
tation shows a significant reduction in dynamic strain levels because of 
the presence of fiber-glass tape.   The reduction in strain level resulted 
in the S-IC fin's passing the qualification test. 

INTRODUCTION 

The S-IC stage of the Saturn V space vehi- 
cle has four aerodynamic fins located close to 
the F-l engines.  During the launch and flight 
of the vehicle, the fins are subjected to a very 
high acoustic environment.  High-level acoustic 
energy is recognized as a potential source of 
structural failure; therefore, acoustic qualifi- 
cation tests were performed on four fin speci- 
mens in a progressiv   wave chamber.  Under 
similar acoustic qualification test conditions, 
two fin specimens failed while the other two fin 
specimens did not. 

this paper describes the acoustic qualifi- 
cation test and presents test data which explain 
the failures. 

TEST SPECIMENS 

Fig. 1.    S-IC fin 
installation 

Four fin specimens were tested during this 
program.  Each specimen consisted of the out- 
board 66 in. of the S-IC aerodynamic fin.   Fig- 
ure 1 shows the fin installed on the S-IC stage. 
The test specimen is indicated by the cross- 
hatched area.   Fins 1* and 2* (asterisks indi- 
cate fins that failed during test) were built 

especially for the acoustic tests.   Fin 3 was 
subjected to static testing before the acoustic 
test.   Fin 4 was built for the facilities checkout 
vehicle and subsequently used for acoustic 
testing. 

'Testing was conducted under a National Aeronautics and Space Administration contract. 
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The fins are of semimonocoque construc- 
tion as illustrated in Fig. 2.  The skins are 
0.056-in.-thick 6% Al = 4% V titanium.  The 
ribs r.id intercostals are 0.075-in. aluminum 
alloy, 7075-0 heat treated to the T-6 condition. 
The main spar consists of two machined alumi- 
num T-caps and an aluminum web. The rear 
spar consists of two titanium caps and a tita- 
nium web.  The leading edge is machined from 
a titanium bar. All Joints were made with fast- 
eners capable of taking high shear loads. 

The only significant difference between the 
fins was the presence of a 0.01S-in.-thick layer 
of fiber-glass tape between all aluminum and 
titanium mating surfaces. The purpose of the 
tape is to prevent corrosion between the alumi- 
num and titanium surfaces.  Figure 3 shows a 
portion of the fin with skin removed to reveal 
the fiber-glass tape.  Fins 3 and 4 had the tape 
installed.  Fins 1* and 2* did not have the tape 
installed, since they were built before the tape 
had been included in the design. 

TEST FACILITY 

All four specimens were tested in the pro- 
gressive wave chamber of the 1500-cu-ft 
acoustic facility of Wyle Laboratories, Hunts- 
ville, Alabama. A Wyle acoustic source, WAS 
3000, was used to drive the horn leading to the 
progressive wave chamber. The access panels 
in the progressive wave chamber were 6.5 ft by 
8 ft, which is large enough to allow all of one 
side of the specimen to be subjected to the 
acoustic field.  Each specimen was attached to 
a massive concrete fixture by angled brackets 
between the fin skin and fixture and also by a 
special fitting on the end of the main spar at 
the base of the specimen. The specimen 
mounted on the fixture is shown in Fig. 4.  The 
minimum distance between the test chamber 
wall and the test specimen was 7 in., as shown 
in Fig. 5. All openings around the specimen 
were sealed. 

INSTRUMENTATION 

Fig. 2.   S-IC fin construction (skin removed) 

All of the test specimens were instru- 
mented with strain gages and accelerometers. 
Five microphones were suspended inside the 
progressive wave chamber to measure the 
sound pressure levels generated over the sur- 
face of the specimens.   Figure 6 shows the lo- 
cation of the strain gages, accelerometers, and 
microphones. 

Data from fins 1* and 4 were recorded on 
magnetic tape for playback and analysis. Fin 
2* and 3 data were acquired by the Wyle com- 
puter system (Control Data Corp. 3200). The 
test data were reduced into either 1/3-octave 
spectra or power density spectra, depending on 
the acquisition system used. 

TEST PROCEDURE 

Testing began on fin 1* with a sinusoidal 
sweep to investigate test specimen response 
characteristics.  The sweep rate was 1 octave/ 
min at a sound pressure level of 140 db (re 
2xl0'5 N/m2).  Tests were then run at various 
levels using a random noise input to shape the 
test spectrum.  After the desired spectrum 
shape was obtained, four short runs were made 
at sound pressure levels of 154, 157, 160, and 
163 db  o obtain information regarding the line- 
arity of the specimen's response.   The qualifi- 
cation test was then started. 

The qualification test spectrum was a 
shaped random noise spectrum from 20 to 
10,000 Hz with an overall sound pressure level 
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Fig. 3.   Fiber-glass-tape installation 
(skin removed) 

AMBIENT  PRFSSURE 

Fig. 

MAIN SPAR 
ATTACHMENT 

4.    Fin mounted on 
test fixture 

of 163 db.  The microphone located at the lead- 
ing edge of the fin was used to establish th? test 
spectrum.  The overall sound pressure level 
from this microphone was maintained at 163 ± 1 
db throughout the qualification test of all four 

"TEST   CHAMBER WALL 

VIEW LOOKING AT FIN TIP 

Fig. 5.   Diagram of fin in pro- 
gressive    wave   test   chamber 

fin specimens.  The qualification test level was 
applied to fin 1* for a total of 54 min with an 
inspection every 5 min.  Testing was stopped 
when internal failures were noted. 

The test procedure for fins 2*, 3, and 4 
was modified because of the failures noted in 
fin 1*.  The procedure consisted of four short 
duration tests at overall sound pressure levels 
of 154, 157, 160, and 163 db for data acquisition 
purposes.   The qualification test was then 
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*  
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^ 

«®    FAILURE AREA 
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MAM SPAR 

Fij. 7.    Failure areas, 
fin  1* 

Fig. 6.   Instrumentation 
locations 

started at an overall sound pressure level of 
163 db.  The test specimens were examined in- 
ternally and externally during the test to deter- 
mine if failure had occurred. 

TEST RESULTS 

Initially, it was assumed that any failure 
would first occur in the fin skin; therefore, fin 
1* was subjected to only external examinations 
during qualification testing. However, after 54 
min of testing at 163 db, an internal examina- 
tion was made, revealing extensive failures of 
the internal ribs.   Figure 7 shows the areas 

where failures occurred on fin 1*. The major- 
ity of the failures were cracks in the rib radii. 
However, enlarged rivet holes and cracks into 
rivet holes were also noted. Although failures 
occurred forward and aft of the main spar, ap- 
proximately 65 percent of the failures were 
forward of the main spar.  Figure 8 shows a 
typical failure forward of the main spar; note 
the rib radii cracks adjacent to both upper and 
lower skins.  Figure 9 shows another failure 
area lorward of the main spar and near the 
rib-leading edge juncture. A rib radius crack 
aft of the main spar and near the rib-aft spar 
juncture is shown in Fig. 10. 

Or--inch-diameter holes were cut through 
the skin of fin 2* to facilitate inspection of the 
internal structure.  The holes were in the skin 

In 
Fig. 8.    Failure of rib forward of main spar, fin 1 * 
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Fig. 9.    Failure of rib near 
leading edge, fin 1* 

external to the progressive wave chamber and 
were covered during testing. A crack in one of 
the fin 2* ribs was noted after 5 min of testing 
a: 163 db. Testing was continued at a level of 
16o db; after 20 min, three cracks were noted 
in the rib radii.  The cracks were up to 3 in. in 
length.  Figure 11 shows a typical failure on 
fin 2*.  This failure is located on a rib forward 
of the main spar. 

Because of the failures, the decision was 
made to perform additional tests on production 
line hardware. A fin which had undergone static 
test (fin 3) and a fin which was built for the fa- 
cilities test vehicle (fin 4) were chosen for the 
additional tests.  The only significant difference 
between the fin test specimens was the presence 
of fiber-glass tape between all rib-skin joints. 
Fins 3 and 4 had the tape installed, and fins 1* 
and 2* did not. 

Fins 3 and 4 were subjected to the same 
test as fins 1* and 2*.   However, no failures 
were noted after 24 and 20 min of testing at 183 
db on fins 3 and 4, respectively.  Testing was 
discontinued at this time since the fins were 
considered to be qualified for withstanding 
launch and flight acoustic environment. 

A comparison of the strain gage data from 
fins 1* and 2* (fins without tape) and fins 3 and 
4 (fins with tape) explained the difference in 
lest results.  The average of overall strain 

Fig.  !0.    Failure of rib aft of main spar, fin  1: 
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Fig. ! 1.   Failure of rib forward of main spar, fin 2* 

levels from fins 1* and 2* was approximately 
twice the average level from fins 3 and 4.  In- 
dividual gage comparisons indicated overall 
strain levels differing up to a factor of 4.  The 
difference in overall strain level was apparent 
in data from all strain gages.  Figures 12 
through 14 illustrate the change in strain level 
experienced between fin 1* and fin 4 (compara- 
ble results were obtained between fin 2* and 
fin 3).  Note both the change in spectrum level 
of up to 15 db and the 7.5- to 10-db change in 
overall level. The data shown in Fig. 12 are 
from a gage forward of the main spar on the fin 

skin over a rib.  Figure 13 shows similar data 
trends for a gage on the skin midway between 
ribs.   Figure 14 contains data from a gage aft 
of the main spar. Again the data trends are 
similar.  The lower strain levels on fins 3 and 
4 are attributed to an increase in damping 
caused by the presence of fiber-glass tape be- 
tween the skin and ribs. 

CONCLUSIONS 

These acoustic tests on the S-IC fin have 
shown that a seemingly small construction 

I 
>-^fSS!£0VERALL 
_ _ I STAR  STRA|N LEVEL 

/~G\'\ >RI8S  20 TO 10,000 Hertz 

-~Jl- *\ rIN4 3ldb 

'emE   OVERALL 
\&*H   STRAIN LEVEL 
VRIBS   20 TO 10,000 Hertz 

FlNr40db 
FIN4 31 db 

FREQUENCY (Htrti) FREQUENCY (Me»ti) 

Fig. 12. Strain spectra 
comparisons between fin 
1 * and fin 4 

Fig. 13. Strain spectra 
comparisons between fin 
1 * and fin 4 
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difference, consisting of a thin layer of fiber- 
glass tape between the skin and ribs, has sig- 
nificantly changed the dynamic strain levels in 
the fin. The presence of the fiber-glass tape 
resulted in the S-IC fin passing the acoustic 
qualification test. 

The test results suggest the use of fiber- 
glass tape or a similar material to reduce dy- 
namic strain levels in semimonocoque struc- 
tures which are subjected to high vibration and 
acoustic environments. However, more exten- 
sive testing is required in order to realize 
fully the benefits of this type of construction. 

/r^r^-Ma'N OVERALL 
'*   JtT-. JS«R   STRAIN LEVEL 
-". -We   20 TO 10,000 H«rfj 

A FIN I'4 3» 
HN4 33* 

000 
FÄEOUENCV w*u) 

10000 

Fig. 14. Strain spectra 
comparisons between fin 
J * and fin 4 
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REAL-TIME COMBINED ACOUSTIC-VACUUM 

TESTING OF SPACECRAFT* 

Louis J. Demas 
NASA Godaard Space Flight Center 

Greenbelt,  Maryland 

During the launch phase of flight, a spacecraft is subjected to a variety of loads. 
To establish confidence that a spacecraft will survive the launch environment, 
practice has been to subject a spacecraft and/or components to single environment 
tests in series, for which specifications included conservatisms in an attempt to 
cover the unknowns arising from the combination of these single tests.   However, 
a more realistic test philosophy which permits real-time simulation of the com- 
bined launch environments has recently been implemented at Goddard Space Flight 
Center using the launch phase simulator (LPS) test facility.   The LPS can repro- 
duce the combined launch environments of vacuum, acoustics, acceleration, and 
vibration on large spacecraft structures, all in real time. 

The first combined environmental flight program test performed on the LPS facility 
is described.   This test was the real-time combined acoustic-pressure profile test 
of the Application Technology Satellite (ATS-A) prototype spacecraft performed on 
March 16, 1967. 

The characteristics of the LPS acoustic and vacuum systems, pretest preparation, 
test philosophy and procedures, and results of the test program are discussed. 
Also included are a cursory treatment of contamination control of the facility and a 
brief discussion of other combined environmental tests of this type performed on 
»he LPS. 

INTRODUCTION 

The launch phase simulator (LPS) [1], a 
new combined environmental test facility at the 
Goddard Space Flight Center, is being used to 
perform a more realistic test on spacecraft 
and/or components.  The facility is capable of 
exposing a spacecraft to the major environ- 
ments encountered during launch. 

Practice in environmental testing has been 
to subject a spacecraft to a series of single 
environment tests to determine if the spacecraft 
will survive the launch environment.  These 
tests are conservative in an attempt to cover 
the unknowns which arise when the launch envi- 
ronments are combined.  The combined effect 
of several or all of the launch environments 
acting simultaneously may be greater than the 
measurable effect of any one of them; in some 
cases, it may even exceed the combination of 
these.  Conversely, the effects in some cases 
may neutraliee one another. The real-time 
combined environment capability of the LPS 

enables a more realistic test to be performed 
and a more thorough evaluation of spacecraft 
design characteristics necessary to insure 
reliability during launch.  Better evaluation 
will aid in reducing the need for overdesigning 
a spacecraft structure at the expense of effec- 
tive spacecraft weight, without increasing the 
risk of underdesign and failure. 

The test described here is the combined 
acoustic-pressure profile (vacuum) test of the 
Application Technology Satellite (ATS-A) which 
was launched on April 4, 1967. The test was 
the first combined-environment real-time test 
to be performed on the LPS. 

LAUNCH PHASE SIMULATOR 

The LPS [2] consists of a Urge centrifuge 
(approximately 117 ft in length and 500,000 lb 
in weight) with a test chamber mounted on the 
outboard end.  The test chamber can accom- 
modate a spacecraft (including adapter) up to 

*This paper was not presented at the Symposium. 
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5000 lb in weight, 10 ft in diameter, and 15 ft 
in length.  In the test chamber, a spacecraft 
may be subjected to the combined environments 
of steady-state acceleration, mechanical and 
acoustical vibration, and decrease in atmos- 
pheric pressure, i.e., all the environments 
encountered by a spacecraft during launch 
phase (except for temperature gradients). A 
brief summary of the facility's environmental 
capability is: 

1. 
radius 

2. Mechanical vibration:  three degrees of 
freedom (longitudinal, lateral, and pitch) from 
5 to 100 Hz, sine and random 

3. Acoustic noise:  150 db rms (all decibel 
notations are referenced to 0.0002 /xbars) 

4. Vacuum: 
launch profile. 

programmed to follow the 

These environments can be simulated in real 
time, and the systems may be operated in either 
a manual or automatic mode. This real-time 
capability insures proper sequencing of events 
during a combined-environment test. 

over long test rims. The estimated steam flow 
during a vacuum test is 60,000 lb/hr. The 
vacuum system is capable of reducing the 
chamber pressure from 760 to 0.3 tor.- (equiv- 
alent to an altitude of approximately 200,000 ft) 
and reproducing the dp/dt slopes of those oc- 
curring during the actual launch. Test chamber 
pressure is controlled to the proper level by 
admitting air through the bleed valves. 

Steady-state acceleration: 30 g at 60-ft TEST ITEM 

The ATS-A prototype spacecra't is approx- 
imately 56 in. in diameter, 73 in. in length, and 
800 lb in weight. The ATS spacecraft is a rela- 
tively large, adaptable payload spacecraft de- 
signed to achieve long life in circular, medium- 
altitude orbits or synchronous, equatorial orbit. 
The ATS-A prototype spacecraft had to resem- 
ble the flight spacecraft as closely as possible. 
Approximately 38 in. from the base of space- 
craft is the "belly band," which was considered 
the area of the spacecraft most sensitive to 
acoustic excitation and most liable to damag* 
through improper venting because of the large 
volume of air that it contained. 

TEST SPECIFICATIONS 

Acoustic System 

The acoustic system consists of a NorAir- 
coustic Mark V generator which operates 
through an exponential horn (cutoff frequency 
75 Hz) at the inboard end of the test chamber, 
and a tubular liner which surrounds the space- 
craft within the test chamber.  Compressed air 
tanks located on the LPS arm structure supply 
air for the hydraulically operated noise gen- 
erator.  Sufficient controls and instrumentation 
are provided with the system to insure proper 
programming of acoustic testing. 

The system is capable of producing an 
overall sound pressure level (SPL) of 150 db 
rms at 760 torr and 140 db rms at 100 torr, 
providing Gaussian random noise in any one- 
third-octave band with a continuous spectrum 
from 100 to 12,000 Hz.  The spectrum is flat 
from 100 to 700 Hz, and from 700 to 12,000 Hz 
has a 6 db/octave roll-off. 

Vacuum System 

The LPS vacuum system consists of a 
four-stage steam-driven air elector evacuation 
system, servo-controlled bleed valves, and a 
mechanical vacuum pump for holding vacuum 

The objectives of the test were to evaluate 
the structural response of the prototype space- 
craft when exposed to the simulated launch 
acoustic-vacuum environments.  Acoustic and 
vacuum tests specification levels were gener- 
ated from an analysis of Atlas-Agena launch 
data.  Design qualification exposure levels are 
normally derived by applying appropriate fac- 
tors to flight acceptance levels.  The acoustic 
noise flight levels were increased, but the 
philosophy of increasing the levels and time 
does not apply to pressure venting tests.   For 
example, to increase the severity of the vacuum 
test, which depends on the slope (dp/dt; of the 
pressure vs time curve, would be to shorten 
the test time.  To resolve this incompatibility, 
it was decided to maintain flight levels for the 
vacuum test, increase the levels of acoustic 
noise, increase the time duration of the maxi- 
mum liftoff noise levels at the start of the test, 
and synchronize the time occurrence of the 
combined environments to reflect liftoff tran- 
sonic regions. 

TEST PREPARATION 

To meet the required test specification 
levels (see Fig. 1), a modification of the vacuum 
control system and a change in the normal 
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Fig. 1.   ATS-A prototype acoustic- 
vacuum test  profiles 

op»vating procedure of the acoustic system to 
be made. 

The critical parameter in controlling the 
upper end of the simulated launch pressure pro- 
file is the time required for the main vacuum 
valve to open.  Initially, approximately 4 sec 
was required for the valve to open. The test 
chamber pressure decreased from 760 to 600 
torr in this time; however, this pressure slope 
was too steep for the ATS-A test. Therefore, 
a nitrogen system was incorporated to control 
the opening and closing of the main vacuum 
valve.  To meet this requirement, a needle 
valve was installed in the nitrogen line be- 
tween the regulator and piston to decrease the 
nitrogen flow rate to the piston and slow down 
the opening speed of the valve.  The time re- 
quired for the valve to open was controlled with 
this modification, and it was preset at 15 sec. 
This, plus an alteration in the profile pro- 
grammed for the automatic mode operation, 
permitted the vacuum system to follow the 

pressure profile within the required accuracy 
of the test specification levels. 

A mockup of the ATS-A prototype (Fig. 2) 
was assembled and mounted in the test cham- 
ber to aid in shaping the octave-band spectral 
distribution properly. Two cylindrical fixtures 
used in previous acoustic tests were used to 
simulate the ATS-A geometry.  The acoustic 
test specification required a maximum value of 
the overall SPL of 135 db rms>. This required 
an adjustment in the acoustic system, since it 
was set up to operate at an SPL of 150 db rms. 
There were two possible methods that could be 
used to prepare the system for operation at this 
lower level. One was to decrease the size of 
the orifice between the modulator of the noise 
generator and the exponential horn.  This 
method would have required a detailed investi- 
gation of the sizing of the orifice.  The other 
method was to reduce the nitrogen pressure 
beins; supplied to the generator from i40 to 40 
psi, which would make the servo controller 
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Fig. Z,    ATS-A acoustic mockup 

operate more efficiently. The Utter method 
was used because of the tim<- element involved, 
and it proved to be very successful. 

Several trial runs were made prior to the 
actual test to evuuate the performance of both 
the acoustic ?.nd vacuum systems and the modi- 
fications ".ad adjustments made to these sys- 
tems.  During these checkouts, the test cham- 
ber was vented back to atmosphere, using air. 
This air wis brought into the chamber from 
the pedestal pit area of the LPS and was not 
considered clean enough to keep the contami- 
nation level inside the chamber to a minimurri. 
Consequently, to insure that the optical experi- 
ments onboard the spacecraft and the space- 
craft itself did not become contaminated, the 
test chamber was thoroughly cleaned and a 
contamination study was performed.  Results 
from these investigations indicated that the 
chamber contamination level was acceptable 
for sensitive optical experiments, and a deci- 
sion was made to vent the chamber with 
gaseous nitrogen instead of air. 

INSTRUMENTATION 

The required instrumentation for the test 
included two pressure transducers for 

monitoring test chamber pressure, one pres- 
sure transducer for monitoring internal pres- 
sure of the Agena adapter, four microphones 
located 90 degrees apart around the belly band 
of the spacecraft (see Fig. 3), nine accelerom- 
eters for monitoring structural response, and 
one thermocouple located inside the cavity at 
the forward end of the spacecraft. 

TEST PROCEDURE 

The spacecraft plus Agena adapter was 
mounted on the end cap, and the end-cap- 
spacecraft assembly was attached to the test 
chamber.  Figure 4 illustrates the operation of 
loading the end-cap-spacecraft system onto the 
test chamber. 

The test was performed in the automatic 
mode, and both the acoustic and vacuum sys- 
tems operated satisfactorily.  At the conclu- 
sion of the test, the chamber was brought back 
to atmospheric pressure using gaseous nitro- 
gen. The end-cap-spacecraft assembly was 
then removed and the spacecraft given a 
cursory inspection.    No significant damage 
was observed. 
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Fig. 4. ATS-A prototype spacecraft, attached 
to LPS end cap, being tilted into horizontal 
position by LPS loading vehicle 

RESULTS AND DISCUSSION 

The acoustic-vacuum profiles achieved 
during the test are compared with the specifi- 
cation levels in Fig. 5, where the specification 
levels are followed very closely by the test 
profiles.  It should be noted that the measured 
value is offset from the specification with re- 
spect to time; howeve-, only a slight variation 
exists in the slopes of the carves.   Figure 6 
illustrates the octave-band spectral distribu- 
tion of the acoustic noise recorded around the 
belly band of the spacecraft. As can be seen, 
this distribution falls within the ±3 db allowed 
for the acoustic noise specification le«els. 

Accelerometers mounted on the space- 
craft structure sensed the acoustically iaduced 
vibrations, which were analyzed as random. 
An analysis of the acoustic excitations indi- 
cates that large exposed areas of the ATS-A 
are susceptible to random vibrations which 
exceeded those measured during previous 
vibration (mechanical) tests of the ATS-A 
structural model.   Frequency band« in the 

100- to 1200-Hz area induced response in the 
solar arrays which exceeded those from me- 
chanically induced random vibration; to a lesser 
degree, frequency bands in the 400- to 900- Hz 
area induced response on the spacecraft outer 
frame which exceeded mechanically induced 
vibration inputs. 

A thorough investigation of the spacecraft 
showed no significant damage to the belly band 
and forward cavity vent areas. The belly band 
did not appear to be damaged, indicating that 
the spacecraft region containing the greatest 
air volume was vented with no apparent diffi- 
culty. There was no apparent damage to the 
spacecraft due to acoustic excitation. 

CONCLUSION 

Tho combined acoustic-vacuum test of the 
ATS-A prototype spacecraft performed on the 
LPS was conducted in accordance with the test 
specifications. The test profiles normally met 
test specification levels, except for low-frequency 
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roll-off in the acoustic spectrum which was not 
reproduced to within-accuracy requirements. 

The ATS-A combined environmental real- 
time test, the first to be performed on the LPS, 
was p. complete success. As a result, a com- 
bined acoustic-vacuum test was later performed 

on the Radio Astronomical Explorer (RAE) 
Engineering test unit.   Combined real-time 
acoustic-vacuum tests on ATS-D prototype 
model, RAE proto-flight model, and Orbiting 
Astronomical Observatory (OAO) thermal 
model are scheduled for the very near 
future. 
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