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VIBRATION

SURVEY OF SPACE VEHICLE VIBRATION
ANALYSIS AND TEST TECHNIQUES

W, Henrieks, R G, Herzbere, 13, G W renn
Lockheed Missiles & Spacee Compam
sunnyvale, Californn

A space vehicle must survive o variety of environments during the lnunch, asceent
and orbital sequences of its Hlight,  One of the principal envirominents 18 the
dynamic environment, Its prediction, related analysis and test procedures, test
philosophy, recent experience and current results ave discussed, Current areas
of considerable interest in the industiy are the analytical techniques tor high
frequency ( 2100 Hz) random vibration and the attendant current stite-ol-the-uart
testing techniques, These areas will receive particular attention with special
emphasis on recent test results. The mission requirements of the space vehicles
will not be discussed, Onlv the technology problems associated with the wnalyvsis
and testing of space vehicle configurations 1s surveved,

INTRODUCTION

This survey paper will discuss the dvnamic
environments that induce high frequeney « > 100 Hzy
random vibration in a space vehicle and components
thereof.  Particular emphasis will be given to
current state-of-the-art problem areas in both anal-
ysis and testing, No attempt will be made to provide
an extensive hibliography as an exceeilent one already
exists in the work of Lyon [1], The methods ¢ -
ploved will be discussed in detail only when such
detail is not a repetition of that found in Ref, [1] .
Further, some of the current work has not vet
appeared in the open literature and hence the paper
will present some new results as well. It should he
further pointed out that there exists a variety of
approaches and philosophies as to the particular
analysis and testing techniques to be utilized,  This
paper presents our approach to the problem, This
approach has been successful for Lockheed Missiles
& Space Companv ( LMSC) and we believe it to be a
viable one,

The area to receive particular attention is the
high frequency vibration induced in the vehicle and
its components by the inflight fluctuating pressure
fields, This high frequency vibration service en-
vironment will be, discussed in outiine form in
sufficient depth to establish the significance of the
various sources relative to design analvsis and
ground test planning. Ground testing will then be
categorized according to test objectives (o, g,
development, qualification, acceptance, eteay, by
test procedure (e.g., acoustic excitation or shaker
excitatiomy and by level of assembiv (e.g., compon-
ent, subassembly, complete assembly and flight
system),

The impact of new methods of testing, especi-
ally large scale acoustic testing, is presented
together with a discussion of the recent advances

in data usage made possibie by the availabilitv of on-
line digital computers,  Decisions can now he made
during the test program rather than several weeks
later. Selected examples of reeent LMSC experience
arc presented,

The paper includes analvsis techniques, recent
test correlation and flight data,  An explanation of
totallv broadband random versus random sweep ran-
dom shaker tvpe excitations (primavilv for cquipment
testingy will be devetoped.  The concept of the statis-
tical method used for evaluating the zonal vibrational
behavior will also be discussed,  In addition, an
application of peak counting will be presented.  This
technique affords a method for objectively evaluating
the cumulative random vibration exposure (v intro-
ducing time as a parameten that a given picce of
cquipment experiences,  The paper concludes with
some reeent results of analvsis and testing,

PHILOSOPHY OF TESTING

Structural dvnamice testing programs are im-
portant and frequently costlhy portions of the engineer-
ing cffort associated with the desipn and manufacture
of spaceeraft svstems,  The basic intent of such
testing is to provide the cognizant program manage-
ment with the highest practical contidence that their
spacecraft=hooster svstem will not sutfer thght mal-
function duce to vibratory effeets indueed i the
vehicle structure and components, I order for the
testing to be effective, it s necessary that there he
minimum risk of producing laboratory fatlures
which are not representative ol potential flight fail-
ures. Hence evere effort must be made to assure
that the proposcd structural dvnamic test is the best
possihle state-of-the-art simulation of the anticipa-
ted flight environment,

Inan cHort to obtam the best possible state-
f=the-art cimulation, the tollowing thyee test




Glon et vesttes are desieable,

1. Frequency histeibution = the vibrational energy
~howdhd he destethuted i all Frequenes hands of
mterestn aomanner that stmulates the serviee
v Lronment,

S Spatal distetbation = the vibeational eneaey
should he o distethuted throughout the structure
o nauner that simulates the serviee environ-
ment.

4. Control = the vibratonal energy must be con=
trotied to prevent unrealistieatly high tevels a
any potnt on the stracture,

A hriet discussion of shaker versus acoustie
testing, for acousticallh and acrodynamically indueed
random vibration, follows:

Shaher Excitation

The response at points on i structure that is ex-
cited at one or more locations, by shakers, will
show Lrge fuetuations in level between frequencey
bands.  These fluctuations will, in general, exceed
those of the serviee environment.  This is caused by
several factors, The excitation cannot efficientty
exeite nonresonant response in the stiaciure with the
consequence that the structural response is domina-
ted by individual modes,  H attention is restricted

to o single pont, these fetuations ean he minimized
by vaeving the foree detivered In the shaker,  How-
cver, this presents serious control problems be-
cause of the high amplifications that arve tvpical of
structural resonancees,  [Uis then necessary Lo
noteh the test level in the vicinity of o resonance.
However, since sl differences in matervial prop-
erties and assembly procedures can shift the
structural resonant trequencics, the frequeney
notehes may be so wide as to compromise general
test contidence,

In addition to large fluctuations between the
frequency bands, shaker excitation can also induce
large differences between different points on the
structure, This phenomena is also associated with
the single mode response pattern of shaker testing.
Those points on the structure near nodal regions of
the particular mode being excited can be expected to
show very tittle response relative to those regions
near anti=nodes.  This not only compromisces test
confidencee insofar as the nodal regions are con-
cerned, but also presents control problems, A
Lirge number of structural points must be monitored
to insure that no large anti=-nodal response regions
are overlooked when establishing the control levels.

Another cause of spatial variation of the vi-
hrational encrgy is related to the apparent increase
i structural damping with frequenev. For space-
craft tope structures, it is reasonable to expect
creat difficulty in delivering significant cnergy above
S Hz to arcas distant from the shaker locations
without seriously overexeiting regions near the

shakers,

Acoustic Testing

The important difference between shaker and
acoustic testing is the difference bhetween the spatial
distributions of the foreing functions, When acous-
tic excitation is uswed, it can he shown, through
analvsis of the joint acceptance functions of the
structure, that there is a greater diffusion of vibra-
tory energy at a speeifie point as well as between
different points on the structure, This minimizes
the dominance of individual structural modes and
explains generally why acouslie fields are more
efficient at exeiting the non-resonant response. Al
of this onlv reflects what is obvious and apparent a
priori. That is, the acoustic excitation is in reality
a forcing function exciting cach and every point on
the strueture (an infinite number of points) whereas
shaker testing is limited to a [inite (and usually
smally number of discrete forcing functions, This,
cvombined with the fact that acoustic tesling is a much
hetter simulation of the actual flight environment,
explains why acoustice testing is getting more popular,

However, where individual components of the
spaceeraft are concerned, random vibration shaker
testing is, in general, the best possible test. The
inputs tor the shaker test of components comes from
acoustic testing of larger subassemblies and systems,

ROLE OF ACOUSTIC TESTING

Acoustic tests (as well as other testing) gener-
allv fall into the following three types:

1) development tests
2y qualification tests
3) flight acceptance tests

The intent of acoustic development testing is
to provide information on those aspects of the com-~
ponent, bracketry and structural design which cannot
be adequately handled by analysis. Such testing fre-
quently utilizes engineering models of structural
assemblies (e.g., mass simulated components).
Acoustic testing of a flight type non-operational space-
craft system, at the complete assembly level, has
been found to be a valuable tool for uncovering
bracketry deficiencies, Such testing also scrves to
verifv the component random vibration qualification
specifications and helps develop consistent acoustic
flight acceptance test procedures and levels,

Acoustic qualification tests are tests designed
to prove the ability of the spacecraft system to with-
stand the anticipated inflight fluctuating pressure
induced random vibration. The optimum test in this
instance would utilize a test article which is flight
identical and operational as a system, Because of
wncertainties in predictions of the actual flight en-
vironment, and to cover normal variations in
vehicele and flight fluctuating pressure characterist-
ics, this tvpe of testing is accomplished at levels
which constitute an over~test vis-a-vis the best
possible flight predictions,  Failures uncovered
during such testing are considered design defeets and
generally result in corrective redesign,




Flight acceptance tests are intended to uncover

system peculiar defects associates with manufactur-
ing and assembhly procedures., They are generally
performed on the actual flight vehicles prior to
launch. Since these are precederd by the qualifica-
tion test, the vehicle design is presumably adequate,
and failures arc normally remediced by rework of
installations or replacement of defective components
sather than by redesign of the svstem. It is ex-
tremely important that this tyvpe of testing he carve=
fullv planned and controlled, since the risk of
creating incipient damage and thereby degrading the
spaceeraft performince alwavs exists and must he
kept to an absolute minimum.  Acoustic acceptainee
testing is a valuable tool for gaining confidence in
spaceceraft performance,

The preceding discussion has dealt with 2eous-
tic testing of entire spacecraft svstems or major
subassemblies thercof.  For individual picces of
equipment, it is desirable that the levels monitored
(during systems testing) envelope the most extreme
flight environments in all frequencey bands.  Fhe
actual test levels which are normally used, hovever,
are somewhat lower than this most extreme envelopee,
This is so because of the excessive costs associated
with designing all components to pass the maximum
envelope environment.  Acoustic development test-
ing of spacecraft structural svstems is very helpiul
in resolving the vibration environment at the com~
ponent level, High response installations can be
identified (i.e., those installations that respond at
levels exceeding the component random vibration
qualification levels) and corrective action (e.g.,
incorporation of vibration isolation mounts) tiken,
As an example of the above coneept, Figure 1 shows
random vibration levels on a component instaliation
which were uncovered during a svstem level acoustic
development test,  The original levels substantially
exceeded the qualification level for this component,
Corrective action consisted of the relatively simple
incorporation of rubber isolation washers and the
resultant’vibration was thereby reduced to accepta-
ble levels, The component subsequently performed
without malfunction during flight.

DISCUSSION OF SPACECRAFT FLIGHT ENVIRON-
MENTS

Atmospheric operation of space vehicles will
be accompanied by fluctuating pressure sources on
the external vehicle surfaces,  This serviee envir-
onment is generated by such sources as engine
exhaust noise, boundary laver turbulence, separated
flow, base pressure fluctuations and oscillating
shock waves, The various characteristies of inter-
cst for these environments are the distributions of
pressure levels over the vehicle surface, frogueney
distributions, impingement angles, convection
speeds and the spatial extent of a correlated {luetua-
ting pressure field, These fluctuating pressure
sources can be separated into either an acoustie, or
an acrodvnamice environment. Bv acoustic is moant
pressure fluetuations that propagate with the speced
of sound and are appropriately desceribed by ordinary
acoustic theorv. The acrodvnamic pressure fluctua-
tions encompass a broader environment that includes
turbulent boundary taver, separated tflow, oscilla=
ting shock waves, cte, Inaddition 1o the random

vibration response induced by the fluctuating pres-
sure distributions, there is also present the induced
random responsce due to the mechanical excitation of
the engines,

The acoustic environment (Fig, 2y exists
during the short interval of time that the space
vehiele is in the nmmediate vieinity of the Taunch
pad,  While it has been possible to obtam somie
analy tieal predictions of this environtaent, a <ultic=
1ent hody ol measured data adso exists so that o
reasonable detmition can bhe maete ol this environment,
The ymportan! characteristies of ths environment
Adepend on the total pow er genereated by the engine,
eftlux veloceity of the exhaust isswing fram the engine
nozzle, e diameter of the nozzle oxat plane, wd
the design of the Lounch pad fhame hucekets aned ex-
haust tumnels, The spatial disteibution of the overall
sound pressure Tevel over the length of the vehicle
decreases as the measurement station move s for-
ward of the engine exhaust,

The Trequency spectzum typically peaks at
approximately 100=-300 Hz and rolls off rather
rapidlv with time, Due to this external environment,
the internal equipment of the vehicle expericnees a
severe acoustically indueed random vibration with
significant encrgy distribution over a wide portion of
the frequeney speetrum. The power spectral density
of the acecleration response is highly dependent
upon loealized installations and small changes can
significant!yv shift the distribution of cnergy that a
piven picee of cquipment experiences,

For upper stage space vehicles, the acrody-
namic pressure fluctuations (Fig. 3 over loeal
external surfaces, during flight through the trason-
ic regime, can be in the order of 20dB higher than
the liftoff acoustic environment,  Such excitation is
usualh associated with oscillating shock separated
flow ineractions, This acrodvnamic environment
is verv difficult to predict and many tfeatures of 1t
are clouded by uncertainties.  Predictions are
analvticallv cumbersome and wn appropriate hody
of data docs not exist to give a completelv sufficient
empirical definition, There are several approaches
that can be taken 1o obtain further mformation on
this environment; additional theoretical studies,
wind tunnel tests on models and thicht measurements
on vehicles, As a practical matter, a combimation
of all three approaches s usually useds Theoretieal
and windtunne! studies establish such general lea-
tures as overall tevels and spectral shapes, while
fli_ht measurements are uscd to corrohorate thesce
features,  The intensity of the acrody munie pressure
fluctuations can generatly be corvelated with the
dvnamic pressure, y, of the space vehrele, rangimg
from 0,6 to 20 pereent of . Maximum levels will
oceur between the Mach 0, ~ and nuamum dvnamae
pressure conditions depending on the Toeation hohimd
the nose of the shroud, as well as on the gocometny
of the shroud itself. The frequencey content of the
acrodvnamic excitation depends on the tyvpe ol tlow
being considerad, but senerally show s more of thy
total encrgy coneenteated at hicher Troqueneie s
when compared to the aeoustie cxertation at hitt-otf,

It is the extornal fluctuating pressupe <sources
deseribed ahove, couphing with the <urtaces of the




<hrowd, that combine wath the acoustie and mechani-
cu transmirsston padhs toocaabhish the enavironment
b o shrowd enclescd spacecratt, The acoustic trans-
e et Pt beeomes vors tpertantwbon considore
i the aerody none nvduceed cnvoronment sinee it is
hnown o be pronvord o direct tunetion ol densily ol

U = pegns o lon i Ny ™ (T il b
here s dhat high external aecods noomie pressurve
fluctuations do not neeessarthy result my s high
[ppcecrntt acoustic envivronment,  To establish the
iternal environment of the shroud and spacecratft,
avery careful studv must be made o the booster mxd
Launeh pand to be used, the ragectory and tope of
shrow! to he flown, and the dynamice charaeteristies
ol the <spacecraft tselt,

Mechanical exettation inclwdes o random vi=
hration envivonment that is transmitted from the
envine and s assoeiated pumping machinery through
the promaey amd secondary vehrele structures and
shins to the cquipment,  The response speetrom of
the cquipment 1s broad and the excitation exists
during the entive engine burn sequence and as such
is elfeet must be conside red with the liftoff and
Lansonice environments,

ANAIYTICAL PROCEDURES FOR DETERMINATION
OF STRUCTURNL RESPONSE TO ACOUSTICS

The analvtical procedures presently available
for the caleulation of fluctuating pressure ficld in-
duced struetural response and noise reduction fall
into two broad categories:  the lireet modal super-
position teehnique and the methods of statistical
enepoy Hrveis

Direet Modal Superposition Approach

This wgedlippl ©e ogily Dpgiepipal il il fovwgp e [
bands where the structural-acoustic system has a
small number of modal frequencies. A wide range
of random response problems have been attacked by
this method,  The basic approach has developed
directly from the conventional methods of structural
vibration analvsis. The normal modes of the struc-
ture are generated by tinite element, finite difference,
analvtical methods, or by a ground vibration survey,
The response is then taken as o superposition of
these modes and linear random process theory is
utilized to develop RMS values and power spectra for
response quantities of interest, The response ex-
pressions are usually specified in terms of modal
transfer functions and the excitation field cross-
power speetral density,  This latter quantity is diffi-
cult to obtain for certain pressure fields of interest
1e. g, oscillating shock and separated flow, especial-
Iv in the higher frequency bandsy,  Other difficaltices
arise in the higher frequencey bands (i.e., these
bands usually contain large numbers of modes cach of
which will be more costly to define cither by numeri-
cal cateulation or by measurementy,  As a result of
these difficulties considerable effort has been expan-
ded on the development of the alternate procedures of
statistical energy analy sis.

Statistical Encrgy Analvsis

This method of attack was motivated in part by the
statistical analvsis of room acoustics and, in like

fushion, generates a response power speetrum
which is an average over a portion of the acoustic-
structural system.  Such averages best characterize
the veapuiac when the fickds of stractural vitiation
and acoustic pressure can be considered reverber-
ant.  In an application of statistical encergy analysis,
thi madis of the atorstic=straviiral si9ivm are
divided into groups in which cach mode of a particu-
lar group is coupled in a similar fashion to all of the
modes of one of the other groups.  For example, the
resonant modes of a shroud in a specified frequency
hand might be divided into the group of acoustically
fast modes (well coupled to the modes of the internal
sound ficldy and a group of acoustically slow modes
(pourly coupled to the internal sound fieldy, Each
modal group s charvacterized by an energy variable,
die average energy per mode, which can be directly
related to the aforementioned space and frequency
hand averaged response power spectra. A power
balanee equation, involving the encrgy variables,
may he weitten foreach modal group, The result is
a set of linear nonhomogeneous algebraice equations
in the energy varviables, where the average (for a
frequencey band) resonant and nonresonant power in-
puts to the system constitute the inhomogencous or
forcing terms.  This method, originally applied to
reverberant acoustice field exeited structures, may
he extended to general random pressure field excita-
tion (v.g., a turbulent houndary laver pressure
fictdy, The elements of the matrix of cocefficients of
the energy variables in the set of power balance
cquations is composed of modal group average modal
densities and dissipation loss factors as well as
average coupling loss factors between the modal
groups.  An advantage of statistienl encesy analyais
is that expressions for averaged system parameters
such as group modal densities and inter-group coup-
ling loss factors calculated for simple systems may
b syl lawd i SO e lBes 10 Mk ool len eistens
Response and noise transmission characteristics
predicted by statistical energy analysis for rather
complex systems agree well with measured data for
the case of spacecraft acoustic path excitation (no
coupling between groups of structural modes).
Agreement is less favorable, however, for the case
of spaccceraft mechanical path excitation due to un-
certainties in the coupling loss factors hetween
groups of structural modes.

Although each of the above response prediction
teehniques has inherent limitations, they serve to
identify the pertinent svstem parameters and to pre-
dict gross response trends and thus provide a basis
for vational test planning.

LABORATORY ACOUSTIC TESTING TECHNOLOGY

Failures and techniques for the laboratory
acoustic testing of full size spacecraft have evolved
capidly during the past len years, Although this
tvpe of testing is a relative newcomer to the acro-
space testing field, it has established itself as a u-o-
ful and proctical engineering tool.

The tyvpes of acoustic fields that can be genera-
ted in commercial testing facilities arce basically
divided into three categories:

1. Reverberant




2, Direction radiation

3. Progressive wave

These are illustrated in simplified fashion in
Figure 4.

Reverberant field testing consists of mtroduc-
ing acoustic energy into a room possessing highly
reflective walls,  The field developed is intended to
be diffuse in that the spectral content is approxi-
mately equal at any location within the room,  The
actual acoustic fields generated in reverbe vt
chambers can he considered diffuse only above a
chamber peculiar lower frequency limitation,  ‘The
larger the room, the lower this frequency hecomes,
This is an important consideration when planning
acoustic tests in reverberant chambers. This type
of testing is the one most commonly used for testing
spacecraft.

In specifying a reverberant acoustic test, the
random nature of the acoustic field over space (as
well as over time) must be considered,  Thus for
example it is somewhat ambiguous to specify that
the acoustic spectra should he 150 - 2dB throughout
the test chamber. The random nature of the sound
field makes it necessary to consider the prohable
deviations in sound intensity throughout the chamber

volume. [t would he more realistic to specifv either:

1) a permissible spatial standuard deviation of the
sound level, or 2y a requirement that the mean
sound level fall within some interval with a given
confidence level, The spatial uniformity of the
acoustic ficld generated in LMSC's 200,000 ft3 po-
verberant cell is shown in Uigure 5.

Two mcthods for virving the space~time
correlation of the test acoustic field have been in-
vestigated and are in limited use.  These are local
reinforcement of the reverberant field by use of
direct radiation of the neisce generator on the test
specimen, and development of a progressive wave
ficld over the specimen surface.  Both techniques
make possible limited duplication of the conveeting
and decaying fluctuating pressure ficlds encountered
in flight, The spatial corrclation functions in cach
case differ from flight, Dirceet radiation fields have
greater correlation over the specimen surface than
flight in the region of high intensity, and thev are
nonconvecting, ‘The progressive wave environment
does possess a convecting characteristie, however
the speed of convection and decav of the field differ
from those of flight.

Progressive wave testing consists of aevelop-
ing a field of plime wave acousties propagating along
a duct and passing over the test specimen surface,
The waves are then cither allowed to expand into a
large area or be absorbed in an wechoic termina-
tion. Although this type of testing has certain
attractive advantages, such as minimum power re-
quirements, it is highlv specialized i its applica-
tion to spacecraft systems,

Dircet radiation testing, how ever, shows
distinet potential advantages over purely reverber-
ant testing and LMSC has incorporated the capabilin
for direet radiation testing in its acoustic tacility,

(]

The general concept of direet radiation testing is
illustrated on Figure 6, The intent is to develop an
acoustic ficld that varies in spatial intensity over

the test specimen surface and thereby more nearly
simulates the nonunitorm Might environment associa-
ted with shock/boundary laver interaction. This
approach has heen studied in detail and the capability
now exists lor such testing,

STATISTICAL DATA EVALUATION TECHNIQUES
FOR DERIVATION OF COMPONENT TEST
SPECIFICATIONS («CURRENT METHOI

A statistieal treatment of vibeation response
data provides the only vrable approsceh swhen deualing
with an exeitation phenomenon that s not only ran-
domy i nature, bhut which also excites a complex
stractural assembly that exhibits such a variationan
its tocal dvnamie properties that a precise descrip-
ton ol the overall shructural response characteris-
ties cannot be made, Such statisties are extremel
uscful for malvzing the response of cquipment
scetions for a given type excitation, and for estab-
lishing significant trends,

Tyvpicallv, a statistical derivation begins with
assembling acceeleration spectra lor equipment or
sthiuctural installattons that are considerad to have
stmilar dvnamic characteristies. The appropriate
seleetion of data from these zones is important for
estublishing meaningtul data trends,  FEach zonal
acccleration spectrum is divided into narrow fre-
queney bands, such as one=third octaves, and a
worghted average vibration level recorded tor cach
bunda,  The values obtamed for o given zonal fre-
queney band are then fitted into a statistical model,
The statistical model used ean bhe that of an assumed
distribution, .\ log=normal distribution scems to
provide an adequate it of the vibration data obtained
from complex structures under a wide varicty of
circumstances,  Other distrihutions can also he
assumed if they appear to give a better deseription
of the data,  Also, when sufficient data exists, the
data can be used dipeetly as the appropriate statisti-
cal model, A pereentile estimate is then seleceted
and the value ol this esumate lor cach frequeney
hand is used to construct a sttistieal spectrum,
The above deserihed dervivation s illusteated in
Iigure 7.

I'he pereentile estimate of the distrmbution
that is sclected depends upon the tvpe of analy sis
being made. The median spectrum i< usually used
to extablish trends basad on the faet that many data
points influence the shape ot this speetrum, Higher
pereentite estimates of the distribution can be intlu-
cneed signifieantiv by onlv o tlew extremely high or
low values: however, af the median pecteum has
high values for cortim trequeney bands it s reason-
able 1o expect that -+ disproportionate amount of
enerey is centered theres This must also he con=
sidered when o determmation 1= being made as (o
whether to use o broadband random test, o random
swept rdom, or oo random swept sine test, The
manipulation of the data to obtan these 1vpes of test
specifications 1s <hown in Prgure s,

The broadhand te<t Teveb s tvpaealiv obtiined
by constructing o weishted envelope ol the 95th




pereentile spectea and the peak acceeleration levels,
I'he broadband tevel, for random swept random test-
g, is tvpreatly obtained by taking the energy
distribution of the 50th perveentile spectea appropri-
ately ratioed to obtain an eneregy level corresponding
to the 95th perceatile overall Grms level,  The
rindom swept sine background tevel is obtained in a
sinular manner,  The sweep level is obtained from
the 95th pereentile of the statistical spectra, The
handwidth of the random sweep is adjusted to ade-
quately account for the width of the energy spikes
that protewde above the adjusted hackground level,
Normally the sweep bandwidth is 50 Hz,

For response speetra having only a diserete
number of narrow peaks, the random swept sine or
the random swept random tests have an overall
energy level much lower than the broadband random
test. Hence, the swept sine and swept random con-
cept his a much lower chanee of causing an unreal-
istic failure to occur, These considerations may be
overweighed, however, if the manufacturer does not
have the testing capability to conduct sweep type
testing.  Then the cost of shipping the component o
a better equipped test facility must be weighed
against a higher level test and greater probability of
an unrealisticeal failure.

The aceeleration response spectra for the
liftoff, transonic and engine burn conditions are
compiled from data taken during acoustic testing,
engine hot fire testing, prior tests on similar strue=
tures, flight test vesults, cte.

STATISTICAL DATA EVALUATION TECHNIQUES
IFOR DERIVATION OF COMPONENT TEST
SPECIFICATIONS (NEW METHOI)

The method for deriving test specifications
discussed in the previous section does not explicitly
account for the time historv diffcrences in the
various environments encountered by the spacecrait,
For example, a perusal of Figures 2 and 3 will show
that the rolloff of the transonic levels is much slower
than those at liftoff. Hence a mere comparison of
the levels of the response is incomplete, A more
consistent approach objectively combines the level
as well as the time. This is accomplished through
the utilization of a technique referred to as peak
counting, While this technique is certainly not new,
we feel that its application to the development of
component specifications for entire spacecraft sys~
tems has value,

The peak count method affords a means for
objectively evaluating the cumulative random vibra-
tion exposure. It implicitly assumes that equipment
damage potential is linearly related to the cumuia-
tive peak distribution, The peak ccunt method
explicitly introduces time as a parameter, It accu-
mulates the total random vibration exposure that a
qualification unit expericnces (e, g., development,
qualification, reliability testing) and compares it to
what a flight unit experiences (e, g., box acceptance,
svstem level acoustic aceeptance, worst case flight
environmenti.  If a given box possesses a sufficient
positive margin (demonstrated capability exceeds
exposure of flight units), the unit is considered
flightworthy, [f not, remedial matters must be

considered,

Two basic assumptions are made in the d.vel-
opment of this approach. First, it is assumed that
a broadband random signal, whose PSD amplitude
varies with frequency, can be treated on a narrow
band basis; and second, that the signals being ana~
lvzed can be describzd as an ergodic random
process whose instantaneous amplitude is normally
(Gaussian) distributed,

If both of these assumptions are valid, it
follows then that the peak distribution, in any given
narrow band, is Rayleigh distributed. A review of
recent flight data indicates the validity of the
assumptions employed (e.g.,Iig. 9). Some scat-
tering of the data in this figure is noted at the high
sigma values for the liftoff environment, This is
probably due to the rapid change in the overall
levels for this flight event, The applications of the
peak count method are less developed than the
statistical method formerly discussed. It has been
used to verify margins., However, the methods for
developing new test specifications (if margins are
negative or inadequate) are not fully developed.
The method is schematically itlustrated in Fig. 10,

ACOUSTIC TESTING CAPABILITY

The acoustic facility recently constructed at
LMSC provides the largest and most versatile
vehicle test capability available for high intensity
acoustic testing, The facility has been designed not
only to accommodate large space vehicles but also
to provide the flexibility of performing acoustic tests
on vehicle sections or subsystems with the incorpor=
ation of two smaller test cells within the complex.
The physical characteristics of the test cells are
shown in Figure 11,

The noise generators consist of twelve Ling
EPT 200 transducers and four Wyle Laboratories
WAS 3000 transducers rated for a maximum of
240,000 watts of acoustic power when operated into
an anechoic termination, The Ling transducers
were acquired to provide as much high frequency
spectral control as possible and the Wyle units to
generate low frequency acoustic power. Exponen-
tial horns with low frequency cutoffs varying from
44 to 350 Hz are available to provide maximum
spectral shaping capabilities, ‘The transducers are
operated with gaseous nitrogen. A simplified illus-
tration of the operation is presented in Figure 12,

An important aspect is the facility's Data
Acquisition and Control System. A block diagram
of the system is presented in Figure 13, The basic
system is designed to acquire real time data from
up to 140 piezoelectric transducers and 112 resis-
tive strain gages.

RECENT RESULTS (ACOUSTIC TEST SIMULATION
OF THE EXTERNAL SPACECRAFT ASCENT
ENVIRONMENT)

In an effort to determine the ascent environ-
ment and the induced random vibration response of
a spacecraft within a shroud, an instrumented
shroud and spacecraft were exposed to acoustic




excitation representative of the flight fluctuating
pressure fields. This section describes how this
external service environment was defined and how it
was then simulated in the test laboratory,

From previous flight experience, it was known
that the acoustic cenvironment generated at lift-oft
would be the most significant service envivonment
over the aft scetion of the shroud; and for the for-
ward seetion, acrodynamic fluctuating pressure
fields generated by a terminal shock wave mternce-
ting with the baundary laver hencath U would domi-
nate. While the lift=off environment could b delined
from actual launch pad measurements, it wis con-
sidered necessary to further define the aerody nanie
environment through wind tunnel testing,

Wind tunnel tests were conducted in the Li-toot
Propulsion Wind Tunnel at the Ameld Engincering
Development Center, Tullahoma, Tenn, As part of
this test, acrodynamic pressure 1luctuations and
static pressure measurcements were obtained o
three nose=-cylinder com‘!))inmions; a blunted 15
nosc-cylinder, a 25°-10° hiconic nosc-cylinder,
and a 257-10" biconic nose with a corrugated cvlin-
der. These configurations are illustrated in Figure
1. While the hiconic corrugated mo(&vl was the con-
figuration of primary concern, the 157 cone=cvlinder
served as a simple baseline configuration to which
the data from the more complicated biconic configur-
ation could be compared,  The biconic smooth model
was used to evaluate the ceffeet of the external corru-
gations on the acrodvnamic fluctuating pressure ficld,
The diameter of the wind tunnel models was 1, < feet,
representing an 157 modeling of the full seale con-
figuration and a 17 blockage of the test section. The
models were extensively instrumented with fluctuat-
ing pressurc pickups utilizing some fiftv~five 1/16
inch diameter Kulite and seventy 1/5 inch diameter
Kistler microphones,

Wind tunnel test runs were made at diserete
Mach numbers between 0.6 and 1.4, and the angle
of attack was varicd between 0 and = 10 degrees.,
Because of the large model size, it was possible to
keep the Reynolds number and associated wing tunnel
dynamic pressurc fairly typical of the actual flight
condition at most Mach numbers, The most severe
shock induced fluctuating pressure levels occurred
at M 0.8 with an angle of attack of 3 degrees
(Figure 15), Vortices generated upstream by the
shock wave on the nose cone caused the terminal
normal shock at the cone-cvlinder intersection to
ripple (Figure 161,  The longitudinal range of the
terminal shock, which corresponds to the maximuin
noise peaks,. is shown in Figure 17. Tvypical specten
in the vicinity of the terminal normal shock are pre-
sented in Figure 18, Under the loeal separation
bubble, the shock dominates the spectra which con-
sequently shows more low frequeney content, In
the turbulent boundary laver hehind the shock gener-
ated nouise peaks, the fluctuating pressure levels did
not exceed 145dB,

The effect of the nose configuration and corru-
gagons is illustrated in Figures 19 and 20, The 259
10” biconic nose causes a significant reduction in
the terminal normal shock pressure fluctuations
retative to the 157 cone evlinder, but adds o region

of high excitation aft of the cone~cone shoulder, The
corrugated skin configuration considerably alters
hoth the level and the shape of the fluctuating pres-
sure distributions,  The terminal normal shock
stonds farther art on the corrugated model, and not
onlyv is the shoch noise greater for the corrugated
configuration, but an additional fluctuating pressure
peak occurs near the leading edges of the corruga-
tions,

Figure 21 presents the most significant fea-
wres of the hinal ascent service eavironment,  Fx-
cept over the nose cone and i the immediate
vicintty of the nose cone = shrowl ovlinder intersec-
tion, the liftof! acoustic held s dominant,  Figure
22 presents topical spectia for hittoff and transonic
flight,  Phe Hiltof! spectra was obiained from o 95th
pereentile cstimute of the actual Taunch pad meas-
urcments,  The transonic speetra was obtained In
sStrouhal seating of o worst cas - envelope of the
wind tunnel test results,

AL present much effort is being expended Iy
the Aerospace industry in establishing eriteria for
simulating the flight fluctuating pressure ficlds in
an ncoustic test ectl,  To establish an equivalence
for n given flight vehiele svstom, consideration
must be given o the frequeney content, spatial
correlation and spatial sound-pressure level dis-
tribution of the external {luctuating pressure field,
In most instances, the spatial correlation and
sound-pressure level distribution of the test envir-
onment is fixed by the nature of the test chambers
cquivalence between flight and test conditions must
then be established through control of the frequeney
content of the acoustie environment gene rated,  The
problem of establishing complete equivalence will
be greatly simplified it the local sound=-pressure
level variations in the flight environment can be
reproduced in the test chamber; for then onlv one
uncontrolled acoustic function remains, the spatial
correlation,  Flight data indicates that this function
can to somve extent be accounted for in the frequency
domain be inereasing the high frequeney content of
the acoustic test environment.  This increase can
then he eatered to as facility eapability permits,

FFor the reasons given above adhreet rachation-
reverberant test mode was chosen as a means for
improving the simudation of the flight fluctuating
pressure ticlds in the test labocatory, refer to
Figure 6. The local reinforcement given by the
direet field s utilized to simulate the shock dis-
turbed pressure fluctuations, and the associated
reverberant ficld <imualates the pressure flectua-
tions alt of this arca,  In theor 1t would be pussihle
to conduet two tests o simulate the flicht environ-
ment, one to simulate the hittoff condition and the
other to simulate that of transonic hght, However,
for practical reasons testing s carred out tor the
lftoff and transonre environments sunultancousiy,
In Figures 28 and 21 the acoustic fickd of o divect
radi ation = reverberant test s comparad to the
flicht fluctuating pressure tichds it was intended to
simulate, A comparatively gooa simulation was
ohtained of the desired spectrums but the area of
remforeement provided by the direet ticld was
broader than that expected in theht, This Qiffer-
ence in the area of remtoreement encounterad n
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theaht andan the test cliumber can be paetially com-
pensated tor by altering the test sound-pressare
fevelb ar such aoway that the foree delivered to the
vehiele oo equal or both cases, 1t should be recog-
weced it thes acouste testing teehnigue is compara-
tvely pew and st necds vermheation through actual
Hisht oxperence,

BECENT RESULTS o PHTFORETICN L METHODS
ANDEENXTERIMENTAL VERTFICNTION)

s sectron wall review some results of
theoretieal approaches that help define the interaal
ttnsede shrouds aeouste environment and the space-
crall egqumpient responsce,  These theoretieal
methods e imvaluable in helpimg to ascertiin the
overall rends. A Knowledge of these trends, when
combimed with avanlable expermmental data, provides
the best approach Tor the determination of the
deoustie environments ad cquipment responsces,

Hesults will be presented using two theorvetical
approaches; Statistieal Fnergy Analysis aud Modal
superposition. The results from the statistical
energy analvsis will be discussed fiest,

The statistical encergy approach for caleulating
structural response ot diffuse acoustic ficld was
tirst developed by Lyvon and other workers at Bolt
Beranek and Newman,  Using this method, [MSC
derived i set of equations which predict the noise
reduction and vesponsce of coneentric evlinders,

The purposce of adopting the concentrie=cvlinder
model was to simulate a space vehiele enclosed by
a shrowd,  The model used for the devivation ol the
vquations is shown i Figure 25, Here (1 is the
external acoustice field, (2) is the outer evlinder,
th1s the e rnal acousue fieid, ¢B s the inner
evlinder and (5) is the volume of the inner evlinder,
To examine how well the derived environmental
cfimrtes cutmpar el 10 experirreiity daka, o
eviinders with the following phyvsical properties
were tested, The outer evlinder was five feet in
diameter, five feet in length, and had a skin thick-
ness of L0t inch.,  The inner evlinder was 40 inches
in digmeter, 435 inches in length, and had a skin
thickness of . 0% inch,  Both ends of the cevlinders
were covered.  Figure 26 is typical of the results
ohtained d shows the resulting noise reduction of
the outer evlinder versus 1/3 octave band center
frequenes, The squares and triangles represent the
experiment noise reduction data of the two micro-
phones that are located hetween the evlinders, As
expeeted, in the low frequeney range the sound field
mside the evlinder will vary with position, At high-
cer frequencies, the sound field will approach a
uniform condition.  The biack virceles are the pre-
dicted noisce reduction values, For this calculation
the internal structural loss factor for the cvlinders
used was L, 005, The acoustic absorption cocfficients
assumed were 1077 for the evlinder walls and 0.5
tor the ends,  The overall external sound pressure
level was 153 dI3,

I'he results of this studyv were taken as evi-
i [T wilk B L IO IO A IE '.5.;
vehiele structure, the statistical energy method
will provide uscetul response and noise reduction

estimates. .\ noise reduction caleulation was then
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made to establish the internal acoustic environment
for an actual space vehicle equipment section, This
prediction was required to support an acoustic test
program for the cquipment modules within this
structure,  Figure 27 compares the prediction made
with measurements obtained at various locations
within this equipment section during subsequent sys-
tem level tests in a reverberant acoustic field.
While the predieted tevel doesn't quite envelope the
measured data, as one generally likes to sce in a
test specification, it did foltow the general data
treeds and gave a reasonable estimate of the total
internal acoustic energy level,

The direct modal superposition approach was
usod to predict the low frequencey environment in-
duced in an equipment section by random pressure
fields. This prediction was required in support of
a guidimee error analysis that was being performed.
T'he modes of the equipment section were generated
using a finite clement analysis and the required
response obtained using classical linear random
process theory. . finite element skeleton diagram
of the equipment section under consideration is
shown in Figure 28, The response required was
that of the gyvro mounting platform located at the
incrtia sensor node,  Figures 29 and 30 compare
the predictions made with measurements obtained
during two subscquent system level reverberant
acoustic tests of the equipment section. Again the
predictions are following gencral data trends and
provide reasonable estimates of the total energy
level.

Most current random vibration prediction pro-
cedures, whether the procedures have been developed
cmpirically or analytically, assume that the induced
cnvironment is directly proportional to the pressure
level of the excitation. Figures 31 and 32 are pre-
sented in support of this assumption. Figure 31
Presenis i one=uilra ociave ﬁ'cquency Danus e
function 10 log <G2>/<P25 for two levels of acous-
tic excitation, one at 142, 5dB and the other at
150, 5dB. <G2>is the mean square spatial-temporal
average of approximately 45 vibration measurements
obtained \\'i&in a typical spacecraft equipment sec-
tion, and<P“>is the mean square spatial-temporal
average of 4 acoustic measurements made of the
reverberant excitation field, Figure 32 is a simi~-
lar presentation, for the same equipment section,
of the function 10 log<Pe2>/<Pi%> where<Pe?>
and<Pi2>are the mean square spatial-temporal
averages of the external and internal acoustic fields
respectively. The fact that these curves collapse
reasonably well upon each other indicates that for
this equipment section at least, the assumption of a
lincar relationship scems to be reasonable,

CONC LUSIONS

This pager has presented an appronel and
reeent results related to the analysis and testing of
spacceraft and spaceceraft cquipment,

Iixact simulation of the service environment is
LHUL W i\.ﬂ;ll L:IL StilLU-Ut"LrlL_ill Le ﬁlis |lilpl/l hilb uib—
cussed the tests that are believed to best simulate
the service environment.

i e




The rather recent availability of large acoustic
charabers makes it possible to expose large space-
craft systems to sound pressure levels similar to
those generated by the inflight pressure fluctuations,
However, criteria for establishing the appropriate
test spectrum level, spatial distribution and divee=
tivity of the sound is still in carly stages of develop-
ment, Also, requirements for the spaceeraft test
specimen itself and its precise manner ol installa-
tion in the chamber requires further work.

Acoustic test eriteria, generally aceeptable to
all of the Acrvospace industry, will gradually evolve
as this industry becomes more familiar with the
fluctuating pressure environment that the testing 18
to simulate,  This fmiliaritv will be obtained from
a carefully planned integration of flight and ground
measurements,
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DISCUSSION

Voice: How did you determine sweep rate?

Dr. Wrenn: We partially used the peiak count
technique, We know the total time that the back-
ground has to be on which is roughly the time that
the environment is on and we usually set the sweep
to cover that same amount of time, It is not all that
precise. We are starting to use this peak count
technique now to give us a little better guide in that
area.

Mr. Galef (TRW Systems): You scem to he
saying that the swept random was better than broad
band random because it did not create as many fail-
ures and, of course, you have still fewer failures if
they were not tested at all,

Dr. Wrenn: That is right, [ wish we conld do
that and still fly it and have it work,

Mr. Galef: I have to admit that the only reason
ihe pwoplt pand G peokibs & mome medlislie repee -
sentation of the flight environment is because the
initial levels were simply too high. The swept ran-
dom is certainly not a better simulation. It takes
away sume of the conscrvatism by providing i dif-
ferent type of, I would say, unrealistic test,

Mr. Wrenn: That is true. There are lots of
argarnents bor this swepl randor s contranted o
the broadband and there are a number of camps that
talk about this thing, We were forced to go that way
because we were failing too many boxes and we could
not afford to do that, It was too expensive. So we
had to go through a different type of testing technique.
Now that may have well been a lower broadband level.
Perhaps that would have done the trick, but we found
that the swept random was a useful tool. That is
what we used and it works for us.

Mr. Smith (Bell Aerospace): Does not the need
to change your test specification to reduce the num-
ber of failures really suggest that your simulation
for the noise sources itself is wrong? You spoke of
experiments in which you had more than 100 pressure
transducers on a reasonably sizeable specimen, 1
suggest that the means that are used to produce the
correct overall noise levels and spatial distribution
do not reproduce morc detailed characteristics of the
aerodynamic sources. Those acrodynamic sources
are probably less efficient in exciting structural
response than your test sources,

Dr. Wrenn: Perfeetly true, Al that Tam trving
to go over today is what we feel is the best ongineer-
ing simulation today for these environments. Per-
hups in the future other technigqe - wdl evolve, and
we grant that it is not the actual scervice environment.,
You just cannot simulate that now within the state of
the art. We try to ecome up with the best test that
gives us some engineering information so that we can
fly these systems with high confidence that they are
going to work,

Mr. Smith: Tthink I missed one point when you
talked about your peak accumulution test approach,
You had on a slide a narrew hand filter which ob-
viously gave a single degrece-of-freedom type re-
sponse, and then you went through the usunl Ruay-
leiph busimess What duedermines the leequeney of
that filter or are vou somchow using a number of
these ?

Dr. Wrenn: We do it for the entire frequency
Iy Wl Wie Nimedd woalely wommoi: Tieimel bl §lper sme =
over the entire spectrum,  We treat on a narrow hand
basis but we look at cvery narrow band.

My, Smifth. S0 vou are doing a number of sume-
mations both across distribution in some narrow
band and then across narrow bands as well,

[y, Weasm o We ape deiing 0 B BT wald po
speetrum, that is correct.  The proven capability
of a picee of equipment or its positive murgin is not
positive or negative overall but it is positive or
negative in a given frequency band.,  Then, if it is
positive in all frequeacy bands, it gives vou the nice
warm feeling that it is going to work,

Mr. Smith: Dous not this mean again that you
may be in effeet counting @ lot of that encrgy twice?
You are putting a number of filters into the system
and coming up with a whole number of penk dis-
tributions which vou ave then summing, I I had a
broadband system and T put this through a number
of narrow band filters into a whole stream of peak
distributions and then add all of these up and say that
this characterizes that broadband source. T would
think T was overdoing things.  This might be another
reason why vour test turned out rather worse than
vou had hoped,

Dro Wreenn: The flight data corvoborates it if
you recall that one figure,  We have measurements
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Dro Weenn: That is g good comment . ~iv, That
1~ ~amething 1 hul not mentioned beeanse there s a
1ot ot work to he e this e of corrobation and
cross corrchation, Onec vou pick g facility, oo rever-
e mt eoll or cdivcet adiation reverberant type
tacility, vou pretty woll deternine the eorrelation,
Femphiasize thot these are st enzinecreims tests that
wee bailt up toooet additiona] contidence i the system,
We have to huve hich relivbility in the se svstems,
Ihe tests are espensive hat they pay off,

Dr. Dreeher, ATFDL U aoubd Tike to compliment
vou on avery thoroueh stadve T was only coneeened
that vou used the one-thivd oetave analdysis to pre-

g did Woiam Wy

£ F ] Wk pr g woospueei <o he-
tween one~thicd octave analvsis and narrow band
adysis st recently, We plotted psd’s onoaane-
thited octave hasis and also did it using o 1o Hz hand-
width tilter.  On that basis we tound that on the
nerage 22 pereent of the actual vibration is Loeger
than vou would get using one=thied octave. In
whiition to that we found that the peaks based on the
marrow band anadvsis ranged as muceh as 1 1/2 to 9
Jdb higher, How aid you approach that pacticular
problem?

e Wreenn: First of all, Twould lTike to thank
vort tor vour tiest comment,  \s far as the other
comments e concerned, vou are perfectty correct,
It mhes aqutite g difference as to whether you treat
it s vour filter bandwidth or your analysis hand-
width,  We picked one=third octave quite frankly
heesmise ceoustie date ustally comes in one-third
actves It does not come in narrow hands, We are
not actually making o haed and fast computation on
ome side bt what we are really deing s taking the
cumulative random vibeation capuability, i vou will,
o or el e unils, W e sulbteacting that From
the cumulative ramdom vibration capubility or es-
posure of flght mits: we are actually taking the
111E T 1 T Fu||l|~ P ot olill iR
the wash, TCis st onr first attempt, We may 1o to
norraw hoands Fiter on as we gob our acoustic data
retine .

o
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e, Hou, Bellcomm:  According to the slides,
the pead disteibution of the Tiftoft does not Tit well
to the Ravieigh distribution, but for the transonic
test it Tits well, Does the author have any explinia-
tion about this®

D, Weenn: 1 think the basic assumptions are
perlectly valid, It is indeed the g rms value of K at
any particular measurement that is a function of
time,  During littoff it goes up, then it deeays and
eowe build opinto the transonie flight region it
builds up awain, We go through max alpha ¢ and it
decavs again, The g orms value is changing as a
e tion of tine, s o consequence we hive o non-
stationary process with which we could not operate,
We brohe the process ap into small number of delta
U= and cach of these we treated as a stationary pro-
We feel that it is good cnough to be used as o
tool and it ¢an help us in comparing distributions that
lave o wide differences in their speetral shapes and
levels,  In the past we did not have that capability.,
Al we could do was to ook at the levels and not the
time,  This is an cffort to try to use this peak count-
ing teehnique to help us in the selection of the system
specifications for all the components, not just one
bow,

CesRs,

My, Zell (Picatinny A nal): Is it true that
actiwally in the bandwidth that you chose to analyze
the data, you were effectively determining the effect
of ¢ ar the assumed ¢ of the resonators of the struc-
ture? A bundpass filter effectively says that it
imnores the contributions of the low frequencies to
the peaks heeause it assumes that the all of the q is
s0 high that all of the peaks are essentially due to the
froquencics within o deflined bandwidth, Perhaps the
anadog type of single degree of freedom analyzers
used for shock analysis might be useful for this,

Dec Wenn:  Wew Uil e agool scimment,  We
have treated it in one-third octave bands just for
convenicnee,  We have taken a look it some limited
results with the narrow bands but it is premature to
report on them,  There are lots of other problems,
We will save that for future discussion.

Mr. Van Ert (Aerospace Corporation): It seems
that some of the discussion regarding one-third oc-
tave band mnalysis might be a little bit misleading,

It is my understanding that much of this duta was
analyzed in narrow band analysis, 10 or 20 Hz
analysis bandwidth, and then just looked at in the
one=thivd octave band.,

Dr. Wrenn: That is true,

Mr. Vian Frt: So some of these problems that
are associated with clipping of peaks due to one-
third octave band analysis would not be a problem in
this cuase.

Dr. Wrenn: That is a good point,

Mr. Vin Ert: The second thing I would mention
is that the peak count analysis would permit compari-
sam of 4 stralrbt sevhl randos with ag 211 random

In other wards, if T chose to run a test which was a
10 Hz random sweep, to simulate a broadband ran-

dom vnvironment, I could do so with a peak count
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analysis.  The one thing that T guess we would tend
to overlook is the simultancity of the two environ-
ments.

11

Dr. Wrenn: Right,  Multiole random peaks that
go above the background for example. There is a
Jittle gray arca there now with regard to the mul-
tiple peaks,  Right now we are elosing our eyes and
doing it hopefully as a tool to help us.,
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METHODS USED TO REALISTICALLY
SINULATE VIBRATION ENVIRONMENTS

RIS @ LB
Centrifuge, Vibration, and A oastics Division,
Sandia Laboratories, Albujuerque, New Megivo

Realistic laboratory simulation of o =vstem's ficld vibration
environment has been of major concern to the test enginecrs at Sandia
Laboratories for the past 5 yeuars, As a result, new test capabilities
and test techniques, as well as procedures for deriving input test
levels, have been developed and applicd,  This paper discusses the
progress at Sandia by (1) summarizing and referencing past work
which has been reported, and (2) detailing the more recent develop
ments,

More specifically, several techniques used to derive force and/
or acceleration input and limit levels are considered,  These proce-
dures are bhascd upon field vibration duata and the apparent weightt
characteristics of the test unit, Both sinusoidal and random test
specifications will be consider«d,

A large number of test techniques and capabilities are presented,
These are outlined below.

(1) Force and/or acceleration limiting
(2) Force input control

(3) Electronic simulation oi the test item's field foundation
during force testing

(4) Reproduction of ficld respons: using ficld recordings
(5) Repetitive and single-shock pulse reproduction on shakers

(6) Input control of the product of forece-acceleration

(7) Multipoint and multishaker input contro!

L (8) Multiaxes (simultancously) testing
INTRODUCTION of thix type test is a funetion of realistic and
accurate <imulation of the ficld environment
One phase of vibration testing is con- the =vstem will experience during its service
cerned with evaluating the structural and/or life, In addition, the test should be conserva-
functional integrity of a system, The success tive, but not to the extent that unrealistic probh-

lemes are encountered,

sk
This work was supported by the United States Atomic Fnergy Commission,

TApparcnt Weight, Wy, is the comples ratio of force and acceleration and is reflated to mechanical
impedance, Z, by Wp = Z/jw.
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SOLRCES USEDIN DERIVING TRST
PARNME TERS

ieations

Soandrd Spe

Mot standard specifteations, such as

MIT D #ler call ot moton control of the
cnpeit, e inpat ampittudes e essentially
on=tant Leeroas the frequeney test range, with

“he ampittude being devived from enveloped
The test levels deseribed
i the standards are not to be interpreted as
Al et o con lusive representation of actual
~ervice operatton, s stated in M STD-

Slol, Mhe cavironmeatal levels specified
~housd be modificd when it is known that the
test tbem will cincounter conditions more se-
In other words, the
~tandard specification s oo realistic in most
hut s designed to provide assurance
that the te=t e could survive its serviee
it

freld measurement s,

'
NARIEeL OOt (TR =~eVe e,

cdses,

It i~ indecd unfortunate that many test
boratortes are restricted to following the
~tandard specification even when aceurate data
soturces, directiv applicable to the system,

are avaliabie,
sandia Laboracories Mnvironmental Data Bank

The primary =ource of vibration data for
Voosandia test programs is the "Fnvironmental
Daa Bk’ (EDR), Foley {1, 2] and Gens (3]
nave previonsiv desceibed the DB which s
She o pestil of 1o vears of data collectton, data

ALY sis, and data storaae,

e DB containsg computerize f records
U tiase s of vibration environments ieh as
ran~port, utilization, ete. Fach
phase i~ ot e deveded anto inpuat and ve -
Dara from the EDR s
Prior 1o 1063 the data

R R 1 AN LTS
Aponscoinformation,

Aoataabe ot o forms,
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was presented as plots of peak and rms ac-
celeration vs, frequeney, This data resulted
from a statistical enveloping technique,  More
recently, the VIBRAN svstem has been used,
Foley [2] deseribes this system which presents
the daticin the form of acceleration level vs,
1/4 octaves bands.  In addition, the VIBRAN (1)
displays the percentage of sample peaks which
excecd various acceleration levels within cach
bamd, (2) gives the rms level within cach band,
and (3) gives the overall rms leve! between O
and 1ooo He,

Utihzation of VIBRAN is demonsteated
in reports by Murfin [4) and Otts, I5)

VIBRAN data is available for ¢ither an
accumulation of similar systems or for spe-
cific systems,  When data for a specific sys-
tem is not available, the standard procedure
15 to pull data accumulated for systems similar
in design and which have experienced similar
cnvivronments, In this situation, the data pro-
vides a fairly conservative estimate of prob-
able field responses,

Recorded Field Data

In addition to using recorded field data
for the analyses described in B above, these
recordings are also used to provide a direct
input source for the shaker. This technique
will be described in Section 11 below,

Unless otherwise specified, the EDB
stores all field recordings for a period of 5
vears,

Apparent Weight (W5)

Apparent weight (W,) is the ratio of
vibratory input force to vibratory input ac-
celeration as a function of frequency; i. e,
W) = [_l;‘(w)]/[f\’i](w)], where F is the force in
pounds, X is the acceleration in g units, and w
is the circular frequency. Apparent weight,
which has dimensions of pounds, is related to
mechanical impedance by a factor of jw, svhere
1= 1. Measurement of apparernt weight for
sinusoidal and random inputs is considered by
Otts {3] and Otts and Hunter [6] respectively.

The use of apparent weight in calcularing
vibration input specifications for the various
test techniques will be considered in Section 11,
This system characteristic is measured on
nearly all test items at Sandia. In fact, this
dara is being added to the Knvironmental Data
Biank to be used in vonjunction with field data
as discussed by Aurfin, (4]




TEST TECHNIQUES
Motion Contraol

AMotion controlled vibration teats wieg
the mput is maintined constant, can be classy
fieed as infinite apparent weicht te-ting inee
the test item s not allowed to wffect its on
vironment as it does in the focdd, The disad
vantages of this type test, w- outhined by
Otts, [’)] include both overtestimg and ander
testing of the test item,

The problem of overtesting i- fuether
exagperated by the specification of flat inpoe
levels derived from enveloped ficld response
data such as deser bed in 10, and 1,13 above,
The specification problem 1s considered by
Vigness, [7)

Unfortunately, most vibration labora-
tories are compelled to run motion-controlled
tests,  This situation stems from (1) lack of
more realistic sources of data, (2) reluctance
to change test procedures, and (3) compulsory
test specifications imposed by the contractor,
Sandia Laboratorics is minimizing use of this
test technique and substituting more realistic
techniques as described herein,

Motion Limiting the Response

Motion limiting 1s a technigue which
prevents the vibratory response at various
points on the test item from exceeding speci-
fied levels, Basically, the input is reduced
by switching the control to the responsc trans-
ducer whencever the motion exceeds the speci-
fied limit,

Motion limiting, applied to motion input
control tests, causes the input motion to dip.
This reduces the chances of overtest since the
technique allows the test item to affect its own
environment, This is further considered by
Otts, 5]

Murfin [4] derives motion limits for si-
nusoidal tests,  These limiting values are a
function of field data. Witte and Rodeman [8]
derive limits for random tests. which are
again a function of field responsce data. or
cases where there is no applicable field data,
it has been a Sandia practice to limit the re-
sponse at critical points to 20.0 g, This con-
servative level was derived from the fact that
ficld data seldom reflects responses any
higher than 14,0 g,

Sinusoidal tests can be limited using
commereially available electronics, On the

other hand, there is no established technigue
for automatic limiting during random testing,
Manual adjustment of the random input spec-
trutn, to prevent the rims Level in cach band
from excceding o specificd level, is consid-
cred by Witte and Rodeman, [8] The amount
of adp tment is devived from the transfer
function between the input and response points
on the test item,

Force Limiting the Input to the Test Item

Foroe himiting prevents the input foree
to the test item from eieceding specified
. Should the specificd force level be
reached during motion-controlled testing, the
input control switches to the foree input,

Ty
HUCHE AT

Motion limating is normally used in pref-
crence to foree limiting due to the relative
simplicity of mounting aceclerometers,  How-
cver, both techniques accomplish the same
effect, that being to cause a dip in the founda-
tion motion as deseribed above,

Since the derivation of foree limit values
has not been considered previously, the neces-
sary calculations are included below., Foree
limits can be derived as a function of field ac-
celeration data and test item apparent weight
data. lor sinusoidal testing,

Flw) = W () Glw)
a

Where Flw) = force limit amplitudl: at cach
frequency (lbs)

\\'a(u) = apparent weight
Gw) - field acceleration (g)

It is customary to smooth the curves by taking
an average apparent weight over as wide a
frequency band as possible, and encompassing
acceleration data over the same range,

For random testing,

R

) = l\\"‘(u‘) Glw)

Where Flw) = foree spectral densj)t_v within a
frequency band (1bs< /Hz)

A\ a(w) = band averaged apparent weight
G(w) = field acceleration spectral den-

si;)\' within a frequeney band
(g°/Hz)
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For. o conrroltled vibeatnton tescing fadls
o two baste categories: (L control of foree

tuput below the test item, and (2) control of
foroe input bedow the test syvstem, wheee the
svstem e bides the test ftem and s founda
tion,  Both technigues are constdered below,
L. Foree Input Below Test Item

When the forcee
mput betoy the test item s maantatned at a
constant level, the apparent weight character -
tstics of the foundation have ne influchee on
thee force nput or motion response of the test
ttem, Therefore, this s referred to as a
sero apparent weight test,

Constant Foree Input

Although force control testing of this
npe s not reablistie, it is preferred to motion
control sinee the dvnamic characteristies of
the test item are allowed to affect its own
motion response,

Derived Force lnput (Sinusoidal) - - A
reali=fic approach to sinusoidal force control
15 deseribed by Murfin, 4] Basically, Murfin
derives the input foree spectrum as a function
of field aceceleration data and the apparent
weight characteristios of the test jftem,

i) = W) Glw)
a

Where the apparent weight, \\‘u(g). is meas-
ured in the laboratory and the field accolera-
tion for the specific svstem, G(o), is taken
from VIBRAN, The apparent weight used for
cach data frequency band of VIBRAN is biased.
towards the minimum value, thus providing a
conservative estimate within cach band,
Murfin atso considers the derivation of ac -
celeration response limits to be imposed dur-
ing this type test,

Derived Foree Input (Random) - Witte
and Rodeman [8] describe the procedure used
in deriving raodom foree specifications,  The
techmique utibiyes enveloped field data from
the Fovironmental Data Bank and the driving

oL onsider the rins foree
RUTIYESE
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pornt apparent weight of the test specimen as
~hown below,

) ~|\\_1(u)l— Glw)

witere (W) and G(e) aee the input foree spece-
teal densiy and field enveloped acecleration
speetral density, respectively, The magnitade
of W is again biased towards the minimum in
cach test band,

Random acceeleration response limiting,
with the present equipment, requires that the
input spectrum be modified by caleulated
amounts,  The use of transfer functions be-
tween the input and response points, as de-
seribed by Witte and Rodeman, 8] was discus-
svd previously,

In summary, the control of a constant
forcee input is classified as zero apparent
weight testing,  Although it is unrealistic, it
has the advantage over motion control in that
the dynamic characteristics of the test item
are allowed to affect its motion response,

Calculation of a force input spectrum,
where the amplitude is a function of field data
and the apparent weight of the test item, can
be classified as controlled apparent weight
testing since the input force and motion are a
function of field r :sponse, which in turnis a
function of the dynamic characteristics of the
test item and its foundation, Field measure-
ment of the vibratory force would be desirable,
but this presents extreme difficulty since force
transducers must be inserted directly in the
path of transmission,

2. Force Input Below Test System (Foundation
and Test ltew)

Force control of the input below both the
foundation and the test item is classified as
controlled apparent weight testing since the
dynamic characteristics of the foundation, as
scen by the test item, are taken into account.
As discussed in several articles, {4,5,9,10]
the degree of reality in this test technique is
a function of one's ability to both accurately
determine and simulate the apparent weight of
the foundation, as seen by the test item, and
determine the foree spectrum to be applied,
Nuckolls {9} and Otts and Hunter (6, 11} have
deveioped. techniques whereby the dynamic
characteristics of the foundation can be elec-
tronically simulated for both sinusoidal and
rancdom testing, Llectronic simulation is re-
quired since it is not normally feasible to
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insert the actual foundation in a laboratory
test,

Application of this technique is described
in several reports [10, 12, 13] where blocked
force measurements were made to determine
the vibratory force input from a rocket motor
to the payload, The apparent weight of the
rocket motor was measurcd and electronically
simulated during a force-controlled vibration
test on the payload,

Unfortunately, it is difficult for one to
determine the apparent weight of most Tfounda
tions. Therefore, this technique is seldom
used although it is one of the more realistic
approaches, Those force techniques previ-
ously described find more application in the
laboratory,

Force-Motion P1 vduct Control

Witte [14] describes a technique which
utilizes the product of the force below the
system and the motion at the base of the sys-
tem (above the force input) as the control sig-
nal, The method is a compromise hetween
motion control and force control of the type
classified as zero apparent weight testing.

Since the input motion and input force
are both a function of the system's apparent
weight, the test item is allowed to affect its
vibration environment. Therefore, this force-
motion product technique proves useful when
nothing is known about the dynamic character -
istics of the system's field foundation. As
demonstrated by Witte, input force and input
motion are both limited, and the effective
source apparent weight is neither zero nor
infinite.

The input force-motion control specifi-
cations are derived in a second paper by
Witte, [15] Briefly, the input level is derived
as a function of field acceleration data and the
apparent weight characteristics of the test
item, Acceleration limiting values are also
derived in this paper. Application of this
technique is intended only for sinusoidal test-
ing since the control and derivation of force-
motion products for random vibration have not
been explored or developed.

Reproduction of FField Response

One of the greatest advancements to-
wards realistic vibration tests was the devel-
opment of a technique whereby field vibration
could be reproduced in the laboratory. Otts
and Hunter [16] describe an analog technique
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while LeBrun and Favour [17] describe a
digital technique which allows laboratory re-
production of ficld data, The computerized
technique is more accurate and efficient,

Ruasically, both techniques equalize the
transfer function between the signal source
and the shaker output (o point on test item) to
unity over the frequency test range, Phase
prescevation s aiso mmportant, Phe field data,
recorded on magnetic tape, is then used as the
inpat to the shaker test system,

This procedure has been used to repro-
duce component and svstem ficld response to
short hurst vibration such as that expericnced
during rocket ignition, payload separation, and
payioad ejection from a bomb rack.,  To date,
long duration responses have not been repro-
duced in the Inboratory,  However, there iz no
technical limiation to this type application,

Reproduction of Synthesized Signals

Obviously, the above reproduction tech-
nique can be used to produce system response
in the form of short burst sinusoid, decaying
sinusoid, single shock pulse and repetitive
shock pulses, to name a few. This technique
is sometimes used in an attempt to simulate
field response such as resonant ringing, Otts
and Hunter [18] consider application of the
technique as well as the limitations imposed
by the shaker system,

Multipoint Input Control

The multishaker test technique utilizes
two or more shakers tc supply the vibratory
input to the system. [lach shaker is individ-
ually controlled, usually to different input
specifications, The technique is finding in-
creased usage on test svstems which utilize
multipoint mounts in the field. Individual input
specifications for each point are derived from
field data recorded at the respective points,
Normally, the VIBRAN analysis described in
Section I, C is used to derive the input levels,

Cross-coupling between input points
presents a control problem.  Hunter and
Helmuth [10] consider this problem, as woell as
propose a manual adjustment which =olves the
problem. Howcever, there is not an automatic,
electronic solution available to date,

A report in this technique, as applicd to
several test programs, is forthecoming,
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DISCUSSION

Mr. Trubert (Jet Propulsion Laboratory): You
mentioned a multiple shaker at the end. Is this
random excitation that you are talking about?

Mr. Otts: Is it random or sine? In this par-
ticular case we have done both. I might add we have
run sinusoidai and we have run random type spectra.
In this particular case on this test which was prob-
ably run a month ago it happened to be a random type
input.

Mr. Trubert: You mentioned difficulty in the
equalization of the three shakers. We at the Jet
Propulsion Laboratory have done some work and it
is possible to make an equalization using an analog
computer, Are you aware of that?

Mr. Otts: Yes I am. We have considered this,
however, unfortunately we do not for approximately
the next one year have a shaker or a computer sys-
tem available so we have to be old fashioned until
that time.

Mr. Trubert: In what frequency range did you
have your excitation?

Mr, Otts: Twenty to 2000 Hz.

Mr. Trubert: Whatkind of resonances did you
have for your structure? Did you have a lot of
resonances or just a few?

Mr, Otts: Quite a few, As a matter of fact, as
it turns out, the first niajor resonance was probably
around 100 Hz. It was quite typical of a large sys-
tem, There were a good number of resonances en-
countered.

Mr. Trubert: That is a difficulty that we have
found for the low frequencies. It is possible to
equalize with another computer. but for the high
frequency you need too many normal modes to be
able to equalize.

Mr. Otts: Some sinusoidal surveys were made
to determine approximately where the resonances
would occur, and then each shaker, one at a time,
was equalized and then turned off. They were then
all brought up together, and of course we had to
tweak the various bandwidths then to compensate
for the peaks and valleys which occurred because of
cross coupling, This is a problem. It is something
we have not solved as yet.




SIMULATION OF COMPLEX-WAVE
PERIODIC VIBRATION

A.J. Curtis, H.'IL Abstein, Jro o and NG,
Hughes Aireratt Company
Culver City, California

Tinlme

A vibration test method that has general applicability tor
simulation of complex-wave periodic environments is deseribed, fhe
method, which was developed to simulate the cffects ol wrerait ©bes
tion induced by rapid fire (Gatling) guns, mukes use of a repetitive
pulse as an excitation signal for conventionil electro-dynamic vibra-
tion systems. The method is a modification and extension of @ swnoiar
method described in a paper by J. A. Hutchinson and R.N. Hune ki
the 40th S and V Symposium.

The paper includes a description of the rather simple anciliary
equipment which. in conjunction with conventional random vibration
control equipment, is used to generate and control the desired com-
plex waveform. The use of variable pulse repetition rate and multi-
ple accelerometcr signal control is described. In addition, a method
for rapid analysis of the line spectrum of the resultant vibration using

included.

weapon control system are described.

an existing comb-filter analog/digital vibration analysis system is

Results of the use of this test method during testing of an arrborne

The economy of test and supe-

rior simulation characteristics of the method, compared to al'crnative
approaches such as Method 519 of MIL-STD-810, are discussed. |

INTRODUCTION

The waveform of a complex-wave periodic
vibration is a periodic deterministic wave-
form which can be described mathematically
by a Fourier series. Such a waveform is
common to any periodic vibration except per-
haps a very excellent tuning fork. This wave-
form takes on particular significance when a
number of the Fourier coefficients are of the
same order of magnitude. Measurements of
vibration due to rapid fire cannon have shown
that many harmonics must be employed to
adequately describe the waveform.

At the 40th Shock and Vibration Sympo-
sium, Hutchinson and Hancock [1] described
a method of simulating this type of vibration
using a pulsed excitation. This paper de-
scribes 2 modification and extension of that

method together with a desceription of equip-
ment for general test auplementetion ol data
analysis.

DESCRIPTION OF ENVIRONMENT

Of all the sources tor conplex-wave
periadic vibration. the onic of most mterest,
recently. is high speed "Gathmg” cuns moaor-
craft.  These guns typreatiy five at raies of 20
to 10U rounds per second and ercate periodi
high blast pressures around the qun muzzle i
addition to periodic reacton toreces at the aun
mount, The reaction forees can be soliated
from the aircraft structure (1) but vo mcthod
has been found to cftectively rodoee the blast
pressures impinginge on the oyt s taseles
panels.,  An ideahzod wavotare o the
sure acting on the extecoor cka o~ ~hown n

pres




Fig. 1{2]. The pressure pulse has a short
duration with respect to the period of the pulse
repetion frequencey (PRF)Y. Expansion of this
waveform m a Fourier servies of the form

Y

—

F(t) a a smw tod )
) n n n

results in the coefficients shown in Frr, 2,

PLESS, _ME & -

Fig. 1 - Idealized pressure waveform of
Gatling gun, time normalized by firing
frequ-ney (PRF).

Note that the amplitude of the coefficients
remains at a fairly constant value over a
broad frequency range. For example, at a
PRF of 100 Hz the blast pressure acting on
the exterior of the aircraft would have signif-
icant levels covering a frequency range from
100 Hz to well over 2000 Hz. The structural
vibration of the fuselage resulting from this
excitaton will possess the same characteris-
tics as the excitation. Jt will consist of line
spectra at the harmonic frequencies with
amplitudes and phase angles dependent on the
dynamic transfer characteristics of the
structure.

In « report on the measurement and analy-
sis of gunfire vibration on the F-5A aircraft
(3] it was noted that the high frequency portion
of the structural vibration appeared to have
random characteristics and required random
vibration analysis techniques. This random
characteristic can be attributed to the vari-
ability of {iring rate and pressure waveform.
During any one burst, i.e., a series of rounds,
the pressure and PRF will vary because of

n
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2 - Fourier series coefficients of waveform shown in Fig. 1.




differences in ammunition charge, variations
in hydraulic pressure which regulates speed,
mechanical tolerances, etc. Even though the
pressure amplitude varies from one round to
another its variation is not considered signifi-
cant because of the large amount of variation
required to produce a substantial appearance
of randomness. In addition. the variation in
pressure amplitude would have the same effect
on all harmonics: an occurrance which is not
observed in measured data. On the other hand.
variations in pressure waveform. even if
slight, may result in significant variation 1n the
amplitudes of the higher ordered harmonics.

Small variations in the PRF can also have
significant effects on the amplitude of the
filtered high frequency harmonics. The abso-
lute value of the variation in frequency of any
harmonic is proportional to the harmonic
number and, therefore, will be greater in the
higher frequency region. When the data is
analyzed with constant bandwidth filters the
variation in frequency with respect to the filter
bandwidth will increase with frequency and thus
the amplitude will appear to become more
random. If the data is analyzed with constant
percentage bandwidth fil’ers, i.e., bandwidths
proportional to center {' equency, the random-
ness in signal output wi.l also increase in fre-
quency because of the increasing density of the
harmonics within the bandwidth of the filter.
The harmonics are separated by a constant
value of frequency equal to the PRF and,
therefore, have a density proportional to the
analysis bandwidth.

In addition to the variation of PRF within
a burst of data, there is a greater variation of
PRF from one burst to another. A 15 percent
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variation from the fundamental PRF is typical.
Considering this variation, the possible exci-
tation frequencies, normalized by the PRF,
are shown in Fig. 3. In the low frequency
region there are several bands of zero ampli-
tude. Above the ninth harmonic the spectrum
is continuous and all frequencies can occur,

Complex periodic waveform vibration also
exists in tracked vehicles such as tanks and
armored personnel carriers or in equipment
with rotating or impacting machinery. Itis
likely that the PRF is also variable for these
situations and the technigues for simulation of
gunfire vibration as discussed here are gen-
erally applicable,

SIMULATION GOALS

The goal of any laboratory simulation of
vibration is to simulate the damaging effects
of vibration on the test item. To this end the
closer the excitation waveform represents the
actual service waveform, the better the chance
for success. Any method of simulation gun-
fire vibration should attempt to achieve this
goal and also be economical to perform, use
existing vibration test equipment to the great-
est extent, and require minimum development
of unique ancillary equipment. A listing of
feasible excitation waveform types is not long:-

. Sinusoidal

. Broadband Random Noise

. Pulsed

1

2

3. Narrowband Random Noise

4

5. Pulsed and Broadband Random
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Fig. 3 - Excitation frequencies of complex periodic
Jsaveform with +5% variation of PRF.
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For cach tvpe, a number of options exist
m detime the procedural details, However,
selecton of the wavetorm can be pursued ven-
crally independent of these details,

Lo Use ot smusoadal exertation has some
Appedd sinee o perodie, o at Teast, silmost
peviodie wavetorm s o be simulated and thus
each havmonie of the wavetorm can be sunua-
Latesd i turn, The weakness ot this approach
i that the relationship between the etfects of
applying cach harmonte mdividually and atl
harmonies sumultaneousty s diffieult, af not
tmpossible tooassess, parbcularly with respect
tootunctiotal pertormancee ol the equipment,
The rather obvious possibihity ot usmg the sum
ol the outputs ol g number of oseillators, one
il'l T 1! {hll Ladtratay o Lttt l“ \l\l-\ ;\;\ \*Ih\ dl\{l'\i
when the problems of amphitude and frequency
control are considered.

20 Use of broadband random excitation
immedutely permiits simultaneous excitiation
ol all harmonies ot the environment. However,
s clear, as discussed Liter, that a broad-
band level whieh, i some undefined way, is
cquivadent to the level of the harmontes, must
b wedw atoisore e e § E LR BIA T
between the harmonics. Further, having for
some time resisted opportunities to simulate
random vibration environments by sinusoids,
it seetned a hittle inconsistent for the authors
toarvue strongly for the simulation of a peri-
odie environment by o random excitation.

3. Narrowband random excitation is, of
coursg, no maore determistie than broadband
random excitation. Compared to broadband
random excitation, narrowband excitiation does
ofter the advantaee of avoiding the previously
ol worme il e M TRl e sl il .|7.l.|.-|~ l..-‘..h-
selection of bandwidth and center frequencey
providing excitation which covers the known
vartation m repetition rates. Reference (4]
deseribes an existing, programmable narrow-
band random vibration excitation syvstem which
can generate and control three simultancous,
tuneable narrowband excitations,  Use of this
system would pernut the simultaneous simula-
tion of up to three hiermonics,  With incorpora-
ton of additional servo loops, as many har-
mones as desired could be generated, but with
obvious merease i procedural complexity and
tavihity cost,

Recarding the use of random excitation to
stmulate @ complex-wave pertodie, i, e,
determmistie, excitation, two points are of
interest, Fiest, the phase relationships
between the harmonies are undetimed in any
existing data and wall certimly vary from point

to point in the structure. Thus random
excitation, with its statistically varying phase,
will in an indirect manner, simulate all the
possible phase relationships of an actual envi-
ronment. Scceondly, as part of the development
of the test method, the respmse of a single
degree-of-freedom system to recorded gunfire
vibration was examined, using an analog shock
spectrum computer. It was interesting to note
that the pseudo shock-spectra obtained for
several damping factors (Q's) indicated that the
spectra varied more as /Q than Q itself, which
is typical of the response to random excitation,
This indicated that random excitation would
perhaps provide a better simulation of effects
or responses than could be obtained from a
single sine wave,

4. At some point during consideration of
the first three types of excitations, the follow-
ing situation was realized, either consciously
or not.  The environment was created from a
pulsed excrtation and had been broken down into
its constituent parts, i.e., harmonics, for
understanding and quantitative description. The
simulation methods being considered essen-
tially attempted to synthesize the constituent
pits nl then inix Urem ek topeller Wil
this realization, the possibility of starting with
a pulsed excitation and then modifying it appro-
priately to achieve the proper mix became the
obvious choice of excitation waveform. Several
simulation requirements are immediately ful-
fillerd.  First, all harmonics are generated at
once. Second, the deterministic nature of the
waveform is achieved. Third, the phase rela-
tionships, even if incorrect, are at least not
artificially controlled and would be repeatable
for a given test set-up. Fourtk, variation of
the pulse-repetition rate would tune all har-
npvries correetly,  FHdy  the test ueation ie
immediately determined since ''realtime' test-
ing is achieved. In addition, it became appar-
ent that the use of a variable-PRF pulse gen-
eratar together with otherwise standard vibra-
tion test equipment would permit the generation
of an appropriate excitation, It is assumed
that Hutchinson and Hancock (1] must have gone
through a similar thought process when devel-
oping their very similar method at approxi-
mately the same time as the authors of this
paper.

5. During the investigation of gunfire
data to define the environment and'develop a
test method, it appeared that even during
evround firing, vibration excitation at a reduced
level, which appeared to be essentially random
in nature, was present between the peaks in the
spectrum at the multiples of firing rate.
Although reduced in level. the level exceeded
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the noise floor of the analysis equipment. In
addition, it is evident that during inflight gun-
firing, the gunfire excitation will be superim-
posed on the normal inflight random vibration,
It is thus desirable to he able to simulate the
combination of pulsed and broadband random
exeilation, This is achivved by the test method
described below,

NFSOIPTIEN OF SIUNLATION LTI

A funclional block diawram o a vibration
system which can be usced to generate and con-
trol the pulsed and broadband random excita-
tion is shown in Fig. 4. It will be clear that
the broadband random excitation is completely
independent of the pulsed excitation and can ho
deleted at will. However the shape of the
spectrum cannot be chosen completely inde-
pendently of the pulsed excitation.

The pulsed waveform is obtained 1rom a
pulse generator which permits control of both
the repetition rate (PRF) and pulse duration.
Selection of the pulse duration and, more
importantly, the ratio of pulse duration to rep-
ctition period (duty cycle) is determined by the
number of harmonics to be generated. For case
of equalization it is desired that the ampli-
tudes of the harmonics of interest be reason-
ably equal: since the rate of decrease in har-
monic amplitudes is a function of the duty
cycle. the greater the number of harmonics to
be generated, the smaller the duty cycle should
be. For example: for a duty cycle of 0.1, the
Fourier coefficient is zero for the tenth har-
monic with relative amplitudes dropping rap-
idly beyond the first few harmonics: however,
for a duty cycle of 0,05, the first Fourier null
occurs at the twentieth harmonic with relative
amplitudes not dropping nearly so rapidly. In
practice, a lower limit on the duty cycle is
imposed by the equalizing equipment which is
used. This stems fron. the fact that, as the
duty cycle is decreased. the pulse amplitude
must be increased to maintain the minimum
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harmonic amplitudes required for adequate
excitation: for a given equalizer, there will be
a maximum input pulse amplitude which cannot
be exceeded without causing saturation or
clipping,

The palse 1 fed W the input of 1 Standard
random vibration equahizer. switched to the
nuiual mode. in order to adjust the relative
amplitudes of the individual harmonic compo-
neats fa 1t desierd vahpes Sipen e resdadiee
amplitudes of the hinrmonies ol the pulse are
known, either theoretically or by measurement
of the pulse generitor autput. the relative
amphitudes of the desired test spectrum can be
obtained by adjusting the gain of each equatizer
lilter which contains a harmone to the appro-
priate value.  For example. if the desired har-
monics are all equal, the transfer function
through the equalizer should be the inverse of
the envelope of the line spectrum of the pulse
gencrator.  For frequencies above the highest
harmonics to be generated. the equalizer
tilters are set to maximum attenuation. The
output of the equalizer which contains all the
desired harmonics adjusted to the desired
relative amplitudes 1s then fed to the power
amplifier through the normal control console.

As shown m Fig, 4. control of the test
level requires only control of the overall rms
acceleration. However, it is advisable to use
a low pass filter between the control acceler-
ometer (s) and the rms meter so that the test
level is not reduced helow that desired. by the
presence of unwanted higher frequency output
from the control accelerometer.

Superposition of random excitation on the
pulsed excitation is quite straightforward as
shown in Fig. 4. In order to easily adjust
vains. and to enable both combined and sepa-
rate random and pulsed excitation during test
set-up, it is necessary to use a randon noise
generator external to the equalizer system. The
signal from the noise generator 1s fed to the
cqualizer through a pain setting potentiometer.
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Fig. 4 - Functional block diagram cf pulsed vibration
excitation system.
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The shape b the spectium over most of the
Hrequeney range s determined by the previ-
wisly discussed requirements tor adusting the
relative harmonie amphitudes, However, with
proper selection of duty evele, an essentally
white notse spectrum shape can be achieved,

B B8 Ky 1 33 3 o 8 B ) e et S T B 85 2
putrposes, The first, achiustment ol the rela
tove harmonie anphitudes . has been discussed.
'K EE | ¥ T Bow [ e iban I o'
exciter tizture testarticle dynate sy stem.,
Faualization of the system to talteld these pur
poses s cecomphished by ousie random nonse
exsvitation i the usual tashien tor manual
cqualization usins the spectrum caleulated to
provide the desred relative harmonte ampl-
tudes. The equabization van be performed at
W low aeecleration fever with the test article i
place.  Alternatively, the authors behieve prof -
crably tor typreal "black boxes" the equalt-
zation can be perforned at a tevel consistent
with the test level and with an empty hixture,
The loadimg of the hixtare b the vt as the
PRE 18 chaneed will then occer naturally and
analocously to the stuaton m the areratt
mstallation. This also avouds exeess vibra-
tion exposure of the testarticle simee equali -
zatton m the manua!l mode may be tengthy.

After equabization, 1t 1s necessary to sep-
arately set the gams tor the random and pulsed
excitations. With the master wain (see Fig, 4
set to a desired operating point, and the ran-
dom gain at zero, and usmg the initial test
PRE, the pulsed wain s merecased and the gain
setting noted.  Next, with the master gain at
the same setting and the pulsed gain set to
zoero, the random gam s mereased until the
desired rms aceeleration s actueved and the
gain setting noted.  The test can then be com-
menced with these @ans set tor the mdividual
ool Dbl soms anel D g eoasinge Ui easlior i
until the overall rms acceleration is achieved.
As the PRF changes. cither continuously or
preferably stepwise e overad]l pms aeeeleri-
tion 1s maintained by either manual or servo
control of the master gam setting,

Fie, 4 shows an accelerometer signal
averager, sometimes known as a time division
multiplexer i the control system. It is desir-
able to use the average of several acceleronm-
el wiem La s inn it i e RRCTLEY il e ||. o R
reasons as for any other type of excitation.
Some of the problems associated with the use
of averagers are discussed in a4 companion
piaper and will not be repeated here sinee they
are not peculiar to the use of pulsed exeitation,
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The need to generate pulsed excitation
over i range of PRF's has been mentioned
previously.  To obtain the most comprehensive
test, it would be desirable to vary the PRF
continuously over the appropriate range. How-
ever, the range involved is usually a small
percent of the nominal PRF and is of the same
arder as typical resonant bandwidths,  Thus a
practical compromise is to step the PRF
through the range in a suitable number of steps

vl wpa ) ooty e et g Lo oveidlo any
resonances within the range to essentially
maxiunum response.  This rather small com-
promise permits a significant reduction in test
complexity and data reduction costs. In addi-
tion, test repeatability is improved from
almost non-existent to very good. These bene-
Nits acerue from the following practical
considerations:

1. If the PRF is to be varied continu-
ously. the sweep parameter (whether it be
voltage. resistance or capacitance) must be
capable of being programmed in a repeatable
manner. On the other hand, it is a relatively
simple task to achieve precise repeatability of
an incremental series of PRF's.

2. The excitation is a combination of
pulsed and random excitation, If the PRF is
constant, the excitation can be described by
the harmonics of the pulsed excitation and the
spectral density of the random excitation, If
the PRF is continuously varying, the wave-
form is non-stationary. The excitation can
then only be described by an approximation
based on an assumed constant PRF during
selected data samples. The difficulty of
achieving a complete and accurate description
of the excitation is clear.

3. The ability of the test technician to
atuwl, Lot Lowl lowal wa lbx UTF shops Lreom o
value to the next is considered to be better and
more consistent than his ability to continuously
arljust the level as the PRF sweeps across the
range.

Fig. 5 illustrates an example determina-
tion of the minimum number of PRF steps re-
quired. The total PRF range is divided into a
number of equal increments and test PRF's
placed at the center of each increment. The
Leansler Davelion bor o resonance wilh ar
assumed damping factor is drawn with the
maximum value midway between adjacent
PRF's. The maximum amount by which full
resonant response is not achieved can be mea-
sured. In Fig. 5using the PRF variation for

haacd -




5 - Minimum

Fig.

an M-61 gun and a Q of 20, it is seen that ten
steps provide response within 1 db of
maximum.

USE OF METHOD

The following describes an apnlication of
the recommended rethod in the authors' labo-
ratory. Sufficient detail is included to illus-
trate practical limitations and problems which
can be encountered.
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response to stepped PRF

Test Requirements

It was necessary to simulate the effects of
two different gunfiring rates. The range of
uncertainty (due to temperature and hydraulic
pressure variations) for the lower firing rate
was from 61.7 to 75.0 Hz and, for the higher
firing rate, was from 95.0 to 108.3 Hz. Test
exposure time in each axis for each firing rate
was 10 minutes at harmonic amplitudes speci-
fied in Fig. 6. Random base excitation was
also required at a nominal level of 3g rms.

fa) 4000 RPM
62,1<F<74.3
SEAETEES I ik} (b) 6000 RPM
b 95,6 <f <107,8
Z 3sbk-r---d@
0
= X
£ 2.5 +~1qlo)
50
w
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]
1 2f 3t 4f 51 of 7 8f 9f 10f é
FREQUENCY (FUNDAMENTAL AND HARMONICS)
Peak Aceeleration, g Peak
Part Fundamental l 2nd Harmome 3rd-10th Harmonic
1 2.5 3.5 5.0
2 2.5 5.0 5.0

Fig. 6 - Gunfire vibration test spectrum
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qutonmiatie sequencing ot PRE dwell times. This
was aacineved by the use ot a simple ring
Pl s was counter tor switehing PRE's. Two pulse train
VR et outputs were provided: one, with varable
o @ v ow Tt amphtude, s used lor test exertation: the other,
vl Pable b with constand wmphitude, 18 recorded on the
test data tape for Liter use an amildysis. A PRE
code stenad consisting ol ten ineremental DC
Voot voltges (posttive for Jagh Tfiving rate PRF's
: il on and negative for low Oieing rate PRE'S) is also
provided and recorded during test for later
analysis use,
i Pt Rate The derivation of the equahization settings
a tor the Line spectra of Fun 6 is shown in Fig, 7,
1oLt Since a constant duty eyete is mamtained, the
gLy cqiithization setting for a particular harmonic
o e, 2 1s constant as the PREF s varied, assuming the
1 R destred amplitude of the harmonic is constant.
o REIT The wdeal equahization then becomes a stair-
g 2,1 case tunetion. In Fig. 7. a pair of continuous
b 103, curves within whieh the staircase function must
i I 104, 8 hie, 1s shown for both the high and low PRF’s.
D 1, 2 It should he noted that a reference value of
T3 7.6 . 0.1 22 Hz was chosen arbitrarily as a matter
: of convenlence.  To avoid the necessity {or re-
equalization between high and low PRF tests,
Voo bodenoarian s the et ot pulse compromise equalization settings are shown by
g Poepent oo rosl nhaty evele) the single curve between the pairs of ideal
ke lernotes e rate ol deeredse curves.  The maximum difference between the
dencbnt b e =S i erones, Forovase ideal and compromise settings is less than
Do oo patinene o oapnirements and., I dbh. During test the high firing rate PRF's
S e et use ol rapid were run first and only a brief test shutdown
o U S b e ot be deseribed, was required to re-set to minimum those
T e ndc Ui a vonstant duty equalizer channels applicable vuiy to the high
i vt cnehe chesen vas 0004 (Niest PRF's, before proceeding with the low firing
SRR U U U el U TS S R R R T rate tests.
Bl e cdiaet s aephitude of the
fer e e et toothe tundanental of
L S bl Palse cenoration was achieved Test Control
Bt s Dosre e wnrtupetoon carcuitey wath T
Tt oo e e trimpots to As has been described in a preceding
citest b PR s p s e wndths, To o sim- section, it was necessary tu pre-adjust the
oD e st perator s sk oand tooassure fest relative amplitudes of the pulsed excitation and
Coverr o s e enied o preovade for the random excitation. To avoid the necessity

MEN

Fro. 7 - Equalization settings
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for logping and re-setting of cach gain
adjustment (sce Fig. 4), a "noise only"™ spring-
loaded switch was provided. This permitted
setting the pulsed excitation amplitude (with
noise gain set to zero) and then setting the
noise excitation amplitude without disturhing
the pulse puin setting, The control sivnal was
passed thru a 1500 Hz low-pass filter and
monitored on a true-rms VTVM.

The control signal was derived trom the
output of a multiplexing averager (TDM) with
the number of input accelerometer signals
varying from two o six, depending on the test
article, There are several potentially serious
problems inherent in the use of o TDM which
are beyond the scope of this paper. It should
be noted, however, that significant errors in
both test control and datu reduction can occur
at low frequencies if alternate TDM inputs are
out of phase. This can occur in the neighbor-
hood of a low frequency resonance or, more
importantly, if the physical orientation of con-
trol accelerometers differ by 180°.

Data Reduction

As has been noted, the maximum time
duration at each PRF was 60 seconds, 1If the
taped test data were looped, it would have heen
possible to determine the harmonic amplitudes
by using a swept wave analyzer. However:
since each test would have required looping and
analysis of 60 data sequences (10 high firing
rate PRF's and 10 low f{iring rate PRF's. for
each of three axes), and since the resulting
mass of data would have required further pro-
cessing for easy correlation with test phenom-
ena, the above analysis approach was deemed
impraetieal,

In seeking alternatives. a digital analysis

technique was particularly attractive because

{ nn !'-‘:'l-]‘:,,' Wisd g ayalent 151 HE LTI STAT yivali-
filter array of 52, 10-percent bandwidth chan-
nels in conjunction with a multiplexer and
analog-to-digital converter under the conteol
of a small general purpose computer. Only
minor modifications of the gunfire simulation
generator and test method were required to
permit implementation of the following analysis
technique.

Fur eavh PHE am apray o tew filbey B
nels was selected based upon the joint criteria
of maximizing the desired hiarmunic response
and minimizing the effect of adjicent harmonic
response in each filter chosen, A self-
calibration mode was devised, taking advaniage
of the fact that, since the duty cvele of the
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excitation pulse train was controlled carefully,
the ratios between harmonie amplitudes and
pulse tram amplitude were measurable con-
stants. Thus, b single pass of any given data
sequence (10 suecessive PRE'S) permitted the
calceulation of the gain factors tor cach channel
for all ten filter arravs. by the simple expe-
dient ol adjusting the rms input amplitude of
the recorded pulse train to a pre-determined
constant, measurmy, cach channel output and
dividing it by the product of the corresponding
harmonice amplitude ratio and the pulse ampli-
tude,  The time-savimg tactor of this approach
is obvious but an additional adviantage accerued
in the climination of potential errors due to
minor variutions in tape recorder speed con-
trol during data recording and playback which
are, of course, reflected m apparent data
frequency variations.  The guin factors so
derived are stored in arrays of core for later
addressing during successive analysis runs.

A sampling rate of 10 K samples sec is
used during an analysis time of 11 seconds
while multiplexing cach array of 10 filter chan-
nets plus a broadband channel (the latter is
used for measuring the broadband rms ampli-
tude of the signal being analyzed). Thus, 10 K
samples are accumulated for cach chamnel and
the number of samples per cycle at the highest
harmonic frequency is nearly 10. The decod-
ing of the PRF signal is made independent of
possible amplitude variations due to impre-
cision in record ‘reproduce alignment: this is
achieved by computer measurement of the
maximum code voltage (first PRF) and mini-
mum code voltage {10th PRF) and calculation
of the ten incremental steps between actual
maximum and minimum. The actual code
voltages thus derived are stored in the com-
puter in a comparisen table which (s wsed for
PRF identification,

During analysis runs. successive samples
[ iy Bhid |u|l||-|"-!|-'|'n|| {1lLivg elegiimiels are i -
tized. squared and stored using a sumple algo-
rithm of Simpson's Rule for estimating the
ety square for each harmonic. The peal:
values are then caleulated, scaled to engineer-
ing units (taking account of variable system
giins and transducer sensitivity) and digital
miagnetic tape records written {or subsequent
output via teletypewriter. A typical end result
is shown in Fig. 8. Presentation of both the
e re Wesitibana e daginred fure e I
harmonics only) rms values is doubly useful.
Since the caleulated value should be only
slightly less than the test level. it serves as a
rough check of the adequacy of test pertor-
mance. At the same tivie, since the unfiltered
measured value should be somewnat greater

e
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GUNFIRE VIBRATIUN DATA ANALYSIS
HIGH G.F, hATe REC. NO. QUOT YeAR 1970
HARMUNICS: PLAK G'S BROADBAND: HRMS G'S
PRF 'S
107.6 106.2 104.8 129.4 192,14

FUND W37409E+01 233393401 32485k +UI +31805E+0] 311628 +01
2ND .46883L+01 L4131TE+01 +45838E+01 L43282E+01 $ 431326401
IRD O3 TTE+OL L9821JE+01 S1T59E+01 464220 +0) .67101L+01
4TH o531 692k +01 JAT315E+01 91665401 «54863L+01 4582 1L+01
STH 648 T2L+0) +90767L+01 A41519e+401 5405140} +67704k+01
6TH L44421E+0) ,63102E+01 STUISE+0] .50672E+01 +95145E+01

11H +97074E+01 f44750L+) 1| 65 T2BE+0 J61666L+0]) . 69275E+01
8TH LATUL4AE+OL 29229 7L401 .39603E+01 .93894L+01 4080 TE+0
STH 452312401 .51582L+01 L46977E40] «4TT44E+01 2 97823L+0]
107TH 2211 6E+01 «43730E401 «20869E+01 JA1TLTE+01 023555e40]
BB-M LA 1T54E+02 L 1964E+02 11898k +02 .11635L+02 120108402
BB -C +10730E+02 11340402 10953k +02 <10 6E+02 12163e+02

PRF 'S
130.8 99,5 98.2 96.9 99,6

FUND 312956401 «33707e+401 .49369L+01 «33786L+0! 36633401
2ND L45751E+01 .52720L+01 .62474e+01 +60705L+01 « 75473401
3RD JA46374E+0) »49595L+01] «.26385E+01 «91685E+01 «49195E+01
4TH L44018E+01 y4T7284E+01 223575401} W4T454E40) «46126L+01
5TH .39756E+01 .32007E+01 .22187e+01 .27295c+01 +3506UE+01
6TH «H3231E+0L 45995E+01 ,54202k+01 +92404L+01 «43574401

1TH +63948E+01 +93397E+01 950061E+01 «56443L+01 +44980E+01
8TH LG1143E+401 9B 1OE+0]) 914276401 «45023L+01 «41045E401
STH +95936E+01 .50247E+01 +36982E401 2415618401 2 39283E+40]
10TH «48659E+401 .99647E+01 OLT51E+01 S 1351E+01 +92195k+01
CB -M L1641E402 L 1653E+02 L1501E+02 17698 +02 11638L+02
BB-C 11 14BE+02 SN 1264k402 LI11E5E+02 ,10684c+02  .10721E+02
BB-M: MEASURED BKJADBAND (ALL HARMJNICS PLULS BASE NEISE)
BB-C: KMS OF LINE SFECTRUM (10 HARMONICS 2NLY)

Fig. 8 - Typical teletype print-out of gunfire vibration test data analysis

than the calculated value, potential analysis
errors due to occasional malperformance of
the digital system or the analog tape record/
reproduce system often can be detected by
comparison of the two values.

tems cannot be realized. However, the aver-
age time required from receipt of raw data to
generation of an output (typified by Fig. 8)
varies from about 0.7 to 0.9 hours. This
includes analog tape editing and self-
calibration runs; the maximum time occurs
where only one data track per sequence is
analyzed and the minimum time applies where
five or more data tracks per sequence are
analysed. The results of several early analog

Since the analysis of one data track from
one test sequence must take nearly 10 minutes
{with the same true for a self-calibration run),
the speed usually associated with digital sys-
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analyses of similar data indicate that the time
per output for an equivalent data format would
be about sixteen hours.

COMPARISON OF METHOD TO MIL-STD-
810B. METHOD 519

In late 1969, a gunfire vibration test was
added to the vibration tests included in MIL-
STD 810B. It is known as Mcthod 519. Gun-
fire Vibration, Aircraft. As this is the only
military specification (known to the wuthors)
applicable to gunfire vibration. it is appro-
priate to compare some of the features of the

Method 519 is a random vibration test with
the test spectrum shown in Fig. 9. U facility
limitations dictate, an alternate spectrum.
shown in Fig. 10, which employs swept nar-
rowband on broadband random is permitted.
The maximum spectral density. Gyux. is
determined by consideration of the muzzle
energy of the particular gun. the number of
guns and their firing rate. the weight of the
test article and the vector distance between
pun muzzle and installed equipment. Thus the
test level is tailored to the particular instal-
lation, which is commendable. However, the
frequency range of the test spectrum is fixed
rather than being keyed to the permissible

method described here to

Test Leval PSD - dB

Composte Test _ever PSC (dB)

Method 519,

firing rates of the gun. For several typical
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Fig. 9 - Random vibration test curve.
Fig. 519-5 of MIL-STD-810B,
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Fig. 10 - Swept random vibration test curve,
Fig. 519-7 of MIL-STD-810B.
29 September 1969
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sunfire rates, e.g. . 25 Hz, 67 Hz and 100 Hz.
b beer Harrmmomme s are otsiade the wesl rame
It 15 sugugested that Method 519 should be modi-
T1ed to ensure that the appropriate frequency
range of excitation is covered. It is believed
thit the pulsed exeitation method has the ad-
vantage of automaticatly exciting the appropri-
ile Trequeney ranges.

It is not the purpose of this paper to dis-
cuss gunfire vibration levels. However it is
appeopriate to tlustrate the previously men-
tioned conservatism of broadband random
excitation due to "filling in" the valleys of the
spectrum between harmonies.  Method 519 was
applicd to a typical installation of avionies and
the test Tevels shown in Table 11 obtained. 1t
s anticipated that some difficulty would be
experienced in testing even some of the lighter
werght units to the requared rms accelerations,

Even the alternative narrowband sweep.
which employs a 100 Hz bandwidth would be
diftficult to achieve at the tabulated specetral

density values. Further, published gunfire
'."'""'l"-ll"l Jatn "'I"'"" L -'"v-l".t'"l“ 1 TeOd \I.':l‘.'il;-_
ilar to that used for Table 1T does not indicate
rms acceelerations approaching those listed.

Thus it is concluded that. compared to use
of a pulsed excitation, the use f broadband
random excitation as in Method 519 leads to
conservative vibration test levels which are
also difficult and expensive to create in the
laboratory.

CONCLUSION

The foregoing paragraphs have described
the requirements for adequate simulation of
complex wave periodic vibration. It has also
been shown that these requirements can be ful-
filled by addition of an inexpensive variable-
PRF pulse-generator to any existing random
vibration system. Experience gained during
design-development and qualification testing of
an avionics system comprised of approximately

TABLE 1l
Method 519 Gunfire Vibration Levels for Typical Aircraft Instailation

it Zone 4D Cmax G'max Grms

(Ibs.) (in.) (g2 'Hz) (g2 Hz)
135.0 36.3 3.6 1.33 39.3
142.0 35.1 3.8 1.29 38.17
39.0 35.6 3.1 NA 65. 6
39.0 - 31.3 4.9 NA 75.5
34.0 - 27.1 4.3 NA 70.7
28.0 31.7 4.9 NA 75.5
25.% 28.2 5.8 NA 82.1
71.0 ' . 25.9 6.4 NA 86.3
} 65.0 14.6 9.2 NA 103.4
. 63.0 - 95.1 0.095 NA 10.5
41.8 - 107.5 0.076 NA 9.4
{ 17.4 - 91.7 0.105 NA 11.0
39.5 43.5 2.0 NA 48.2
| 1ss.5e - 131.4 0.055 0.015 .2
171.0* - 170. 8 0.041 0.011 )
179.0" - 174. 6 0. 040 0.011 15

No test required since G' 5 less than 0.04
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30 biack boxes has shown the test method to be
extremely cost-effective. Barringailures in
the unit, three axes of gunfire excitation de-
scribed earlier can be accomplished in approx-
imately four hours. Final proof of the ade-
quacy of the simulation must await exposure of
this equipment to actual gunfire excitation,

The inadequacy of sinusoidal excitation
and the conservatism of broadband randon,
excitation have been indicated. It is recom
mended that a pulsed excitation be included
Method 519, Gunfire Vibration. Aircraft, o
MIL-STD-810DB.
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RATIONALES APPLYING TO

VIBRATION FOR MAINTENANCE

AH. Grundy

Canadian Force:

Headquarters

Ottawa, Canada

The parameters associated with the measure-
ment of vibration as an indicator of wear
and the need for maintenance arc discussed.
It i9 concluded that velocity is the most

appropriate parameter.

Examples are given.

INTRODUCTION

In practice there are no perfect bearings,
perfect shafts, perfect gears, or perfect blades
in machines, and as a consequence, even new
machinery vibrates, During use, all moving
parts wear, or deflect slightly in time so that
clearances increase, and rotating parts become
out of balance. All this increases vibration
above its original level, which can therefore
be a measure of wear. It is found that the in-
crease in wear produces increase in vibration,
which in turn increases wear. Consequently, a
smoothly running ftem will run satisfactorily
for a long time, and as wear becomes '"notice-
able', it increases cumulatively.

This speeding up of the increase in vibra-
tion can be detected by recording vibration
levels regularly. From experience, therefore,
vibration levels can be used to predict the
wearing out of parts, that is, mechanical fail-
ure, before it happens.

We can, by this means, keep smoothly runring
equipment in service for a long time without
disruption or introduction of foreign matter,
or replacement misalignment, in contrast to
planned maintenance schemes, based on the
earliest failure time of similar machines. It
also means that we can keep equipment, known to
be worn, in service until it is convenient to
overhaul it avoiding breakdowns, which enforce
inconvenient idleness, because of the warning
vibration can give.

It 1s possible to select displacement,
velocity, acceleration, linear scales, log-
arithmic scales, peak to peak, average, cr
root mean square values, as parameters for
measuring vibration. Whilst it is possible
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mathematically to convert from one parameter
to onother if sufficlient information {s known,
there are some parameters which reduce work,
effort, and thought, and yet tell all the
answers required.

Traditionally, it {s the engincers hand and
ear which plans maintenance before failures
occur. Though the ruler, micrometer, and dis-
placement vibration gauge are the ecarliest
forms of mcasurcment they are far {rom bLeing the
best. It i{s a known fact that frequency of
vibration must be taken into account in the
measurcment of movement {vibration) in order to
assess {ts importance.

For instance if you move » little boy's
shoulders backwards and forwards si{x inches
taking two or three scconds in ecach direction
he will probably not object too much, it, how=
ever, the fruequency is raised to 10 times per
second, he will object violently (if you have
not already broken his neck). Similarly with
a machine or equipment, a movement of 1 foot
per second may not have any deleterious effect,
but a displacement of one hundredth of this at
1000 cycles per second would disintegrate {t
because of the high "g" forces fnvolved.
Frequency is vital.

Figure 1 shows the logarithmic com-
parisons of the three vibration parameters,
acceleration, velocity, and displacement
against frequency; at any selected frequency, an
acceleration or displacement can be obtained
from a velocity measurement, or vice versa, Thus,
in a sense, measurement in one parameter f{ixes
the results in the other two parameters. Howe
ever, there are several considerable advantages
in choosing velocily, which will be shown later,
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RATIONALE

Movement, i.c, displacement, obviously is
important as a factor in wear. (no movement,
no wear). Frequency is also Important (sec
above). Thereforce a parameter combining both,
could be an advantage i.e. velocity (displ. X
freq.) or acceleration(displ. X freq. X freq.)
if they contain the right proportions.

Force per unit area of relatively moving
surface is also important in wear. However,
when we are considering a particular cquipment
we are considering a fined design, and there-
fore this element of the parameter .s propor-
tional to force. Force is a mass acceleration,
and as we arc considering a partfcular ftem,
the mass is a "constant™, and therefore ac-
celeration i{s the variable. However vibration
acceleration is oscillatory and not constant in
one direction. Wear is proportional to friction
which is therefore constant under a constant
force (acceleration). Oscillatory acceleration
is different, in that frequency has an effect,
in fact at several kilo cycles per sccond and
above, a shaft fecele slippery not rough, and
has very little friction at very high frequency.
That is, the friction with oscillatory accelera-
tion in inversely proportional to {requency.
Dividing acceleration by frequency gives
VELOCITY as the correct parameter.

This is in line with another consideration
which {s that the above formula, "force = mass
acceleration", is true at very low frequencies,
but as frequency increases the {mpedance of a
structure alters. This impedance alteration is
somewhat dependent on wavelength, and there-
fore the coupled mass, (whose reduction reduces
the force as the frequency increases) (with
constant acceleration). For this reason, force
is less than proportional to acceleration, and
is nearer to velocity.

A mathematical type of proof that velocity
is an important gauge for wear in machinery is
as follows:

At any given time the wear 1s proportional
to the energy being dissipated at the relatively
moving part.

Energy = work = force X distance, {.c.
acceleration X distance =

= distance X acceleration = cms x cms/
(sec X sec) =

= (cms/sec)” = (velocityz), f.c. 2 log
velocity

= 2 x Bels of velocity or decibels for
convenience.

Thus, wear is somewhat proportional to
velocity decibels (vdb).

We therefore see that from the movement
(displacement) considerations we should in
some way multiply by frequency tu get a para-
meter for wear, which indicates velocity.

53

Avso trom force (acceluration) considerations
we should divide by frequency to get a para-
meter for wear, which, again indicates velocity.

1t now appears that we have a single para-
me ter, velocity, which is crudely proportional
to wear, (or condition of the ciquipment).

The above is borne out firstly by vibration
tests on a helicopter. The problems were (a)
shaking of the instrument panel (and pilot's
scating, etc.) and (b) failure of a centrifugal
clutelie The tormer was causcd by the rotor ime
balance, and the latter by a high frequency
chatter (2000 cps) trom epicyclic pearing.
Logarithmic scaled praphs ot tiwe tollowing
shapes were plotted. Fig, 2

Displacemant

il A
AL
Amplitude Lmplefude

Velogity

Freguency Freguency

fccelaration

amplftude

Frequency

Fig. 2

(Actual Ship gearbox vibration measurements (at
the end of this paper) and also helicopter transe
mission vibrations are plotted in the three
different parameters for comparison in Appendix
A

If the straight lines are the equivalent
limits then it i{s theoretically possibple to
diagnose problems with each type of vibration,
but, in fact Displacement is too insensitive to
discriminate high f{requency and Acceleration is
poor at low irequency. Also for D and A, a
frequency graph must be plotted to compare
results.,  Not so, with velocity, and the above
criteria simplify approximately to; Fig. 3




e —

Jisplacement Welocity

Accalaration

which again simpliffes to

Displacement ’_v_el_o?ut_ﬂ Acceleration
L "
L'2avaB |

Fig. 4

By using velocity we have a single number
which can be set for different types of machine,
obviating the need for discrete analysis every
time for every component, as frequency is auto-
matically taken i{nto account,

A turther confirmation of this parameter is
found, not just from an engineer's hand, but
from average human feeling. Researchers have
found that up to about 10 to 20 cycles per
second human feeling {s proportional to accele-~
ration, and that above 20 c¢ps, it is directly
proportional to velocity including the thousands
of cycles per second range. Further, wnen the
whole range of feeling vibratfon i{s split into
just perceptible, perceptible, very noticeable,
unpleasant and very unpleasant, (5 limits), it
{s found that they are evenly spaced on a log-
arfthmic scale, and very unevenly spaced on a
linear scale. (Fig., 5) Thus human feelings
over almost the whole of the vibtration range is
proportional to velocity, and logarithmic
ampl {tude,

Fig. 5 shows the linear spacing of vibra-
tion subjective cffects and Fig. 6 shows the
logarithmic spacing. It is obvious from the
even spacing of the logarithmic curves that
subjective teeling 1s logarithmically pro-
portional.

For all the above reasons, vibration velo-
city in decibels (vdb) has been chosen for the
parameter of machinery condition.

It is known that some machines when new are
fnherently smooth when well made, and may vi-
brate, as low as 80 vdb. This machine when
worn, may give 110 to 120 vdb which represents
a change of 40 vdb. On the other hand, a new
diesel or free piston compressor may vibrate
at 115 to 120 vdb when new, yet is worn at 125
to 135 vdb, which is only 10 vdb increase.

The possible .ariation from 10 to 40 vdb
change between new and worn machines precludes
us from measuring an original level and saying
a 20 vdb increase means an item {s worn out,

This also brings us to an {mportant reason
for having new, and refurbished equipment to
as low a level as possible. There are figures
to indicate that an item which starts out at a
vibration level of say 115 vdb may last only a
few hundred hours before overhaul, whereas a
machine starting at a level of say 80 to 90 vdb
can last for 10,000 hours. Vibration can there-
fore, not only tell us when a machine 18 ready
to fail, but may be used to lengthen its life
many times,

Balancing in situ, is also a big factor in
long life and is set by vibration measurements.

It is also known that machinery covers,
panels, etc. vibrate at high levels without
failure, extremely high shock inpulses {from
underwater explosions) permenently damage or
break, even ruggedised machinery. These vibra-
tion levels are in the range of 150 to 175 vdb.
It is therefore recommended that a machine be
prohibited from operating, if any bearing level
reaches 140 vdb, and the machine may only be
operated in a real emergency (i{f {t will operate),

Further limitations on the Parameter of
Vibration Velocity for expressing wear
(or transfer to air or water noise)

Vibration means movement. Movement implies
a displacement, and it is assumed that the
higher the level measured, the more vibration
there is.

Even compressing the scale into decibels
tnstead of linear comparisons shows in Fig. 7
that displacement vibration of a ship's gear-
box has important peaks in it. In Fig. 7 the
right hand half is real and the left hand half
is fictitious for illustration. As stated
avove, higher levels give the impression of
"more" vibration so that diagnosis of a problem
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fr the gearbox trom reading Fig. 7 ways thal we
shoutd concentrate on the 1 oeyele trequency,
take note ot the 10 evele tregquency, and ignore

the rest as not signiticant,

We could plot the same pearbox  measure=
ments using acceleration, thinking that accele-
ratfon {s a complete measure of torces Fhis s
plotted tor us {n Fig. 8. [t can be seen that
the high levels of vibration are now at 2%
k{toherts with o secondary interest at 700
hertyo The one and ten ecyele results are quite
fnslgnificant,

Fhe third alternative i{s to plot velocity
measurements, and this is shown in Fip. 9.
Ihis shows the highest vibration levels, and
theretore the problem areas to be at 2% kilo-
herts, with 700 cycles another important item,
The one and ten cycle effects are secondary,
but not insignitficant,

The above theorising is borne out in prace~
tice, indicating that veloclity measurements
are the tmportant ones, with acceleration a
secondary importance, to be interpreted with
caution. Displacement is detfinftely a ter-
tiary consideration.

It is well known to anyone making measure-
ments in vibration (or noise) that frequency
is an essential parameter no matter what others
are selected. This means that measuring in-
struments must respond to virtually all vibra-
tory frequencies, and a second well known point
is that a single overall vibration measurement
{s completely inadequate to describe any vi-
bratory effect, except very crudely.

In order to bring frequency into the an-
alysis we must filter the signal and split the
results up into bands of frequency whether
octave band widths, half, third, double or
single cycle bands. The more splits there are
the more defined is the signal, however, it
also follows that two analysis are more diffi-
cult to compare and more work to obtain, record,
and analyse, the more frequency bands used.

Overall levels can be compared immediately,
the higher number indicating the most vibration
but they are useless as described above.

Octave bands require eight or ten measurements
to cover the frequency range, give a definite
plcture of frequency characteristics, can be
compared one machine against another, and can
be compared with any standards of effects such
as annoyance or tolerance, wear or damage, and
even speech {nterference as vibration {s its
source.

The same advantages can be claimed for
one half, third or tenth, but comparison with
standards becomes more difficult with more
splits. There is twice, three times, or ten
times the work, to measure, record and analyse,
with no better, in fact less definite results.
For comparison or standards compliance, the oc-
tave band measurements have all the advantages.

58

When there fs a problem, we need to diag-
nose the fault, and the frequency emitted by
the faulty part can indicate precisely whether
it is a shaft, bearing, grearbox or blade and
even which it fis.

Diagnosis of vibration sources or faulty
parts can occasionally be done by crude analysis
on such as a buckled wheel or even an out of
balance wheel. llowever, when we come to gear-
boxes with shafts, bearings, gearteeth etc. all
revolving at different speeds at the same time
life becomes more complicated. Frequency de-
tfinition {s paramount, and {n fact to suit all
normal circumstances a frequency bandwidth of
a lew cycles, or a fewpircint bandwidth at the
most, is required.

The alove can be illustrated by the ship's
gearbox measurements in Fig. 9 where we see
results mainly from gear teeth. In this double
reduction gearbox, the secondary meshing fre-
quency is 700 hertz and fts vibration funda-
mental together with harmonics 2-2, 2-3, and
2-4, are indicated at the bottem of the graph.

Simularly the primary meshing frequency
with fts harmonics 1-2, and 1-3 are indicated.
If these results are transferred to full octave
band and one third octave band, the results are
shown in Fig. 10, Diagnosis on the basis of
Fig. 10 shows that the secondary gear train is
the important problem with the primary gear
train less important.

This diagnosis is wrong. If we rely on the
third octave as being more "“accurate! than the
full octave, we go further and state that the
fourth harmonic of the secondary meshing freq-
uency is the important fault. This also is

wrong.

In fact, as can be seen from the analysis
in Fig. 9, the peak at 2.6KHz is definitely
away from the 2.5KHz fourth harmonic of the
secondary gearing. It did in fact turn out to
be a ghost frequency on the primary pinion
impressed as a continuous error by the original
gear cutting.

It can therefore be seen that despite
automatic analysis of part octave bands or
percentage bands,discrete analysis in bands of
a few cycles or one or two percent (6 at the
outside) are required for DIAGNOSIS. Faulty
diagnosis can easily occur using anything but
discrete frequency analysis.

If crude guesswork is required, a one
third octave analysis is better than octave
analysis. However, a one third octave analysis
{s not a compromise between octave and discrete
analysis. It is very hard to compare with
standards where the octave {s not. It is three
times the work to measure, record and analyse.
It leads to faulty diagnosis in anything but
the most obvious of cases and is no substitute
for discrete analysis,
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Appendix "A"

Heli{copte- Transmission Vibration

Measurements of the vibration of the transmission

of a Hiller Helicopter which were recorded {n displacement,
velocity and acceleration are shown for comparison purposes

{n Figure 11, 12 and 13.
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Appendix '"'B"

Practical Application of Vibration Analysis

JUSTIFICATION “OR SELECTING VERTICAL DIRECTION
OF MEASUREMENT ONLY

80 sets of meaningful readings were
selected.

(definition of meaningful: - solid
positions located close to main brarings
of major components with so many
readings tak . that graphs of Average
vertical, average athwart, average
longitudinal, and highest V, A, C, L,

& lowest C, A, C, L, readings were all
plotted).

(Definition of "sensitivity": A greater
change {n vibration levels for the same
amount of wear.)

Out of the 80 positions, the criteria,
compared with 3 sets of graphs for each
position.

56% = no charge whether V, A, or L
selected, and similar sensitivity
between new, average, and worn;

28% - no change of decision, whether
V, A or L selected, but different
sensitivity between directions of
muasurement;

16% - no difference whether V, A or L
selected, but ditferent character
of curves.

In the 28% figure above, 75% o1 the
most sensitive direction possible, were
vertical, Only 12 each most sensitive were
Athwart and Longitudinal. This was true
whether main shafts were vertical or horizon-
tal and irrespective of whether ‘'vertical"
was along the shaft or radial to it. 70% of
the sensitive ones werc radial 30%
longitudinal.

In the 16% figure above, 57% of the
most sensitive direction possible were
vertical, the others longitudinal when it
was radial to the shaft. B85% if the sensi-
tive one were radial 153% longitudinal.

56% = (75% of 28%) - (57% of 16%) = ¥6%.
Therefore vertical measurements five 86% most
sensitive roesults, with no change of decision
in the other 14% of cascs.

Therefore, vertical measurements are
almost always specified, and only one direc=
tion is measured.

The only case where radial direction of
measurements (athwart or longitudinal) takes
preference over the vertical is where most of
the main shafts in the machine are vertical,
and most of the machine is above the feet or
securing lungs. (e.g. Sharples Puriiier)

When the vertical overall measurements
indicate that close attention (i.c. octave
analysis) is required, then octave analysis
should be performed in all three directions
at the point in question. T1f time of measure-
ment is still to be saved the direction of
maximum readings may be chosen to be exclusion
of the other two.




Appendix "CH

Recording and Measuring Detalls

It is propos o thot the machinery Compare the readings obtained on an
cret o hes be Tabelled dn the tolloving manaer: cquipment with the criteria on the machinery
sketch, and mark on a new record sheet the
e Show pectangular blocks in the date of the next set of measurements to be
posittons reguired on the machine taken., For i{nstance, {f the limits are
tor testing. 120/125 VdB and overall vibration levels
are at 110 VdB then readings are due in a
be  Select the major bearing positions month's time. If the maximum overall
to jndicate the condftion of the reading 1s 122 VdB, measurements are due
machine, Label thew numerically. next week. It also helps to enter this

latter machine on a "Caution' list.
coe  Select the minor bearing or other
positions to indicate local Figure 14 shows a convenient vibration
condftions and label them data analysis form.
alphabetically.

d, Divide the sketches with a wavy
line 1o separate parts of a
composite machine (so that sliphtly
different limits may apply e.g.
clectric motor and retrige. com-
pressor on same base).

Mark on the sketches, the criteria
tor vear (there may be more than one, for
compos{te machines) in the form Worn 120/125
VdB, This means at 120 Vd3 Overall Level,
start taking octave analysis, and also check
all the lettered points as well as the numbered
points. When any octave level reaches 125
VdB the unit is worn sufficiently to be re-
placed immediately.
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VIBRATION ANALYSIS — MACHINE DATA SHEET

SKETCH OF VIBRATION POINTS ON THE MACHINE H.M.C.S.

REFRIGERATION COMPRESSORS

ELEC' M 110/1I8VdB

MEASURE
VERTICALLY

COMPR . 120 /i28VvdB

NOTES
SCHEDULE UNIT [LoCATION GUIDE LIST NO.
£ 2003R3 /4 £2003

Fig. 14 Typical Vibration Analysis Data Sheet
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SPECIFICATION OF SINE VIBRATION TEST LEVELS
USING A FORCE-ACCELERATION PRODUCT TECHNIQUEY

A, L Witte
Vibration and Acoustics Test Division,
Sandia Laboratories, Albuquerque, New Mexico

A technique has been proposed where the laboratory test levels
are defined by the product of input force and input acceleration,  This
technique offers several advantages over both motion and force control
when little is known about the ficld environment, [t can be classified
as a force technique since it allows the test item to affect the laborn-
tory vibration environment. The technique is o compromise between
constant acceleration control and constant force control and requires
no knowledge of dynamic characteristics of the vibration source or
the phase relationship between input force and input acceleration,  In-
put force and acceleration are related to the test specimen's apparent
weight by a constant which is the control level.

This paper proposes a method of specifving the control level by
using an envelope of the relative minimum values of the test specimen

for the use of the technique,

apparent weight characteristics and the envelope of accumulated peak
field accelerations experienced by similar units subjected to similar
field environments, It includes a description of all mathematics used
to develop the technique, includes results obtained from a mathemat-
ical model, and also briefly describes laboratory equipment necessary

INTRODUCTION

Because of contributions by Otts,
Nuckolls, Hunter and Murfin (1-6) several
force techniques have been developed for use
in laboratory vibration testing, These have
often replaced the motion t. hniques which
previous to 1963 were used exclusively. The
most sophisticated of these techniques requires
considerable knowledge of the dynamic charac-.
teristics of the field vibration source,

However, quite often it is necessary for
the test engineer to subject a specimen to a
laboratory vibration test when little is known
about the field vibration source and/or field vi-
bration levels. As a result of this lack of

knowledge, the test engineer is usually forced
to obtain, from u central "data bank," emel-
oped field data obtained from a aroup of
dyvnamically similar specimens subjected to
similar environments. The resulting environ-
ment is generally the envelope of all peak ac-
celerations experienced by the proup of field
spocimens,  The test engincer often then sub-
Jects the test unit to sinusoidal acceleration
inputs whose peak values ave those specified by
the enveloped field environment.  The draw-
backs of thiz method are obvious; the engincer
has resorted to motion control techniques, the
dvnamic characteristics of the test fpecimen
are not allowed to affect the input vibration

“This work was supported by the United States Atomic Enerpy Commission,

69




crecrroninent, and the possibiality of o serious
e rtest exists, o Fhe enginecr can use aceel -
cratian or foree Hmitine techniques to reduce
the ditosbacks of motion control but the linnts
set e otten arbitears and bae Little basis for

el use,

A\ conteol techiique has been developed
which allows the dynamics of the test specimen
to affect the sibration environnent, aad know!-
edee of the dvnnmic characteristics of the field
Jdbration source is not required for its use, (7]
Fhe technique allows the test engineer to con-
trol the product of the lauboratory input accel-
eration and input force at specifiecd levels It
Is o compromise between acceleration and
force control.  Both input force and input ac-
celeration levels vary but are limited to finite
values by the dynamic characteristics of the
test specimen, This results in a laboratory
source impedance being neither infinite nor
7ero,

The purpose of this paper is to expand on
this technigue and to discuss a method of spec-
ifving vibration control levels which results in
a "louxical simulation® of field vibration envi-
ronments in the laboratory., The discussion
will be confined to sinusoidal vibration test
methods, Mathematically, the technique can
be extended to random; however present test
equipment limitations prevent its use,

NOMENCLATURE

:\i(w) = Peak amplitude of laboratory
sinusoidal input acceleration,
lp)

./.(w) = Laboratory input spectral

i J 9
density, (g=/Hz)

Af(o) = Enveloped maximum field
acceleration levels (g)

Ar(w) = Peak amplitude of component
sinusoidal response accelera-
tion, (g)

Fi(w) = Peak amplitude of laboratory
sinusoidal input force, (lb)

%{w) = Enveloped field acceleration
spectral density, (g‘z/llz)

H{w) - Frequency response function,

A /.-\., (dimensionless)
i

o

impedance, Z{w), by Walw) = Z(w) jw where j

K{w) = Comerol level of input vibratory
excitation, FiAi' (lb-g)

\V'l(u)) = Test specimen apparent weight,
‘ ["i/:\i (Ib/g)

Wq(w) = Envelope of minimum values of
‘ W" characteristics, (lb/g)

h = Phase angle, (rad)

¥ = Phase angle, (rad)

w = Circular frequency, (rad/sec)

BASIC THEORY

The input laboratory acceleration and
force to a test specimen (which has linear
dvnamic characteristics) will be defined as
Aj sinwt and Fy sin (wt ), respectively,
where A and F,ae peak values of force and
acceleration,

Consider the situation where the level of the
frequency dependent product of peak input
force, F{ (w), and peak input acceleration,
Ajlw), will be controlled at some specified
value K(w). One can write the following equa-
tion:

Fi((u)z\i(w) = K(w) . (1)

The test specimen's apparent weight, Wa(w), is
defined as the complex ratio

W) = Fi(w)/Ai(w) . @)

Notz that for this discussion, the phase angle
of apparent weight will not be used.

Using Eqgs. (1) and (2), one can obtain
relationships for peak acceleration and force

as functions of the test specimen apparent
weight:

[rir/age)] [Fonl] = ke el
i = K@ |w @]

therefore

|1/2 :

B o) - Kl/z(w)lw () (3)
1 a

I‘.‘\ppnrenl Weight, W (w), the complex ratio of force and acceleration and is related to mechanical

e
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and

[/\i(w)/l-i(w)] [’i“"”‘i‘“”] <KW g

2 e 1 .
Ai (w) = K(u) —I“ .,(w)l ;

therefore
A = K —t 1
R Iw ('-)” =5

)

One can see that peak input force, Filw),
is a function of the square root of the specimen
apparent weight, IW (w):. It attains a relative
maximum value whenever the apparent weight
exhibits a relative maximum and becomes min-
imum whenever the appuarent weight becomes
minimum. However, the peak acceleration,
Aj(w), is a function of l/l\‘\".‘(u))':l/2 . Itex:
hibits a relative minimum value whenever the
apparent weight reaches a rejative maximun
and a relative maximum at relative minimum
apparent weight values,

These characteristics appeal 1o one's in-
tuition since greater foree should be required
to drive the test specimen at frequencies where
its apparent weight is maximum, and accelera-
tion should tend to notch at these sar.ce fre-
quencies, The reader should note that this is a
compromise between acceleration control and
force control techniques. [7]

SPECIFYING A CONTROL LEVEL

The problem becomes one of specifving
the frequency dependent control level, K(w),
For many test situations only two pieces of in-
formation are available to the test or specifi-
cations engineer for determining laboratory
test specifications:

(1) Maximum acceleration levels expe-
rienced by dynamically similar test
specimens subjected to similar
environments. This data can some-
times be obtained from a central
"data bank." [8]

(2) The dynamic characteristics of the
test specimen which includes appar-
ent weipght and frequency response
characteristics. This information
can usually be obtained from o pre-
litninary lovw level sinusoidal survey.

Fhese two pieces of information will be
used to define the control tevel K(w).  In defin-
g the control teve] several conditions will be
fultilled.

1. Specifica mput acoeleration levels are
frequency dependent curses that en-
velope expectee maximum tield ac-
celeration levels; therefore labora-
tory input acceleration levels should
not vxceed enveloped field Jevels,

2. Maximum ficld acceleration levels
occur at frequencies where the test
specimen apparent weight character-
istics exhibit relutive minimum
values, and laboratory input accel-
eration levels should tend to peak at
these same frequencies.

3. Minimum field acceleration levels
oceur at frequencies at which the test
specimen apparent weight character-
istics exhibit relative maximum val-
ues, and laboratory input acceleration
levels should tend to notch at these
same frequencies, ™

Consider defining the control level, Kl{w), by
the following relationship:

B = T ) R, (5)
a f

where

Wq(u) is the frequency dependent envelope of
* the minimum values of the test specimen
apparent weight, IW.,(w)l :

and
:\r(u:) is the frequency dependent envelope of

expected maximum field acceleration
levels,

1)
The validity of conditions 2 and 3 can be questioned since the effect of the dynamic churacteristies
of field vibration source on input acceleration levels have been neglected. However, these peak-
notch relationships appeal to one's intuition,




U e pelaton=tnps found in Fgs, (3), (1),
et (o), onee can write the following equations:

r» ) R ‘)
IR (O \'.m]" l\\ (;)l”'
l L H ]

r
B W) I\\ (J;)l]l A (W), (1)
1 L Ay i
el
\ g [\T (= Vi [V ’—L'IT
: ) ' I\\ (uJ)I -

N1

ot

- )
e [\\_I(w->/|\\"l(*-)| L2 A )

- Note from Fao (7)) ana Aje Vg whenever
e \\:l . SNinee \\'“(;.:) is the envelope of the
tadnimun absolute values of the test specimen
apparent weicht the relationship A{” Ay will al-
wian s holds Thas, one can effectively limit in-
put aceeleration tevels to maximum values
specified by the field envelope, Apw),  The
relative maximum values of Ay oceur at fre-
quencies whepe !\\‘;,I exhibits a relative mini-
mum.  Relative minimum values of A occur at
Frequencies where l“;.l exhibits a relative
muximum,  The three initially specified condi-
tions have been satistied,

FENAMPLE CASE

Consider for the purpose of this discus-
sion, the test specimen shown in Figure 1.
The specimen is complex and can be thought of
as o combined "lumped" mass and distributed
svstem,  The appoarent weight characteristics of
of the test specimen (shown in Figure 2) reflect
its complexity. The input vibratory motion and
force at the specimen base are A\ sinwt and
Fi sin (wt + ) respectively.  The response ac-
celeration of an integral component within the
specitmen is A sin (wt + ¢).  The frequency
response function H(w) for this location is de-
fined by the complex ratio

.'\l_(w')
Hw - ———
I( T (8)
i
and the magnitude of {ts characteristics is

<houwn in Figure 3,

The envelope W («) of the minimum ab-
~olute values of W, (w) ix shown in Figure 2,

1

l

Note that the envelope consists of straight lines
and does not have gross "discontinuities." In
making these envelopes, one should avoid "dis-
continuities™ in order not to have them in the
control curve, Figure 4 shows the envelope of
anticipated field acceleration levels.  Again,
"discontinuities" were avoided, 'The control
level (the product of A and Fj) can be calcu-
lated using Fq. (5) and plotted as shown in
Figure 5. It is a series of straight lines with
no gross "discontinuities" and its level can
casily be programmed and controlled in the
laboratory,

At this point one can mathematically de-
termine the effects of the input specification on
the test specimen.  Recall from Eq. (7) that
the laboratory input acceleration level A can
be obtained using

Al = [Wn(w) JER® I]” “afe) .

One can calculate the frequency dependent
apparent weight ratio,

[\T/u(w)/|wa(w>|:|”2 ,

and plot it as shown in Figure 6. This ratio is
always less than or equal to unity. The result-
ing laboratory input acceleration level is shown
in Figure 4. Notice that Aj(w)<Af(w), and that
Aj(w) does in fact notch when |[Wa(w)| exhibits
a relative maximum and peaks when |Wa(w)|
exhibits a relative minimum.

Using Egs. (7) and (8), one can obtain a
relationship for response acceleration as a
function of the enveloped field acceleration,

Ao sl [ @/ o] aw @

A plot of response acceleration is shown in
IFigure 7, Notice that the response accelera-
tion A.(w) has a tendency to be "limited" to
some value since the apparent weight ratio
tends to notch at frequencies where H(w) peaks
and peaks where H{w) notches, However this
limit level is a function of the systems dynamic
characteristics and the engineer has no real
contro} over it. One can see from this example
that response accelerations of resonant compo-
nents whiich make the apparent weight charac-
teristics peak are considerably lower than
those which would be obtained if the input ac-
celeration was controlled at enveloped field
levels.
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The force required to drive the system
can be obtained using Eq. (6) and is shown in
Fipure 8. The force is not constant hut has a
tendency to peak with peaks in Wa and notch
with notches in |Wg| .

TEST BQUIPMENT

The equipment necessary to implement
this technique is not excessive. Most testing
laboratories would have all equipment; Fipure
9 shows a block diagram of necessuary equip-
ment. Notice the only additional cquipmient re-
quired over the normal oscillator, power am
plifier, shaker system are two log converters
and an operational amplifier, which ure used
for the multiplying operation. Signal distor-
tion may require the use of tracking filters
preceding the log converters.

The output of each log converter is a
d. c. signal proportional to the log of Aj(w) or
Fij(w). The resulting output of the operational
amplifier is a d. c. signal proportional to the
log of the product, Fj(w)Aj(w). This signal can
be fed directly to the servocontroller variable
gain stage by bypassing the rectifving circuits,
Level programming must be done by operating
on the d. c. signal proportional to log IFj(w)Aj(w)
before it enters the servocontroller. Pro-
gramming may be done manually by having the
operator follow a plotted curve of log Fi{w)Aj(w)
while changing gain of the signal,

PROCEDURE FOR SPECIFYING
LABORATORY TEST LEVELS

+ summary of procedures necessary to
implement the technique follows:

1. An initial low-level resonance survey
must be made to obtain test specimen
W, (w) characteristics. Additional in-
formation, such as frequency response
functions H(w), can also be obtained
but are not necessary for the puer-
formance of the test.

2. Draw the envelope, W,(w), of the min-
itum values of |W_(w)].

Obtain an envelope, Af(w), of expected
field acceleration levels

Calculate the control level K(w) using
Eq. (5),

FiwAjw) = K(w) = Wa(w) :\'i.2 (w)

and plot the value of K(w).
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3. Use this value of Kiw) as the labora
tory input control level

RANDOM CONSIDERATIONS

cun be ex-
This
can be done if one controls the product of rms
input force and rms input acceleration for nar-
row frequency bands. The pandon, control
leeve]l K(w) can be defined by

Theoreticully the technique
tended to control random vibrotion tests,

Kiw) - W () Hlw) (10)
(e}

where @) is the envelope ol expected maxi-
taann field input acceleration spectral density
lavels. Mathematicolly the results are similar
to those experienced in the sinusoidal case,

and the laboratory input acceleration spectral
density, ./, is related to the @nveloped field
acceleration spectral density by
A w) = [\'\' (w)/l\\‘ (JJ)I] FAPSI (1

i a a

Practically speaking, a technique has not

vet been devised to shape a narrow band rms
force-acceleration product using presently
available equipment,

CONCLUSIONS AND COMDMENTS

The force-acceleration product technique
has sevaeral advantages over existing control
techniques when little is known about the
dynamic characteristics of the field vibration
source.

1. The dyvnamic characteristics of the
test specimen are allowed to logically
affect the vibration environment and
both Fi(w) and Aj(w) are dependent on
the test specimen apparent weight
characteristics.

2. Input ncceleration levels are limited
to maximum values specified by
enveloped field data,

3. Response ecceleration levels tend to
be limiteu since notches in input ac-
celeration levels occur at frequences
where frequency response peaks also
occur.

4. The control level is phase insensitive
since it is a product of peak values of
the sinusoidal input force and acceler-
ation, This advantage may make the
technique attractive when testing with
multiple shakers,
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1 respect to the enveloped field Jevels,
(Limitine circuits mas be used in con
jundtion with the technique in order to
msure that specificd maximuny input
and/or response levels are not ex-

ceeded,)

00 M of the field input is assumed to be
transmitted by the field foundation
through the test itens field foundation
intertace. [t is doubtful that acrody-
namice loading could be simulated
using the techniqgue.
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DISCUSSION

how your results would have come out if you haa used
that concept instead,

Mr. Witte: In my original paper, I did consider
this. One of the reasons that we have gore to accel-
cration is the fact that it is measured in the field
easily and most of our field data comes back in terms
of acceleration,
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INTRODUCTION

In a recent tour of a test facility, the
author was impressed by the size and number of
vibration exciters, and by the automatic equip-
ment for sweep testing and for random vibration
testing. The fixtures were stiff and strong
and the team tables were impressively massive,
Bags of lead shot were stacked near a shaker,
and a question disclosed that the shot was used
as a "dead mass" for equalizing random vibration
setups. In order to get some facts about the
difference between equalizing with a dead mass
and with an elastic system the calculations
reported herein were made.

THE SYSTEM AND ITS ANALYSIS

In order to have a system for analysis that
was not so small as to be trivial, and yet was
not so large as to be too costly to analyze,
the 10-mass system shown in Fig. 1 was devised.
The masses and springs were arranged as in an
exciter-fixture-test article system. The
natural frequencies were then determined and
found to be distinet and fairly well spaced in
the range from u6 to 318 cps,

In a system such es this, the phenomena of
interest are the motions of the masses and the
stresses in the springs. The motions (accelera-
tions) are associated with malfunction problems,
short circuiting, gyro precession, relay chatter,
and the like. The spring stresses are associatal
with fatigue damage accumulation and eventual
fracture. In random vibration, the best tool
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flor compar m; atien® anl B, |5
transmiscibilitieos a. » function of fre uency.

Te calculate tranumlooiniiities, tne con-
s lex impeddnes mateix war formed and inverted
te gt the mob ility matria for each ol 4 fpe-
quencics,  The range !etween successive naturdal
frequenciss was diviled 5o tiat there vere thre-
additional frejuencies between each pair to give
more detailed data than duwrt 1o frejuencies
would give. In addition, wach elgenvalue was
reduced to insure that the imjelance matrix
would be non-singulary thuc:

20z Ry 2
“y w S1-2%) (1)

in which

LC‘ = eigenvalue frem undamped system
& = damping ceefficient, taken 4o .03
i F reduced frojuency

The set of frejuencies used for calculaticn
are listed in Tal:le 1.

The stiffuess, b, and the mass, M, natrices
were formed in the usual way, and the damping
matrix, C, was calculated as:

where the sjuare roots are term-ly-term. HNext
the complex odance, Z2(iw), was defined as
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tion with an olastic system and 4 single mass
stor from O oto on,

Sableon chown tne RMUS pounds in spring 8-9
©r o4 pectral density excitation of 1g2/cps
tor e titterent cases.  Again the difference
Cetweont thee two Rinds of equalization is a
SRt Mk ek el lpe

fnoe tie masses and springs used in the
vioulation system are within the range of real
Test oavstems, it would seem prudent to recon-
slder the desipability of using a dead mass to
v uilize o random vibration setup. The penalty
tor the Jdead mass equalization could well be a
factor ot 20 at any spucific frequency, or a
factor of % on RMS of random responses. These
tactors are too large to risk.
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TARLE Z. PCUNCS AT MASS 1 FCR 1G AT MASSES 1,5.6

FREC. PULNES AT MASS 1 FCR IG AT
NO . MASS 1 = MASS S VASS ¢

FLASTIC SINGLE ELASTIC SINGLE tLASTIC SINGL!
1 21cC 15543 2699 16539 2699 155 39
2 23175 13461 2334 13456 2314 124°5
) 1823 927 420 471 328 372
| 4 176 199 198 a6 213 235
S 44 17 363 <06 105 159
6 3 46 421 114 10 119
7 43} 53 252 104 216 151
A 71 6R 193 199 713 263
9 114 ac 122 2 5340 329
10 18 92 15 41 15 33
11 1C3 120 293 149 1790 3149
12 224 126 1113 86 170 217
13 162 &3 45 45 106 1€4
14 10 37 1 32 23 142
IS5 20 39 15 35 61 161
16 33 43 21 41 130 234
17 44 4R 37 46 207 281
18 49 S4 42 51 156 329
19 R6 er 57 61 230 529
0 224 14l 49 49 327 517
21 70 53 27 27 226 315
? 14 13 11 11 115 153
23 14 14 11 12 114 173
24 15 15 13 13 133 2n2
25 17 17 15 15 159 239
6 19 19 17 18 187 P
7 30 N 28 27 344 G
ZHR 41 ] 32 28 428 5¢3
29 47 a6 28 19 411 4C3
c 30 17 25 4 412 Sh
il 29 26 54 43 995 1112
32 35 34 S5 RC 1965 23C4
k) 39 413 123 80 2780 25126
24 37 10 162 8 4nc? 270
'S 1€ 24 200 & 5096 1991
36 36 29 260 129 &R19 47C0
bRy 36 It 345 22 G269 329
IR 3é 34 457 140 12542 11337
19 37 35 598 4R 3 16966 19CC9
40 37 16 171 €56 224C7 544

¢« [LASTIC 1C-MASS SCLUTICAH

SINGLE WMASSES 6-1C AS A SINCUF MASS
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