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LARGE VIBROACOUSTIC TEST FACILITIES

SRR

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 ervironment for a typical
space paylo.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 poesible requirement for combined load testing are
presented, The simulatior potential of the newvibroacoustic
test facilities is related to these simulation requirements.

INTRCDUCTION

Vibratlon and acoustic testing methodology
has advanced durlng the past two years to the
point where It has become practical to test large
sectlons of space vehicles wlth reallstlc simu-
lation of launch dynamic environments. This
advance has accrued from the development and
activatlon of acoustlc test facllltles, such as
those at Manngd Spacecraft Center, Wright-
Patterson Alr Force Base, and Wyle Labora-
torles, together with the development of high-
force vibratlon test capabllitles, such as those
at Wyle Laboratories In Huntsvllle, Alabama,
and Norco, California. The utilizatlon of these
facilitles In the past year has amply demon-
strated thelr capabillty and represents a major
step In environmental simulatlon. .

The conventional approach to the assurance
of system reliability under dynamic loading has
usually Involved accomplishing extensive com-
ponent and subsystem dynamic tests durlng ve-
hicle development and construction. These 1est
programs often have resulted in subjecting all
the components to the maxlmum anticipated
environment, since 1t has been lmpossible to
predict the exact environment for any one com-
ponent location, Characteristlcally, specifica-
tlons for such tests are based on an envelope of
vibratlon data measured in current vehicles,

and scaled appropriately to the future vehicle's
slze and mission proflle. To the extent that
those test levels are excesslve In crucial fre-
quency regions, they may lead to overdesign
with the accompanylng possible welght penaltles.

The development of large-scale vlbroacous-
tlc facllities, accommodating major sectlons of
space vehicles, offers the posslbllity of an en-
tirely new approach to qualification, placing
maximum emphasis on the system environment,
which can be more accurately simulated.
Through thls approach, it may be possible to
screen components at nominal vibration levels
and then check the adequacy of thelr perform-
ance in a total systeras test. In many programs,
it may be possible to follow a procedure which
begins with an engineering and developmental
test with slmulated components, followed by a
systems qualification test with all subsystems
operational, and then, finally, acceptance tests
at an appropriately lower leve! for each flight
article. In this manner, It wlll be possible to
take advantage of the real vibration environment
for each component, singling oyt only those
components in extremely high environments for
additlonal 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 possibillty of cata-
strophic failure for each individual vehicle.
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Therefore, the advent of large-s:ale 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 tes:.
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 accomyanying 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 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 individuai 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 uf 2 ¢yace vehicle payload is
summarized beiow, together with comments on
the appropria.e methods of simulation. There
are six principal phases of the vibration envi-
ronment of a space vehicie payload. These are:

Liftoff

Transonic fiight

Maximum dynamic pressure fiight
Stage separation in space

Space maneuvers

D O B W DN s

. Reentry

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), taere are
some additional low-frequency vibration com-
ponents resulting from acoustic exctation of the
basic modes of the entire launch vehicle. This
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-irequency vibration
excitation.

The second phase of the payload's vibration
occurs during the transonic flight, as the shock
waves generated at various points on the 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 accurateiy estimated from the resuits of
wind tunnel tests. Examination of flight vehicle
records obtained during this flight regime typi-
cally show transient vibration response. Exact
dupli-ation 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 third phave of vibration response oc-
cur3s wher. the vehicle accelerates through the
maximum dynamic pressure (q), where the ex-
citation results primariiy from turbulent fiuc-
tuations in the aerodynamic flow over the pay-
foad. The e:tact nature of these turbuient
fluctuations, including the phenomena of buifet-
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 vehicie design.

The fourth phase involves stage separation
when the vehicle is leaving, or hds ieft, the at-
mosphere, where the vibratory ioads result
from explosive stage separation and starting
transients of the upper stage engines which put
longitudinai shock forces into the payload. This
response is best simulated by iongitudinal vi-
bration excitation, actiny at the stage interface
or through the engines, as appropriate.
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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 rcontrol
engines, and other onboard vibration sui.rces,
has 2 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:

1. External pressure fluctuations

2. Mechanical vibration from onboard
propulsion and auxiliary systeis

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-
ien 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 fatlure statistics.

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 invoives 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 2 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 ccnvenient 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={ (m,‘iv:i » K 1, w)
where

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

v: ; 18 the average mean square vibratory
kinetic energy,

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

1=1,2,3 direction of motion, and
w =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 integratiny

ore
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the variances about the mean energy spectra
over frequency.

This method was utllized in an elementary
fashion In the design of the test of the Apollo
LEM descrlbed in Ref. 1. In that test, flight
vibration data were available at a few points,

80 that the ground acoustic simulation could be
adjusted to match. However, for future vehicles
tested before flight, the actual flight vlbration
will be unknown at the tlme of test. Conse-
quently, engineerlng methods must be developed
which enable adjustment of the simulatlon pa-
rameters relatlve to predicted flight loads and
vehicle characterlstlcs. Again, the proof of
adequacy of these methods must be derlved
from extensive comparlsons of data for both
flight and ground simulatlon.

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 vlbration 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 vibratlon 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 réalistic dynamic boundary
conditions for the component during test.

The specificaticns 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
ahout the actual vehicle in terms of detailed

deslgn, so the estimates of the vibration envl-
ronment must be i:ased on simple prediction
methods which enable extrapolation of tvpical
vibratlon data from previous vehicles to the
new design. Often the specificatlons are stated
in terms of vehicle zone, taking account of both
structural type within the zone and the estl-
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 simllar
structures. Thls variation in amplitude can
typlcally range between a factor of 10 to 100,
or one to two orders of magnitude. Such vari-
ation is not easlly 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 hlgh reliability is to give heavy
weight to the maxlmum 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 simylifying the data curve to a series of
straight lines, guarantee that almust every
compozent 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 riade. Hnwever, 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
testlng arlses in the deslgn of the experimental
test setup. Considerable effort 1s expended to
design a resonant-free stiff fixture which will
enable accurate achievement of the specified
motion spectrum at the component's mount
polnts. As a result. in many cases the attain-
ment of a motion specification at a mount poirt
requlres far greater force and vibratory power
input to the component than the vehicle is capa-
ble of supplying, thus clearly giving an uvertest.

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 itseif.
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 probabiy bear little
resembiance to the characteristics of the sys-
tem when mounted in the vehicie ¢n the tanks.
This change in dynamic characteristics results
from the impossibiiity of dupiicating 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 vehicie structure
associated with the piping system, so that the
vibration response of the piping system is
realistir.

Therefore, the design of the test setup for
the mounted component must consider methods
for reproducing a reasonable facsimile of the
probavle service environment, together with
the essential characteristics of the local dy-
namics of the mounted components. For this
purpose, there are three basic variabies 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 knowiedge of
the vehicie 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 avall-
able, the principal use of multiple sources and
control polnts (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 probabhiiity that whatever is going
to happen in flight will also happen in the test.
However, this addition of degrees of {reedom
aiso increases the number of things which
happen in test which will never happen in flight,
leading again to overtest.

Therefore, the preferred methed is to
mount the component in a section of vehicie
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 aniount 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 ot the frame

[ ¥AY




mounted on a shake table will service 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 strurture 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 adding 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 . shicle.

In examining the motion of this smail 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 2n 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 cuncern. It is clear that
in the low-frequency modes, where the bending
wavelength is very long compared witk the di-
mensions of the partitioned structural specimen,
all points of the specimen vibrate essentially in
phase. Therefore, by utilizing a sujtable input
function and edge fixity in the test, it is possible

30 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.

Howevez, 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'y 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 b2come 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 wili 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 ilius-
trated in Fig. 1 and summarized below:
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1. If the entire vehicle is vibrated with
appropriate sources (vibratory and acoustic),
the simnulation 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 dynaniically as a siniple 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 atfected structure is the measurement of
point input impedance as a function of distance




from the miounting region with and without the
mass present. For the frequency range of in-
terest and for the typical cases in real struc-
ture with simulated component masses, there
will generally exist a distance in all directions
from the ccmponent 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 envelopr: 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 a:d
adjoining structures. Clearly, if decoupling
boundaries already existed in the frequency
range of{ .ntereast, 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
impadance 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 simpie logic diagram illus-
trating the types of engineering steps to be
followed to determine the amount of structure
which is sufficient for a given iest 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 te
apply these concepts in other than abstract
terms to large componente, 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
smali 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 400,0C0 force 1b 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-
frequency environment is relativeiy 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 lJow 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 coupiing 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 fieid at liftoff.

The simulation of the vibration field re-
suiting 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 [8] 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
fr¢ quencies below coincidence. Here consider-
ab,. 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 coupied horn-duct con-
figurations or direct radiation. However,
practical cases are only now being attempted,
and neither theory nor fiight data are sufficient
to provide useful guides to engineering methods
for test design.

Ali of the preceding discussion has related
to the vibration fieid of a structure which has
no other loads imposed. However, in some
cases other loads wiil 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 eviluation 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 operationai systems for both qualification
and acceptance testing,

Further, this capability offers a unigue
method to quaiify extended subsystems such as
piping systems which interact dynamically with
many elements of primary and secondary
structure. Full deveiopment 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, reiiabiiity of the marginal component
could be assessed in a realistic environment
prior to launch and minor specific fixes with
minimum penaities couid be preven in the labo-
ratory to ensure sufficient reliability in fiight.

Continued work with these faciiities 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 eventuaily
and enable attainment of the required reiiability
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 2 100,000-cu-ft reverberation room 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 incrcases 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 nlassic 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
allows azquisition of a total of 480 data channels. The charge amplifiers are con-
nected to multirlexers and an A-D converter for on-line data acquisition by a high-

reverberation chamber.

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
the: acoustic driving forces and the specimen responses. Theoretical and experi-
mental data will be presented to show the operational characteristics of this large

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 corditions 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
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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 frequencics 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 sume zero probability for energy
at a given frequency, but it will alse approach
omnidirectionality in the sound field. Thus, it
is necessary to give up some of the directional
characteristics of the sound ficld in order that
the smooth frequency response may be ap-
proached. The alternative is a free ficld test
wherein the acoustic power generated is com-
parable with that generated by the vehicle in

tre




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 envircnmental testing. One school
insists that the environment must be exactly
simulated i1 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
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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 surface 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 1
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 seenthat 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 portioas are
then about 3 ft thick, ard 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 wali. 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 ‘or |
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 ard 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: |

2 2 2
/)66
2\, 1, t,

where c is the speed of sound, *,, 1 ,ari {,
are the three dimensions of the rcom, rank
ordered by length, and n_, n , and n, are
positive integers defining the wave number
existing in each direction in the room. Since
these integers may be variea 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. 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 mod: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. Siice 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
1., and ignoring the c/2 factor, gives:

. 2 l‘ly 2 nl 4 S
") ’(7-7) (7—4“)
y x z x

Thus, a shape may be defined by unity plus two
fractions which show the relationship betwcen
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,

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

Sepmeyer used this form and evaluated
rooms from 1, 1, 1to 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,
J.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 tuen 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 {8 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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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,

2
L _‘;V 4Apc:|
where
1 = intensity,
W = acoustic power input,

a = total absorption,

p = acoustic pressure, and

.+ ¢ = acoustic impedance of air.

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

PAL  SPL - 6.5 db + 10 log a

where

PW. = sound power level re: 10~ !3 watts,

SPL = sound pressure level re: 0.0002

microbar.
Since
0_.049\'
T

where
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room volume,
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reverberation time, and

0.049V
T

PWL - SPL - 6.5 db + 10 log
For the Wyle room this becomes
PWL - SPL + 17.8 db.

This equation is the only one that is theoreti-
cally defensible and is therefore the only one

used for measurements by Wyle Laboratories.

There are several variations of this eguation
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 muck 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 ¢»»~vz5 suow 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
ihat the measured data compare well with the
computed data. It may also be seen that acous-
tic energy above 1000 cps in the large 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 coa-
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

e ]
i |
' l

4

¥
|
]

Presauret in Reloti ve Decibals

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 £erious 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.
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Fig. 9. Sinc sweep, 0-90 Hz in room
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Figure 10 is a sine sweep taken witha 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 othe- 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 frejuency
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 electricai 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 aiso at the first two harraonics of
the input frequency. A narrower band analysis
would show cther harmonics too, but thisone third
octave analysis is sufficiert for our purposes.
For reasons which are apparent in Fiz. 183, it

g & &

1,3 Octave Bond Level - dB (re: 0.0002 microber)

5

1 L =1 L e

1 NS5 & 125

25 300 1000 2000 4000 00

Octave Bond Center Frequancies - Mz

Fig. 12. Single one third octave input to room
with actual and smoothed spectra developed
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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 scund 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 « y0-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-Bz horn against the low frequencies is
seen in this response. Even an input at 50 Hz
is seen to respond only weakly at 50 Hz 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 15 is som.e actual working data
taken from a large structure under test in the
reverberation room at 154 db (re. 0.0002 ubar)
and shows the form produced by the Wyle com-
puter facility. This is a normal PSD analysis
in g %/cps and shows a good broad-band re-

sponse. The analysis used a digita! 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
overali level of vibration is also given as
23.58 g rms,

CONCLUSIONS

From tie above discussion several con-
clusions may be drawn:

1. The facility generates and contains rea-
sonably high SPL's, Proper acoustic coenling
between the transducer and the room wiil be
required before the design limitatica 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 unifoim 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.
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Fig. 14. Several one third octave
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CONCEPT, DESIGN, AND PERFORMANCE OF THE
SPACECRAFT ACOUSTIC LABORATORY

Robert J. Wren, Wade D. Dorland,
and James D. Johnston, Jr.
NASA Manned Spacecraft Center
Houston, Texas

and
Kenneth McK. Eldred

Wyle Laboratories
El Segundo, California

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
teclinique 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 -2 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 corracted), 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
viries as a function of both flight mission time
and location on the vehicle. To obtain the best
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 simulationr. and
facility hardware design problems were encoun-
tered, and both the problems and the tolutions
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 faunch 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

are
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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 t< - forcing function.

During the concept studies in 1963 [1], the
existing state of the art for simulation of 1zunch
and boost acoustic loading or other means of
inducing flight-like vibrstion 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
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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 tl.e sources and
channels (horns and ducts). During the concept
study, the selected approach was technicslly
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 i.ardware 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 propagat2 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 modulators. Air is supplied to
these devices by a large constant-flow zir
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 horins and from single Apollc modules
to multiple modules; this was done for s.m-
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 cn the bare checkout test arti-
cle; then the vehicle responze 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. 1 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
includes 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.
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FACILITY DESIGN REQUIREMENTS

Philosophy of Environmental
Simulation

The purpose of the Apollo acoustic tests : .
as established by the NASA Manned Spacecraft i
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 tc
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) inertial forces (from
body acceleration of spacecraft/booster vehi-
cles), (c) seraration and ignition shocks, (d)
engine vibration, (e) vibration introduced via
structural interfaces into upper stages (space-
craft) fro:n 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 acceierition and quasi-
static loads is generally achieved by attaching
tension members tc 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 interstzge 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 irapedance 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 betweel. 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.

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) vibrational 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 spacecrait/

Sa
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booster vehicle usually are lower in level, and
are not considered to be a primary souarce of
high-level structural vibration, especially at
high frequencies (above the basic body reao-
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 vibrational
power is received by forward or remote areas
of the spacecraft vehicle because of the attenua-
tion within the _mped structural path, This is
especially the case for mechanical-borne vibra-
tion reaching the spacecraft from the propuleion
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-
braiion, 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.

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 daring 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. 2. Two flow regimes over the
Apollovehicle from Marshall Space
Flight Center wind-tunnel tests
(original SLA confipuration)

shock wave as the vehicle accelerates through
the transonic region. Evidence of separated
flow also exists over the SLA, and another {iow
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 [3].
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
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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 2x10°* ubar), 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 raaximum 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 nvise 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 warranied for specific
test objectives.

NAA TRISONIC (5 5% SCALE MODEL)
NASA AMES {5.5%)
DOUGLAS 4x4 (275%)

JONES ANO FOUGHNER (87)

/— APOLLO VEHICLE

A8 1

l

| L | | |

noo 1009 00

800 700 600 $00 420
APOLLO BODY STATION COORDINATES, Xy INCHES

Fig. 3. Comparnscn of maximum overall aero-
dynainic pressure f{luctuations found in previous

studies of typical configurations corrected to flipht
dynamic pressure {(original SLA configuration)
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Fig.4. Typical relative pressure spectradown-
stream of shoulder at various Mach numbers
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Fig. 5. Typical spe¢tra of pressure fluctua-
tions in one-third octaves for several posi-
tions and several Mach numbers

170

160 |

ONE-THIRD o
OCTAVE

SPL db 150} PLUS 10 b / DECADE
(RE: 2x10-4
JAICROSAR) -/ MINUS 10 db / DECADE
140
‘” 'Y y - 'y A ' A i A A i )
K S 0 20 S0 100 200 SO0 1000 2000
FREQUENCY, M2

Fig. 6. Design enrve for random noise spec-
trum at shoulder of Apollo vehicle with an
overall level objective of 171 db
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The range of sound pressure spectra re-
quired to simulate the aerodynamically 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 fieid 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.
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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, iur-
ther consideratiors 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.

FACILITY DESIGN SPECTRUM AT SHOULDER

OF APOLLO VEHICLE
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~
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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 {luctuations around the Apollo
spacecraft vehicle. With single-input excitation
at the base of the vehicle, the desired vibration
field could not be achieved because oi 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
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A reverberation chamber approach offered
coneiderable handling and placement flexibility
for the Apollo and future spacecraft because
few, if any, fixtures and ducts would be re-
quired. However, for the 270,000-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 {t, 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
mose probably would be on the order of 5 to 7
million acoustic watts. This power requirement
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Fig. 8. Three facility concepts for SAL

would have far exceeded the most ambitious of
previous {acilities, 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 st uctures
than occur in flight. Consequently, failures and
malfunctions which might be experienced during
the test would have a low probabélity 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-t 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
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diffuse field characteristics were obtained for
the entire frequency range of interest bctween
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
simalated S-1VB 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 circuin-
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 follcwed 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 {iare sections. The
flare sections would couple the noise sources io
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 <f 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 foi the SAL, are compared with
flight conditions in Table 1.

The comparisons indicate that the SAL
could achieve a rather accurate simulation of
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pressure field from rocket noise at launch and
a less accurate simulation of the pressure field
resulting from aerodynamic pressure fluctua-
tions. The principal deficiencics 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], 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
accoumodate a vehicle up to 30 ft in diameter
and 85 ft in height. A door 40 ft high and 32 {t
wide provides access for bringing individual
spacecraft modules into the laboratory. The
laboratory is 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
8 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 Function
Variable | Case
Amplitude Spectrum Spatial Correlation
Axial Flight | Depends on vehicle Depends on vehicle | Depends on vehicle geometry
location geometry and Mach geometry and Mach ; and Mach rnumber
number number
SAL | Determined by cross- | Determined by finite | Cannot be varied
sectional area of iength effects and
horns and ducts and absorption of power
by air modulator by vehicle and ducts
output and by air modulator
output
Time Flignt | Variable Variable Variable
SAL Stepwise approxima- | Stepwiseapproxima- | Stepwise approximation or
tion or possibly con- | tion orpossibly con- | possibly continuous variation
tinuous variation tinuous variation
Axial Flight - - Variable
separation SAL - - Either cos ky* in progressive
wave mode or sin ky/ky® in
reverberant mode
Circumfer- | Flight - - Variable
ential
' separation | SAL - - Variable to within 1/16 of
* circumference in progressive
wave mode; approximately
sin ky/ky* in reverberant
mode

3k = acoustic wavelength constant; y = distance.

Two modes of testing are presently avail-

:dggi Cc'sgglEA_ﬂ_ =75-TON HOIST able in the laboratory: progressive wave, the
primary mode; and progressive wave/rever-
< MOVABLE berant fill-in, the secondary niode. In pro-
NOISE SOURCES PLATFORMS

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. 8. 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 controlied so that the
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Fig. 9. Spacecraft Acoustic l.aboratory

connections, communications stations, and in-
strumentation and cable chases are located
throughout the laboratory.
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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 ncoustic energy to the acoustic
response modes of chamber volume. Thus, the
lower porticn of the vehicle is subjected to
reverberant loading.

The air modulators require a large volume
of compressed air (approximately 27,000 stand-
ard ft %/ min) 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 necesgary 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 controlied 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 intn 16 acoustically separate channels
s0 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 surfuce of the CM serves
as a fourth horn boundary in the reverse horn
sections. Fiber-glass wedges, which serve as
lower terminators, are poasitioned at the bottom
of each duct in tiie 2vea 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 s0 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
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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 flare 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

16 16
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Fig. 18. SAL control system
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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




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 vetkicle.

Each air modulator is calibrated using a
plane-wave tube (especially constructed for the
purpose) before being installed in the SAL for a
testing operation. All tests of airframe vehi-
cles are preceded by a calibration test series
using a boilerplate vehicle. During these cali-
bration tests, the amplitudes and spectral
shapes are adjusted sequentially in 2ach 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 ran 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 venicle. 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-
for.sance 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 Ior both progressive
wave duct and reverberant exc:tation 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 overali SPL axially along the
test article for all stations below the ZSM
shoulder. Furthermore, this mode allows
freedom in selecting the spectrum and level for
each duct and the correlation parameters among
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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<i
impedance characteristics of the vehicle,

Air modulators were designed to meet the
requirements of this faci..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 faciti‘v is thus
iimited 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 zan be generated as
indicated by the range of spectra measured in
several experiments at the CSM shoulder, sta-
tion X, 1008 (Fig. 18}. 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 vuitz e
amplitudes across the air modulator. Note that
all spectra are essentially similar be.ow 500 Hz.
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Fig. 19. Measurement iocations for
Apollo tests in the SAL
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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 rcll-off of approximately 3 db/octave.
For the data in Fig. 21, the highest level spec-
tra is approaching the theoretical 3-db/octave
roli-off.

For some applications, the presence of
distortion at high frequency is undesirable.
For the majority of applications, however, the
distertion 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
90-8q-1in. fixed cross section at the shoulder to
as much as 450 8q in. at the base of the SM.
The area along the SLA can vary from a mini-
mum of 90 8q in. at the top of the SLAto 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 {t 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
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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 cf
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 velicle.

The mechanism for this absorption can be
seen from a simplified acoustic model of tne
duct/vehicle system as a duct with a continuous
resistive absorber forming one sidz. Analysis
of the model indicates that the att~nuation in
decibels along the duct from abso.sption of
acoustic power si.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 wili 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 1b/ft 2), 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 controls, 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 +2 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 priuctical 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 Pericrmance

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 orobing 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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Fig. 24. Typical envelope of SPL variation
in SAL for 16-duct operation
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lower frequencies, a greater difference is found
between the ideal and the real horn. The differ-
ence can be quantified in terms of the standing-
wave ratio, which i8 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 26¢c, 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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Fig. 26a. Typical initial horn characteristics
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Fig. 26b. Typical reverse horn characteristics
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Fig. 26c. Typical reverberant flare characteristics

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

160 -

150 |-

ducts is necessary to maintain independent
noise fields ard 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
tvpical 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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Fig. 27. Effect of seal on acoustic performance
of a duct (taken from a one-third scale model)
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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 configuraiion, the
low-frequency performance is significantly im-
proved with the low-frequency cutoff occurring
at approximately 30 Hz. Furthermore, the re-
suits for locations farther down the duct show
that considerable attenuation is occasioned by
the leak.

These twe effects of improper sealing
make it essential to seal the vehicle to the duct
acoustically. However, the sealing 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 hcseof iowdurometer, supplemented

The seal design, which gives a reasonable
noise reduction, simultaneously enabies 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. ited, 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-® 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 acceierometer 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 resuit from the
reradiation of energy by the vehicle into adja-
cent ducts. This would also explain the increase
of the noise reduction to the 20-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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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.
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The acous'ical absorption provided inside
the SAL is gives in Fig. 31. The absorption
below approximsately 1200 to 1600 Hz averages
a little over 4000 3q ft, resulting in an absorp-
tion coefficient of zpproximately 0.12, based on
a wall surface area. The absorption coefficient
is approximately eight times | igher than would
be expected in a standard hard-walled reverbera-
tion chamber. However, it is not the resul: of
the classical acoustic zbhsorption ¢xpected from
soft resistive absorptive materiais, rather it is
the result of steel graitags provided at every
platorm level, of the vehicle, and cf thc varions
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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Fig. 31. SAL chamber absorption
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absorption in the room and 18 expected to be-
come asymptotically proportional to the square
of frequency.

Figure 32 gives the range of SPL's meas-
ured along the SLA immediately adjacent to the
skin and in the general chambe:’ volurae. The
levels are the result of a reasonably flat input
spectrum at almost full acoustic power. Note
that the Jevels adjacent to the SLA are within
1 or 2 db of those predicted for the launch case.
Therefore, this configuration has utility for
some test purposes utilizing the SLA.

CHAMBER LOCATIONS

110 ST O T T Y O O O e
oA 315 63 125 250 500 1000 2000
MREQUENCY,

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 actuval structure, as illustrated in Fig. 32,
is impo:tant. 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.
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Fig. 33. Sound pressure spectra for
SAL reverberant flare operation

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 botk 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, mass,
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 vibration response in
SAL, an acoustic spectrum (Fig. 35) was applied
to a prutotype airframe (honeycomb structural
shel}) SM with the progressive wave-duct con-
figuration. Figure 36 prasents 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 lahora-
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
facility.

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 iiboratory.
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, amglitude, and spectrai
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 spectra) 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 labn-
ratory of the service vibration responses.

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

Apollo which closely duplicate ycsponses 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 applicatinn 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 teet hardware.
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DISCUSSION

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

Mr. Wren: Yes; we ran that test in three
ways, I .nentioned two. We did it with no
shrouds, ducts, or duct supports — completely
taked 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 we!l. 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
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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,
8o 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




acoustic load to the transducer to get. it to gen-~
erate properly in that low erd. If there is a
leak in the duct, you will have a proulem getting
the energy out of the air modulator itself. The

»
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second point is that all these dati. were taken
with the ducts completely uncorrelated, so that
there was no energy transfer.




THEORETICAL STUDY OF ACOUSTIC SIMULATION
OF IN-FLUGHT ENVIRONMENTS®

R. W, White
Wyle Laboratories
Huntsville, Alabama

Progressive wave and reverberant acoustic tests arz often used for qualifica-
tion of aerospace structures subjected to unsteady aerodynzmic 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 eati-
mated for a modified progressive wave field, a reverberant acoustic field,
and for boundary-layer turbulence. !sing an equivalent, uniform, pinned-end
cylindrical shell, space-average power spectral densities of acceleration
were computed from 10 to 1000 Hz, The classic moudal analysis method em-
ploying 570 independent dogrees of freedom was used in the computations.
The pressure ficlds 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.

L M e g el doi s oo ottt

INTRODUCTION

During launch and flight through the at-
mosphere, the external skin of the Apollo
spacecrafl 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 lighiweight
materials. To ensure against fatigue failures
and malfunctions, structural vibration quaiifi-
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 modula,
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
ol generating over the structure a modified
progressive wave field or a reverberant

*Presented by K. McK. Eldred.
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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 whos> 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 constraint.

The vehicle skin forms the inrer 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 intc the duct at the intecsface
between the command nodule and the service
module. From this juncture, sound waves
propagate up over the command module to an

ere




COMMAND MODUL &

LAUNCH ESCAPE SYSTEM

Fig. 1. Apollo spacecraft and
instrument unit

SERVICE MODULE

« TYPICAL CHAMBER
16 PLACES

acoustic termination at the apex, and downward
over the service module and SLA. When the

16 noise sources are driven by indevendent
random electrical signals, the modified pro-
gressive wave field that is generated consiste
of a pattern of 16 uncorrelated duct fields,
However, the sound fields in any two or more
ducts can be correlated by sending 2 common
electrical signal to the noise sources which

SECTION A-A -L—" A"

Fig. 2. Progressive wave shroud system
for Apollo acoustic tests
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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

]a);logressive wave propagating aloug the vehicle
8.

The shroud system has three primary i
functions. First, the ducts provide a means
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for controllirg the circum{erential pressure
correiation lengths so that both launch noise
and aerodynamic turbulence can be simulated
approximately. The aroustic 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 ekin. 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 closed 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 weie emploved.

The modified progressive wave field rep-
resents a unique method for simulating various
types 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 eaviron-
ments cannot be perfectly simulated. Cn 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 tucbulence, 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 & 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 levef of
1(psi)?/Hz. From this comparison and from a
knowledge of the real environmental pressure
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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 analysie is a comparative
type of analysis as opposed to an absolute re-
sponse predictor.

The frequency range in which signiticant
vibration regponse levels of the SLA can be
expected is 10 to 1000 Hz. In the low-frequency
range of 10 to 100 Hz, the atructural resonances
are well separsted 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 nonmodai r2sponse 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 tes!s, it is desirable that re-
sponse simulatinn 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 inciuded
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 repruced; and the two key
parameters which influence vibration response,
namely, modal density and ejastic wave veiocity,
can be properly inciuded. Such an approach has
reasonabie engineering accurac, in the iow-
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 iimited by
damping coupling between modes; however, for
2 comparative analysis, these inaccuracies are
offset to a degree by the fact that the infiuence
of damping coupiing on response should be
simiiar for all three types of environments.
Furthermore, ali of the high-frequency modes
are excited to roughly the same response fevei,
g0 that the power flow between modes should
be minimal. The chief advantages of the modai
analysis technique is that the response equa-
tions can be readily programmed for a digitai
computer; and although the equations are iengthy,
efficient programs can be deveioped which com-
pute two-decade response spectra having high
resolution in running times of 5 to 12 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
idealized cylindrical shell. Then & brief deri-
vation of the response equations is presented
along with a discussaion of the narrow-band
spatial correlation functions used for the vari-
ous fluctuating pressure environments. Finally,
the analyticaliy comp=2«d respense spectra are
compared to show th~ 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 noneycemb 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 336 in., a

slant angle of approximately 8.6 deg, a slant
height of 349 in.,and & mean radius R of 104 in.
The honeycomb parels 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, ug, of 2.0
Ib/tt 2 or 0.0139 1b/in2

Because of the small slaat angle, it is ex-
pucted that the vibration response of the SLA
will be ly equal to that of a cylin-
drical shell of length L, = 349 in. and radius
R = 104 in. The honeycomb panels are expected
to dominate the shell stiffness; hence the ide-
alized cylindrical is assumed to consist only of
the ahove honeycomb skin. For simplicity, the
ends of the uniform cylinder are assumed to be
tangentiaily pinned. Assuming that only the
facesheets provide the shell stiffness, the mo-
ment of inertia, I, per unit of length of the
cross-section area is 0.0287 in.3 Witha
Young's modulus £ = 107 Ib/in.2 and a
Poisson's ratio v = 0,36, the plate bending
stiffness D = EI/12(1~»?) = 3,24 X 105 lb-in,
The in-plane extensional stiffness kK, = 107
(0.032 + 0.015) = 4.7 X10% 1b/in.

SPACECRAFT LUMAR MUCOULE ADAPTER

S/C LEM
) ADAPTER

TYPICAL

OF ADAPTER
PANELS
ROTATED 180°

iVl
INSTRUMENT

=

VIEW A

VIEW A

X, =832

Fig. 3. General configuration of SLA skin structure




Mode Shapes and Resonance
Frequencies

Each m de of vibration of the cylinder wall
is characte_.zed by m (= 1,2,8,...) elastic half-
waves paralle! to the shell axis, and by a(= 0,1,
2,...) compie’2 elastic waves around the cir-
cumference., For tangentially pinned ends, the
mode shapes vary as sin m7X along the axis
where % = x/L,. Because of symmetry, the
modes shapes vary either as sin 20y or
cos 2n7y around the circumference of the cyl-
inder where y = y/L,; and these two orthogonal
romponents are distinguishe by the integers
i= 1,2, Further, each mode (mni) has a radial
deflection component ¢_;(x,y) and a tangential
deflection component ¢, .(x.y); and thus a sin-
gle mode shape is defined by the pair of func-
tions [¢,,,(x.¥). Ypni(x.y)], Where

P 1(X¥) = Yon,{x,y) = sin mnX sin 2n7y
(1)

Yan1(*:¥) = $uaa(x.¥) = sin mrk cos nry

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

Pani (%:¥) Fpg5(X0¥)
[ 1]

0. (mni)d(rsj)

* Yaai(x.¥) 'JJ,,j(x.y)] dx dy
= puir (m01) = (18))

where ¢, = 1/2 for all modes. The general-
ized mass M ;. = £ . .M,, Where M,(= xL,L ) is
the total mass of the shell, so that M, = M,/2
for all modes. Since the (mn1) and (mn2) modes
shapes are geometrically similar, these modes
have the same resonance frequency, v,,, de-
fined by [1]

T . zl'l
K, —_rt . —()\mztn’-l‘,

I.—

2 F]
(/\mz + nz) R
rad/sec  (2)

with A = mmR/L_. The resonance frequencies
determined by ﬁq. (1) are :easonably accurate
for the lower order modes of the SLA; and they
have approximately the correct {requency 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 f,, = 20 Hz. A large number of resonance

.G
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frequencies are seen to occur in the neighbor-
hood of f,, = 175 Hz, which !s the frequency
for the highest modal density of the shell. Be-
low and above 175 Hz, the modal densities dN/df
are approximately [zf

It is to be noted that the modal deasity 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, L,.
The {requency separation between modes in this

region is 1.67 Hz,

EQUATIONS OF MOTION

If 4, ,(t) denotes the generalized accel-
eration of the (mi) mode, then the net instan-
taneous acceleration U(x,y.t) at point (x,y) i8
expressed as

U(x,y.t) = Z‘ Sonil®¥) Gpn;i (1) (4)

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

S[U(x.y. t)iw) = I Ulxy,t) U(x.y, t +7)

=
VE
x elem . dr (5)

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

S[li(x.y. t).0] = Z Z Yani (X0¥) ¢, (x.y)

mni rs)
* S[amni(t)' a”j(t)l-‘] (6)

where S[Gma;(t). G,,;(t);»! denotes the cross
power spectral density of the modal accelera-
tions qnua;(t). Grq;(t). When (rsj) = (mni),
this cross power spectral density reduces to
the power spectral density, s[4, ;(t):«], for a
single mode. It is convenient to deal with an
acceleration spectral density, S(U;«], 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

1
S(U; w) :I I S(U(x,y,t)iw) dxdg.  (7)

0 0

Such a spectrum is independent of position
(x.y); and by orthogonality of the mode shapes
Pani (X.¥): $pqj(x.y), this spectrum is also in-
dependent of the modal acceleration cross
spectra appearing in Eq. (6). Substituting Eq.
(8) into (7) gives

Z‘ %ai S[ﬁmni(t);w]

s(1; ]
t 1 2
an; = Pani(*y) dx d¥
I

0, n=2o,i=1
172, n =0, i = 2 (8)
1,

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

Each mode of vibration is assumed to respond
independently so that q,,,;(t) satisfies the
equation of motion for a single-degree-of-
freedom system, namely
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= “mn . Fani(t)
Gani(1) * O duni (1) + 9 Gpn(t) = =,

9

where Q_, is, approximately, the dynamic m.ag-
nification factor at resonance, and F_, ,(t) is
the generalized force defined by the equation

12
Fpni(1) = L'L’,J I P(X,y.t) $pn;(x.y) di dy. (10)
(Y

The external fluctuating pressure loading at
point (x.y) is denoted as P(x.y.t). For & sta-
tionary and ergodic ran.iom pressure excita-
tion, the solution of Eq. {7) for S(g,,,;(t):«

is [8]

4
S(dan; (1)) = — [w—“’-] H? (wi) SIF,,,(t)iw)
"mni = =)

(11)

where S[F,,;(t):«] is the power spectral den-
sity of the gencralized force, and H¥(w/w,,) i8
the dynamic magnification factor for the single-
degree-of-freedom system,

e {67 6T

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

S[Fpp;(t)iw] L)L) f f
0 70

x S[P(x,y.t), P(x',y',t);a]

X b1 (X, Y) by (X y") dR 0 dX ' d*
(12)

where S[P(x,y.t), P(x',y'.t);w] 18 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
¢ 2neral 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;«], has
a uniform distiibution over the shell, the pres-
sure cospectrum can be written as

Real {SIP(x,y.t), P(x'.y'.t)al} = S[P;al C(x.y.x'.y;:lwa))




where C(x.y.x’,y’';«) is a narrow-band pressurs
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 {ield is homogeneous alorg both the x and

y axes, this correlation coefficient can be sim-
plified to the following product form:

C(x.y. %'y 1) = C(Liw) C(miw), (14)

where { = x-x' and n - y-y'. Here, C(};w)
denotes the narrow-band pressure correlation
coefficient along the cylirder axis; C(n;w) is a
similar coefficient along the circumference.
Thus, substituting Eqs. (1), (13), and (14) into
(12) gives

SIF i (1)i0] = LoL, S[Piw) j,2w) i2,()  (15)

where the joint acceptances j, (), j2,(«) are

11
(@) = J. I C(L:w) sinmn% sin mn&’ dxdx’ (16)
o "o

1o
_i:l(m) 5 J‘ j‘ C(m:w) sin 2my sin 2nny’ dy dy’

(Y
(17)
, 11
Jna ) = J‘ I C(m:iw) cos 2n7y cos 2y’ dy dy’.
o o
(18)
Substituting Eqs. (11) and (15) into (8), and

noting that the generalized mass M_, = uL.L /2,
gives the following response equation:

S[U:«) :’l-z S[P;e)] Z Bni [“’—u]‘

(2 mni
2 (2. .2
x H \wmn)]mz(..-) Ini(w). (19)
Py 0 n=0,i=1
=2, n=0,1i:=2
=1, n=1,23,...; 1i=1.2.

From the :.bove definition of H(w/w,.), it can be
shown that [w/w 1* H¥(w/w ) = H¥(«,,/«), 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 5_ and a new
joint acceptance j X(«) = j2 (w) + jZ,(w), 80
that from Eqs. (17) and (18}

S{U:) = #—', s(Piu] ) 4, u2 (¢) Jmi(@) §(w)
(20)

Byt 2 n=0

n
—
=2
n

12NN T

i(w) = J‘ J. C(miw) cos 2nmi dy dy’. (21)
()

0

In this analysis, the response-to-pressure
ratio SiU;«]/S{P;»] is computed in units of
g2/(psi)?; and therefore if p g is the surface
density of the shell in pounds per square inch,
then

M - 1 y 2 “mn) . N
S[P;u] re)? _zn‘ P W (_w—) ’mz("’) ’nz(“’)'

(22)

Equation (22) is the desired form of the re-
sponse¢: equation,

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 X sin mrx’ can be written as

. - . - 1 = -,
sin mrX sinmrkx’ = 3 [cos m#I - cos mn&]

where [ = x-%’', £ = x+x'. Transforming the
variables of integration (x,x') to the new vari-
ables (£.0), the region of integration 0<x<1,
0 < %' <1 is transformed as shown in Fig. 5.
Integrating first over ¢, the joint acceptance
j(«) can be rewritten as

_— _ 210
HORE Y Y|
T=-1 E 1
x lcos mnl - cos mmé) df di .
Performing the integration over 7 gives

12wy = % J‘ C(liw) [(1- 1Z]) cos mmi

1--1

+ -ml-; sinmr |;' dr.. (23)

R




Fig. 5. Transformation of the region of
integration for joint acceptances

The correlation coefficient 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 {; and hence C(l;v) = C(-Liw).
Thus Eq. (23) can be reduced to the form

(w)-_[ C(L,w) [(l L)cosan-f smuml]dL
(24)

Similarly, the joint acceptance j, ?(») given by
Eq. (21) can be expressed as

id(w) = 2 f (1-7) C(Fiw) wos 2nm7 oF. (28)

n=0

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(l;«) and C(7;«) 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 U_, the cross power spectral
density of the pressur es & at two points along the
ilow axis is S[P;w)e *“*’Ve , the real part of
which i8 S(P;w] cos w{/U,. Thue, the axial space
correlation coefficient C(L.w) = cos 7., where

7x = «by/U.. Time variations of the pressures
withln 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 5 isan
empirically determined pa.rameter. Normal to
the flow axis, the space correlations exhibit
primarily an exponential decay with separation
distance. Thue the narrow-band space correla-
tion coefficients for boundary-layer turbulence
are often approximated by the equations

- -8t -
Cliw) = e ™ cos v ¢
(26)
(i) = e.syn?n

Space correlations obtained from subsonic
wind tunne] 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 5, = 0.167,, &, = 2y,
where 7, = «L,/U.. Based on these expressions
for 5 and 5, the low-frequency components
of the pr ssure are correlated over large dis-
tances. However, correlation lengths must be
limited to distances which are of the order of
the boundary-layer thickness, 5,. 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 5°. An approxi-
mate correction for this effect was made by
choosing :  and 8, equal to the following:

8, 0.10wL /U, + 0.265 L /5,

(27)
8,% 2wL /U, + 2L /8y .

For the present analysis of the SLA, the
boundary-layer thickness was estimated to be

8y = 12 in. Also, on the basis of Willmarth and
Wooldrige's [6] data, the convection velocity U,
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 U_, where u_ is the free stream
velocity. Convection velocities used in the a.nal-

yels are U, = 9810 in./sec at Mach 1 and U_
15,900 in./sec at Mach 2.

For a reverberant acoustic field impinging

o1 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-~

tince. In keeping with the rectangular correla-
tion pattern, this functional form was used for

the correlation coefficients along the x and y
axes. Thus
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C(Liw) = sin 7_,.4
Vi G
(28)
sin )’y'F) N
C(liw) = =
Byl

where, if ¢ , denotes the speed of sound, and A
denotes the acoustic wavelength,

= kL = wL_/c, = 27L_/A
x x 0 x (29)

= kLy 8 wwa’co = 2nLy/)\ 5
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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 ©{{:«) and C(n;®)
are also functions of L,/A. These results are
compared with the approximations of Eq. (°9)

in Figs. 10 and 11. The correlation C({;«) is
relatively insensitive to L /\, while C(7;v) i8
more sensitive. In view o* the lengthy compu-
tations leading to the improved correlations, it
is necessary for the present analysis to use the
approximations (29).

Pr Y

For the modified progressive wave field,
the axial correlation coefficient is C{%:w) =
cos 7., where y, = «L_/c,. 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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correlated, but that the two sets of eight ducts integration, giving
are uncorrelated; and N = 16 means 16 uncor-
related Avcts. L2, 2 -5y
i )m(u)-m Pll-(-1Y"e cos y,
! Joint Acceptance for Boundary- . A m
l Layer Turbulence +4-DTqe " siny, v 5 rA}.
| The expression for the joint acceptances of where
| the axial modes of the cylinder for boundary- 3
. layer turbulence can be obtained by substituting - ( o )’ ( 3, )’] ( y,)’
Eq. (26 into (24) and perforraing the necessary 14\ t\w - 4\
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For L, = 349 in. and 5, = 12 in., the ratio
L,/8, = 29.1; and hence according to Eq. (27),
5, > 1.7. Because of this, the terms in Eq.
(30) which contain the factor ¢ ' * are negli-
gibly small so that Eq. (30) can be reduced to

At frequencies well below coincidence, the
joint acceptances can be estimated by setting
7,=0and 5 = 0.265L,/35, = 7.7, which leads
to the approximation

md + 4.75

ju(@) 2 §2(0) 2 ——
(m?+6.05)3

vof< o,

Thus for large values of m, j («) ¢ 1/m? when

{ << f_. The maximum, or coincidence, values
of j }(«) can be estimated readily for say m>5
by noting that v, = m~ and 5,/y, = 0.10 + 1.7/
mr<1,s0that A=-P:= 22 (25 /y ) <«< L.
From (30) then, j 3(w) = (5,-1)/25, However,
since 5, = 0.10mn + 7.7 > 7.7, the approximate

the following approximation: expression for j 2(«) at coincidence reduces to
j 2 g _2 LA il 4 A PRGNS 1 - _mU
we S5 il e et d i o “E,

Numerical values of j («~) were determined
form = 1,2,...,20 using (31), and the resuits
are shown in Fig. 12 as a function of the non-
dimensional frequency parameter 2L /U,
where { 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 ¥, = mm, or 2L f AU_= m where f
denotes the coincidence frequency for the mth
mode. Note that in termsof ., », = m7(£/f.)

This equation defines the envelope of the peak
values of j }(») in Fig. 12.

At frequencies which are well above coin-
cidence, 7, >> mm sothat 4 = P 2 (¥ /mwv)* and
r = (3,/um)(ymm}2. Thus P/A? = (mn/y,)!,
mme/28 = §_(mw/y,)?/2 >> (mn/y,)* = P/A% Hence,
Eq. (31) reduces to the following expression
which describes the high-frequency roll-off of
ig(w) in Fig. 12:

\ 7 —rr e ——r—r—r T ——TT
1 Froquency, f, ot Mech 2 « My
1 19 ’ 0 v 'ﬂ
i Frarvancy, f, ot Mack 1= Hy | i
: vy 2 g '*vl—v—rrv%mwf#
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R
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Nondi jonat Frequency Por ,Zl.'/Ue

Fig. 12. Joint acceptances of axial shell modes
of cylinder for boundary-layer turbulence
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i, << f.
0.446 153.5
3 T + IE at Mach 1
0.725 405
z f + T at Mach 2J

The joint acceptance j(«) is obtained by sub-
stituting Eq. (26) into (25) and integrating,
giving

-
28, (27n) - 8,

S 2,8 2
W) Gyt ey

(1 - 8').
(32)

From (27), it is seen that 5, > 108; and for this

reason only the first term in Eq. (32) is sig-
nificant.

[(2mn)? + 5,’] !

Numerical evaluations of Eq. (32) are
shown in Fig. 13 for various ring modes and as
a function of the nondimensional frequency pa-
rameter L _{/U_. Inthis case the joint accept-
ances are falrly insensitive to frequency and

are approximately proportiona® to 1/n? for
large values of n.

16"

i Lo g o

Joint Acceptances for Reverberant
Acoustic Field

The joint acceptance expressions for a
reverberant acoustic field are nistained by sub-
stituting Eq. (28) into (24) and (25) and perform-
ing the necessary in ons. The resulting

expressions are w below:
i 2 w) = ——-L_/‘_ { 1 ” A
im (@) (2").2 L Cin {7 (m+ ./ )]

- Cin (7|m~ Z../AI )}
+ ___‘"le/)\ {Si [m(m+ 2,/0)]) - Si{n(m- 2L /A )]}

1 1= (-1)"® cog (211 /\)
(mm)? 1- (&, /m)?

. (33)

where

: 4
Cin (z) = J l-%_)g dx (cosine integral)
()

(34)

* .
Si (2) =I s"‘T"dx (sine integral)
°

™V TrrrYyY
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Fig. 13. Joint acceptances of cylinder ring
modes for boundary-layer turbulence




(@)

m {Sl[zf'(mLy /A)] - Si[27(n- Ly/k)]}

. 1 1- cos (2»!.!::)\)

atni O
Sam)? 1 - (L/M)’

_Si (2L, /M)
/N -

1- cos (M’/)\)
i(L,/\)?

at n = 0.

(35)

Convenient expressions for the numerical
evaluation of the Si(z) and Cin(z) integrals are
given by Abramowitz [10). These consist of
power scries expansions for small values of
the argument (0 < z < 1), rational fraction ap-
proximations for intermediate values of the
argument (1 < z < 50), and asymptotic expan-
sions for large values of the argument (S0 < z).
These approximations are also summarized in
Ref. [l:r

Numerical values of j 2(~) and j,’(~) 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 nondimensional
trequency parameters 2L /A (= X f/c,) and

A, /N (= A, f/c,). Maximum values of these
jofnt accepta.nces occur at the coincidence con-
ditions 2L f_/c, = m for the axial modes and
Lf./cqg = n YTor 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({:») = cos 7,{ into
Eq. (24) and integrating. The well-known re-
sult obtained by Powell [38] for this case is

2 1-(-1)" cos 7,

) 11 -y mmy)?

jg(@) =

Ve §

FN
~

]
"
3

The condition », = m7 is associated with
acoustic coincidence of the axial modes; and
since ¥, = «L /c,, the coincidence frequency
fo=mg/L, =19.2m. Intermsof f_,
Y. - m(£/f ). At frequencies which are well
below coincidence, j *(v) = (f/f,)? form = 2,
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Fig. 14. Joint acceptances of odd-numbered
axial modes of cylindzr for reverberant
acoustic field

4,6,...,a6dj N(«): (2/mm)? form =1,3,5,... .
At frequencies which are above coincidence,
the peak values of j 2(w) = (2/mm)? (f_/f)*. A8
shown by Fig. 4, the ‘modes (1,3), (2 4), (3,5),
(4,5), (5 ,5), (5 6), .+ have resonance trequen-
cies which are near the axial -oincidence 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 the SLA, since the resonance fre-
quencies (f, = 1.22 m’) 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 j () 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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u

1/ 28 z
jn’(w) N [[ cos 2mny dy

-1/2N

_ 1 Isin /N2 37
N nn/N J i (37

From Eq. (37), the greatest values of ; () for
a fixed N occur for the ring modes n < N; and,
0.10 < Nj H«) < 1.00 for 0 < n < 0.75 N, Thus,
for example, the only ring modes havlng a sig-
niflcant amount of excitation for N - 16 are

0 < n < 12, and of these, the greatest excitation
occurs for the lower order ring modes,

VIBRATION RESPONSE EVALUATION

A digltal ccmputer program was developed
for numerlcal evaluation of the frequency Eq.
(2), the response Eq. (22), and the joint accept-
ance Egs. (30)-(37). For each of the varlous
environments considered, a normalized
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acceleration response spectrum was computed
at 100 discrete frequencles per decade for the
frequency range of 10 to 1000 Hz. From these
discrete responses, a contlnuous 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 provlded sufficient reso-
lutlon 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 acoustlc 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 damplng so that
Q.. ©- 15. For purposes of comparison, re-
sponse spectra for boundary-layer turbulence
at Mach 1 were also determlned for ¢ = 5, 25.
The computed response spectra are shown In
Figs. 17 through 21.
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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 bandwidths 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 frequencies lying in a narrow frequency
band of width f/Q centered on frequency f. In
general, the greater the number of modes in
this band, the greater is the response levei 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 230 Hz, the spectrum levels are
roughly proporticnal to 5. The joint accept-
ances of the ring modes 0 < n < 12 lie in the
range 1/166 < j Y{«) < 1/16, with j X») < 1/160
for n > 13; and hence only the modes n < 12 can
have a significant response. With n so re-
stricted, the near resonance modes at any fre-
quency { > 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
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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_, = 175 [1 +
0.50 (n/10)4]'/2. From Eq. (36, the maximum
value of j 2(w) = {(2/mm)/{1=- (2, f/mey)?} e
These two expressions define the ' ".riations of
g («) 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 SLLA. 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 acouvstic
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. Resgponse levels are
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greatest when the pressure correlation lengths
match the elastic hali wavelengths, which is ap-
proximately the condition for the lower order
modes for duct excitation. The aercdynamic
correlation lengths are much shorter than the
elastic wavelengths of the low-order modes,
thu: causing a lower respons: thin acoustic
excitation. Theoretically, the reverse situation
is true at the higher frequencies. The axial
coincidence frequency for Mach 1 is f_ = 14.1m,
and for Mach 2, f_ = 22.8 m. Compar{ng 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 f-! and -2, The
above-coincidence conditice for turbulence ex-
citation ditiers 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 tc 16 uncorre-
lated ducts and a reverberant acoustic field are
compared in Fig. 19. Except for differences in
individual resonancs 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 rssponses 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 that 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, j 2(«) j 2(») =
~3/8L, = ¢/8L2 12 Thus Eq. (22) reduces to
the form

S [G; (1)] - coz
ol |
S{P; ] m,‘?f' ug)?

T awt (32)

Let of (= df/dN) denote the frequency separa-

tion between resonances and let 5 - 1. This
equation can then be rewritten as

= B
st ()
SIPiw] 8L 2f2(ug)? df ¢ f

Since the modal density dN/df i8 constant above
180 Hz, the summation can be replaced by an
integral over the resonance frequencies, giving
as an approximation
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s{0;«] . o PN 0
= -— ) dQ
S{Piw]l  8L2(ug)? f of -[, R

D e———— e — —

8L (ug)? F df 27

Thus, the high-frequeacy 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>w-frequency
response i8 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 Q?, whiie the high-frequency nonmodal
type of response is proportional to Q.

CONCLUSIONS

The theoretical results indicate th-t acoue-
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 lcwer 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 io 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 wher: 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 flignt
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
freoency because of the increasing number of
piane 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 structurc and
the acoustic field within each duct were as-
sumed tc De 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
digizal 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 suhject pro-
gram along with an existing similar program
for a flat plate are capable of anilyzing 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
convected 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

*
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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 nced
some data,

*
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DATA HANDLING METHODS FOR LARGE VCHICLE TESTING

Daniel J. Bozich
Wyie Laboratories
Hunisville, 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 syz-
tems and digital data reduction techniques have made practical the large-scal:
data processing tasks associated with reveral 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.me utilizing on-line analog-digital computer
systems are reviewed, along with the associated digital data reduction methods.
Existing 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 computer=s to large vehicle testing, are discussed. In-
cluded is a preview of the use of speciil integrated-circuit hardware and the use of

the fast Fourier transform (FFT) metun~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.
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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
usec 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 acquisitinn, 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 performaace 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 {inal test validation.
Comparing pretest and poettest calibration
values locates instrumentation channels which
become damaged or otherwise uncalibrated
during the test. This simple automatic check
helps identify and eliminate questicnzble data.
Quick-look verification that test daia were ac-
quired properily 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 is 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 i8 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 exampl2 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 2 mixed random and sinusoidal signal.
Values greater than 3.0 indicate a pref{erence
of the amplitudes for values near the mean,
such as would occur in signal overdriving
(clipping) or nonlinear responses. A quick scan
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of the computer printouts of these values for
each data channel will check system noise,
loose transducers, bad instrumentation, lcose

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 cach data channel, calibration
sensitivity valves 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. Detalls on the relation-
ship of these parammeters with respect to data
acquisition utilizing on-line analog-digital data
systems are contained in Ref. [1].

Randor: 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-
vled and submultiplexed 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-
erences [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
systcm comprises two systems: an on-lire




-

real-time data acquisition system and a sepa-
rate orf-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 ofi-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 (aeriodic)
data coupied on line with either tests or analog
magnetic tape recorders.

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

analog-digital data system. The anzlog outputs
from the signal conditioning instrumentation
are connected to the inputs of two multiplexers,
as gseen in Fig. 2. The multipiexers 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 [3].

The techniques for acquiring data properiy
are generally concerned with programming the
multiplexer. Random and transient data re-
quire that groups of channels be sampied at
the requisite rate sequentialiy within the group,
repeating the sequence until the required num-
ber of samples (record iength) has been obtained
for each channei. Two or more multiplexers.
are usualiy sampied simultaneousiy and with
similar group desiynations. Sinusoidal sweep
(or step} data, on the other hand, are sampled
using both muitipiexers simuitaneously such
that the reference channel on one muitiplexer
is sampied with each channei of the requisite
group, which is sequenced repeatediy until the
required number of sampies have been obtained
from the group. The process is then switched
to the next group and repeated untii aii channei
groups have been sampled, after which the en-
tire procedure is repeated untii the test ends.
Detaiis of these procedures are contained in
Refs. {1], 3], and [4].

Future on-iine analog-digitai data systems
wili comprise reai-time data acquisition,
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Fig. 1. Multiple switching between matched sets of transducers
to one set of signal conditioning instrumentation
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Fig. 2. Data flow diagram of up to 50,000-sample/sec analog-digital
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
sharing and multiprogramming, recent develop-
menta for second-generation computer systems
and the faster integrated-circuit 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, which are discussed in Refs. [5) and 6],
reveal new conceptions which will increase the
data system's ability tc perform real-time data
processing. The fourth-generation system will
be specialized to perform the various tasks in-
volved with the entire on-iine {est 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.

Micragrams, which are used to a !imited
extent in third-generation computer systems,
are special hardware units which perform the
operations of normally pregrammed subrou-
tines at extreraely high spced. These unite can
be stored like tape reels or disk packs and
simply plugged into the systein as required. In
other words, production program subroutines
are implemented in 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.
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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 th~t there
are equal time increments between the 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 ushered in with integrated-
circuit third-generation computers, and the
addition of peripheral hardware units ({irmware)
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 €.i3ted in the literature for quite a long
time; bswever, 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 functlons. The latter PSD function
was computed with constant {requency spacing




over the frequency range of the data, i.e., with
a constant resolntion bandwidih. Figure 3 isa
PSD function obtained from a time-series dat:.
record using a straight lagged products corre-
lation method. This particular PSD function
was computed from a 32,000-sample time
series obtaining a constant 6.65-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 respouse 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 detaiied de-
scription of this "selective bandwidih'' anal-
ysis technique. Figure 4 contains 2 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 Fis 3 and 4 quickly iliustrates the
increased resolution obtained atlow frequencics
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Fig. 3. PSD cbtained by constant-
bai dwidth method, channel 2
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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] descrive a recently
developed technique for obtaining Fourier
transforms of discrete time-series data. This
method, known asc the fast Fourier transform
{FFT), can be used to compute PSD's and
cross-PSD's drectly from time-series data ex-
tremely fast, 1n 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 a2 marked decrease in computer analysis time.
Figure 5 is a PSD function of the same data

10! ey vy ; -

Fig. 5. PSD obtained by fast
Fourier transform selective-
bandwidth method, channel 2

L XY



rer—er-

used in Figs. 3 and 4. The only difference be-
twoen 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 {llustrates 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 thesa 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-
bardwidth method, channel 3

The FFT selective bandwidth analysis pro-
gram has the highly desirable added feature of
obtaining a cross-PSD froin 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 ¢5 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 sligh*ly more than
5 min,

A group of PSD's can be summarized by a
single set of curves which depict the r.asimum
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 sunimary 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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Fig. 8. Maximum, average, and minimum
envelopes of three PSD density plots

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 tirst lateral vibration mode of a large
space vehicle interstage cylindrical skirt struc-
ture is shown in rolled-out fcrmat from 0 to
360 deg in Fig. 12. One hundred and sixty
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accelerometers were used to measure this re-
sponst mode. Note that the upper edge (right
side, 2 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 three-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 sysiems
indispensable aids in large environmental tests.
The application of on-line analog-digital sys-
tems to environmental test responsz measure-
ments and the development of digital data anal-
ysis techniques are triefly reviewed in this
paper. Although far from exhaustive, it is
hoped that this brief introduction to digital data
handling tec’ .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 regonant mode at 160-Hz
vertical acceleration (z axis)

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

The future holds virtually unlimited appli-
cations for these systems. Time sharing,
multiprogramming, firmware (or micropro-
gra..s), megacycle sampling rates, etc., are
the developments which will bring about the
universzl 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. 1l testing
and monitoring; ¢il exploration; earthquake
monitoring, analysis, and prediction; and on-
line researchand analysis of complex operations.
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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 maay 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

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." 1
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 a4 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.
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