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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.
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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
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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.
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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,
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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,




Lo b anpareat eaont characteristics
ot el Gt et oo sonieees and theire
e o e v bt o cnn prtoninent
L N A O O S TR LT

e nonat also assumme hnear test
percdroen apparent weteht character-
ct e~ No liea Characeteristies
s e Lsarators anput accelera-
ot becels toesceed eoveloped field
Levedss Y chanee o apparent weight
characteristye~ osver those used to ob-
tan the v elope of o values
wll result oo chance mothe Libora
tory mput aceeleration levels with
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,
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©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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A METHOD FOR PREDICTING STRUCTURAIL RESPONSES
FROM LOWLER LEVII ACOUSTIC TESTS

Do Q. St allba od
Coentrituece, Vibration, Acoustoos Divosaon

Saadia Laborataries, Albhuguergue, Jea Nosao

Many times 1t s desired to bnow the responses of i structurs at
acoustic levels above the capabilities of the laboratory, A technagu
which does not assun.e systen. Iincarity has bheen developed tor os-
trapolating lower level test data to higher soundpressure lovels. The
technique consists of plotting the RMS structure accelerat, onrespe =
as a function of the input RMS sound pressure level onoa trequeney
band (usually 1/3 actaves). Faperinental results have shown that
many structures exhibit responsc charadteristics which plot a-
straight lines on a log-log plot indicating response chatacteristio

of the form g =ap" where gas the response. p s the mput pressure,
and a and n are constants.  Freguently noas some nanber other than
one indicating a particular forn, on nenlinear responsce. Faperinental
results from several test progran:s are presented, A thearetoal ne
degree-of-freedom system sath nonlhinear danping 1s also doscussed
to 1llustrate the results, The usefullness of the technique Lies not
only in the increased accuracy of the predicted respenses but anoan
increasced understanding of the nonhincarities of the systen.,

NOMENCILATURY.

A counstant b

A Sound pressure auto spectrad
. densty
¢« @ = A constant

p7 Sound pressure

B = The rate of increase of an expuo-
nential function (dB sec) Roo Ryatanio

¢ - Capacitance SPLo= Svund nressure loseld

d - Displacement 1 Tt

2 - Frror v Vo tag

g = Acceleration structural response o Progueney

H(e) - The system frequency domann an el he unrbin: ped natira! troguon v

transfer function g e -dog e treedor svsten

v Current AN Structural reospeonse

K - A constant T lanear visoous agar pany Lot

ficsent the rracts roor cetaad
In = Logarithn, to the base ¢ dar ping

* 0 o o 9
This work was supported by the United States Atonuac Fnergy Comsneissaon,
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INTRODUCTION

Many tines 1t 15 desired to know the re-
sponse of a structure at acoustie levels above
the capabihities ot the laboratory, The results
af these tests can then be used to justify a high
tevel test (which can be considerably more ex-
pensive) or to use as a basis for a vabration
test to sunulate the acoustic environment,

Several authors [ 120 4] have suggested
the use ot a vibration test as a substitute for an
acoustie test assunung a hincar system., It s
woll known, however, that many real systems
are not hinear. For example, it s acknowl|-
cdged that structural damping is usually a
function of the amphitude [-l. 8 4,],

In an effort to study the lincarity of struc-
tural systems and to use this information to
predict the structural response at higher acous-
tic levels, a procedure was developed which
does not assume a linear structure,

TEST METHOD

The test method isin reality a very simple
procedure as shown in Figure 1. The test item
15 subjected to a broad-band random acoustic
excitation whose amplitude varies monotoni-
cally with time. It has been found that an
exponential rate of change in the amplitude
works well. The spectrum shape should ide-
ally be the same shape as the highlevel spectrum
to which the results will be extrapolated. The
input SPL (Sound Pressure Level)and the struc-
tural responses are recorded on a magnetic
tape. The recorded SPL and structural re-
sponses are then filtered using identical filters,
averaged, converted into a log amplitude, and
plotted on an X-Y plotter. The result is log-
log plot of structural response as a function of
the SPL in a given bandwidth, This procedure
is then repeated for each bandwidth of interest.
Third octave fillers are not theonly filter which

could be used.  They are typically used for the
following reasons. They are: |) commonly
available in an acoustic facility, 2) of a rea-
sounable narrow bandwidth while 3) the total
number of curves which must be plotted for
cach response is kept to a manageable number,

It is acknowledged that an RC averaging
circuit when used to measure a monotonically
changing level will give a biased result, For
example, if the level is increasing the RC
average will always give a result which is be-
fow the true value, However it is shown in
Appendix A that for an exponentially varying
level the error is constant, predictable, and
can be controlled to an acceplable level. Also
if the same RC time constant is used for both
the response and the input channel the errors
for each channel will be nearly the same and
will cancel.

TEST RESULTS

This method has been used on a number
of test programs and selected results from
three programs are shown in Figures 2-6. All
three test items were similar (re-entry bodies)
but from different programs, Figure 2 shows
the overall response (40 - 10,000 Hz) of 5 ac-
celerometers on the first test item mounted on
the structure and at internal locations, It is
sceen that the responses generally follow
straight lines on the log-log plot but not neces-
sarily with a linear slope. Figure 3 shows the
set of curves obtained for one of the acceler-
ometers for each 1/3 octave bandwidth, Again
notice that the curves are in general straight
lines on the log-log plot. This experimental
vbservation makes cxtrapolation to higher
levels a relatively casy procedure. The ob-
servation that the responses will plot as
straight lines on a log-log plot has been found
to be generally true for the types of structures
tested, Figure 4 shows the response of one
accelerometer on a different structure. Again

aPL

RANDOM ACOUSTIC -
INPUT WHERE RMS
AMPLITUDE VARIES

ACCILERATION I——h—

RES POWSE

L}

EXPONENTIALLY
WITH TIME
TRPL
RECORDER
SPL gud OCTAVE | CONVERTER "‘N:’l‘J:
FLLIER o~
e
THIRD o PLOTTER
AGC_ o] CCTAVE converTer P
FILIER A

Fig. 1 - Test setup
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Fu. 5 - Linearity response
Test item C

Fxceptions to the above behavior have
been found but thev are casily recognized and
extrapolation can still frequently be done. Also
the experimental results have not been extended
beyond 100 dB (re . 0002 dynvs/cmz).

The above results sugpest that nonhinear-
tres of the form g = ap™ are common.

AN EXPERIMENTAL FEXAMPLE

An experimental example will 1llustrate
the type of nonlinearities which can give results
stvtlar to those shown, A voice coil (rom an
cledtrodynamic speaker was excited with a
progressive atoustic wave and the resulting
cotl displacenients were measured, The re-
sults are shown i Fugure 700 Notice that as
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the amplitude is increased the peaks and notches
become less severe and the peaks shift down in
frequency. This is characteristic of a system
which becomes more highly damped for in-
creased amplitudes. However if the damping
was the only factor affecting the response,

one would expect the amplitudes of the peaks to
rise at a rate less than linear as the increased
damping would tend to decrease the rate of in-
crease in amplitude. However, the peaks rise
proportional to d = pl+ 5 (at 400 Hz). This in-
dicates a nonlinear spring as well,

If displacement is plotted as a function of
sound pressure (Figure 8) for a number of fre-
quencies the characteristic straight lines again
appear. From the preceding figure we can see
that the nonlinear slopes are a result of in-
creased damping, and a nonlinear spring char-
acteristic. This causes a smoothing of the
curves, shifts in the resonant peaks, and a
nonlinear rate of increase in amplitude.

ONE-DEGREE OF FREEDOM SYSTEM
WITH NONLINEAR DAMPING

To further explore the type of system
which will give responses similar to the pre-
ceding results consider a one-degree of free-
dom system with the following characterictics,

Assume that the damping ratio (¢} is a
function of the input pressure, but that at any
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pressure the system transfer function can he
represented by an equivalent linear function
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If 2¢ % « |1 -((%:— ) (i. e. small damping.
n

n not near the reso-

nant frequency)

or if { = constant, then x will be a linear
function of o.

2
2 »|1- (3 ) (i.e. w is near w
“n “n such that E
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LOG DS PLACEMENT

LOG SOUND PRESSURE

Fig. 8 - Displacement of a voice coil
as a function of the input SPL

then

at any frequency near w,.

This response will plot as a straight line
on a log-log plot if {is of the form

Cx p" (3)

Eq. (2) then becomes

X o pl.n (+4)

Several authors [4,6] indicate that this form of
damping is not unreasonable,
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Fig, 0 - Response of a one-degree
of frecdom system:

It we assume the danping s of the fore
in Fg. (3 the response can be plotted for varn-
ous values of oo (See Figure S0 Again we can
see that the straight bine relationstup on a tog-
fo plot holds reasonably wello This result
could be expectea as the most sienificant con-
teihution ta the response s from trequencies
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near o and at these Trequencies Fg, (4) s
vadid,

CONCLUSIONS

A sunple test procedure has been pre-
sented tor conductimg o hinearity study ol a
cotples structure. Itas seen that ina larvge
number of cases the resulting responses will
be ot the form g a p!' where nois not neces-
sarily cqual to ane (£}, When this condition is
true the resulting responses will plot as
stearght Tines on o log-log plot Tacilitating ex-
trapolation. It has beenshown withone example
that & number of nonhinear characteristics can
result i the above behavior, It was also shown
that tor the case of a single degree of freedom
systent dampimg of the form L« p" will result
in the above behavior,

The uscefulness of the technique lies not
anly in the increased accuracy of the predicted
responses but an the increased understanding
of the nonlhinearities of the system.,
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APPENDIN A

RC AVERAGING FERROR

When an RC averaging circuit s used to
measure the level of a signal whose RMS level
changes monotomcally with time a biased cs-
timate of the level will result,

An RC averaging circuit can be repre-
scented by the following cirvcuit (Figure A1),

Fig. Al - RC Avcraging circuit

The differential equation governing this
circuit is

t
] .
R1+Ef 1dt-Vg

(A-1)
0
The general solution of Eq. (A-1) is
dv
1 -t/RC t/RC g
R*® f ¢ i
' K e-t/RC (A-2)
Since
V -V =iR (A-3)
g o
The solution becomes
S dv
Vv -V - e-t/RLf J/RC g 4
g o dt
'K C-t/RC (A-4)
Let
v, cA o (A-5)
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then

dVv
=
ot

al
aA ¢

and frons b, (A-4)

o t a v W(l

Ifatt=o V -V 0,

g 0
K aA
Y T a T I1/RC
aned
aA at -t/RC
vg B Vu a+ l/RC [(' - ]~ (A-¢6)
For large t, (‘-I/RC - 0. Using Egqs. (A-5) and
(A-0) for large t

- . RCa
Vv “a+ I/RC "RCa+ 1°

If we let B be the increase in level 1in dB/scc

thena = R anOlO' and the error for large values
of t will be
vV -V
g o _  RCa o
= v, Rca LSL

at
where Vo= A o7,
i

Therefore, for an exponential change an
the input, the erroras constant for a given RC
averaging time and a given ratc of increasce (a)
and can be caleulated from Fgo (A-7). For
example let

i3 - 1/3dB/scc and RC - 2

sSeC

then

2{.0385) o,
1t 2(. 03889 e




SWEER SPEED PRhTotsS
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17L0th Test
Ivandall NEE,

IN RESONANT SYSTEMS

Ul
A

soquiadron

Flornda

conditions.

frequency.,

The performance characteristics of all systems and system
components arc functions of frequency. The determination
of frequency response curves usually assumes steady-state
wWhen the characteristics are determined
under sweep excitation, they will, in general, differ
from the steady-state characteristics. This difference
is known as the SWELEP SPEED LFFECT,
sented herce assumes a linear increase or decrease in

This solution has bheen checked experimentally
and docs accurately predict the response of a resonant
system to a lincarly swept excitation,

The solution pre-

—

INTRODUCT TON

The performance characteristics
for all systems and system components
are functions of frequency. The
characteristics determined from swept
excitation will, in general, differ
from steady statc characteristics.
This difference is known as the SWEED
SPEED EFFECT, which 1ike all other
effects may he advantageous or detri-
mental, The cffect occurs in systems
of all kinds; electrical, mechanical,
acoustical, or any other system which
cxhibits an underdamped resonance and
an cxcitation for which the frequency
is time dependent.

The solution to the response cqua-
tion for a second order single-degree-
of-freedom to a sinusoidal forcing
function is widely known and the re-
sponse at any frequency can be found.
If this responsec is plotted versus
frequency, a curve, similar to curve
fa) in Figure onc, will be produced.
This is the steady state responsc
curve. The determination of such fre-
quency responsc curve, cxperimentally,
can only be done by dwelling at cach
test frequency an indefinite length of
time until all transicnt responses have
decayed to negligible levels. In
practice, such a procedure is often
cither impossible or undesirable, and
the test frequency is varied with time.

The rate of change of signal frequency
with time is known as the swecep spced,
angular acceleration, or frequency
velocity, and represents the general
case of a system under frequency
modulated cxcitation. A curve,

such as curve (a) in figure qne, can
be reproduced using a sweep frequency
test if the frequency velocity is

very low. As the frequency velocity
increases the first deviation from

the stecady state is a decrease in the
amplitude at resonance and an apparent
shift at the resonant frequency in

the direction of the sweep. The
system requires a certain amount of
time for the response to rcach its
steady state level. If the time spent
at cach frequency during the sweep is
too short, a lower peak is to be ex-
pected. On further increase in
frequency velocity, a second phenome-
non occurs. Additional amplitude peaks
appear where there are no resonances,
In Figure one three curves are shown;
(a) is the extremely slow sweep

curve, (b) shows the decrecase of
amplitude and the change of resonance
with a low frequency velocity, and

(¢) shows the additional peaks at a
higher frequency velocity.

If system properties arc deter-
mined at sweep speeds other than those
which will excite the system in use,
erroncous '"properties" or calibration
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Fig., 1 - Sweep Speed Effects

curves® will result from the frequency
response test. Thus "quickh" vibration
tests may reveal resonances much
higher than intended operating frequen-
¢y with peaks which appear acceptably
low. steady state operation can then
result in system destruction. lowever,
sweep speed of high value can be used
to avoid the effects of serious reso-
nances through which one must pass to
reach operational conditions. This
procedure is common practice in rota-
tion machinery such as turbines, where
the effects of several critical speeds
can be minimized by accelerating
through them fast enough. The sever-
ity of the sweep speed effect depends
on system undamped natural freguency,
the damping ratio at that frequency,
and the frequency velocity of the
excitation.

Past theoretical studies attempt-
ing closed form mathematical solutions
include lLewis (4), Dimentberg (3), and
Cronin (2). Lewis presents a graphi-
cal and nomographical solution to the
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problem; furthermore, the input data
required for use of the solution are
not rcadily available from the normal
formulation of any real, physical
problem. Dimentberg formed his solu-
tion with the use of Fresnel Integrals
for which tables with complex arguments
are not rcadily available. This fact,
added to the complexity of the solu-
tion, makes it very difficult to use.
Cronin's solution uses Error Functions
and, though complicated, is usable,
The solution proposed in this study is
based on the Auxiliary Function of the
trror Function and has many advantages
over past solutions. It is simple,

it fits the standard vibration solu-
tion format, and the functions
involved arec readily accessible in
tabulated form. The solution is in the
form of a steady state FM response for
which digital computer program was
written, and a transient FM response
which in most cases has died out by
the time the system passes through its
first resonance.




The response.of a lincar single-
degree-of-frecedom system to a forcing
function is given by the following
equation:

x 2, _
ﬁ‘? +2hw.«§{% + wax = F(e) g
where x is the response, F(t) is the
forcing function, t js time, h is the

damping ratio, and wn is the¢ undamped
resonant frequency in radians per
sccond. The forcing function for a
lincarly changing frequency is:

2
F(e)= PSin(wet 2 Ve (2>
where P is an amplitude constant, w, is
the starting frequency and v is the
frequency velocity in radians/sccond/
second. The response of a system
to a linearly increasing frequency is
given by the cquation:

2
fzj-f‘ + Zhun‘f{—g—+wﬂzl =
(3

PSin (wet + vie?)

The particular solution to this equa-
tion is shown in equation (4)

%U:T\Sm(vfww“c +©) +TFM, (a)
(€] .

1 = 205 (A +8%) (5)

6, % *ARCTANVB (6)

A :-?CEW(E,)+W('E‘)J (7)

Bz dmlWiz) + Wizl ®

- E
== 6‘4\/‘% (r4viepT=dih) @

ST
-4 x

Q
- E(r-—//—hz +h) @9

Where Xy is the static response, r is
the instantaneous Frequency divided by
the resonant frequency, and W(z) is
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the auxiliary function of the crror
function. In the cquations above, the
symbol Q is the non-dimensionalized
swecp purameter given by:

=
. Wa
Q v (1
The transicent BM response contains

only three tire dependent functions
which arc the sine and cosine of the
damped resonant {requency and the
exponental decay function, The tran-
sient BM oresponse (TEM) is given by:

\erQ " -hw, &y BQn
TFM = 2047 e (C szuﬁin¢+

shavi-r
+e Cos wp C‘usdg) (2)
Wp = Wa {I —h* a3
&= F+ fCIkﬁ* ) +4°] (1)
d=Fr2Qlneiad -] g3

and ro is the ratio of the starting
frequency to the resorant frequency.
Since the decay factor multiplies the
entire function, this part of the
response will die out soon after the
application of the forcing function.
The transient FM response can usually
be neglected. tHowever, therc could be
cases where frequency velocity is high
enough for this portion of the response
to become important, Sweep rates of
this magnitude are generally only
possible in electrical systems. The
response of a system to a lincar sweep
down in frequency is given by:

2
'O"_L*Zh“""fz%’ WX T Poia(wie-vet)

.,“;L (|b)
The particular solution to this ecqua-
tion is:
Xe = T, Sin Cwee = ved +0,) +TEM, (1)
wvhere
7T -t
7, = 7 N2¢r-4%) (19)




"r.. SR sHoge Taa (7‘)) O?/
a _,L' [ witey) WL“~-«)J @)

b e [ wies) v W(“')_l

(21
LAra —
Fy - /Z Cr =i =A% +4ih) @O
- Z ér
Ear @ T (vl n = ) (23

ud the transtent BM response is:

] Al —-u_lnh‘-‘ ,&_Uh(ruff;_‘—)
TFM,= 2 av-ny) @ € (Cuslwyrgd) -

QA= /7-nt
g CUSC‘VD'¢)J (2#)

lhe steady state FM response was pro-
grammed into u digital computer to
predict the umplitude of a system given
the values of the damping ratio, the
sweep factor, and the ratio of the
instantancous frequency divided by the
undamped resonant frequency. The
values given by the computer were then
verified by comparing them with the
values obtained experimentally. Two
experimental systems were used to check
the theoretical values. One was an
clectrical resonant circuit and the
other was a galvanometer. Both systems
can be modeled by the response equation
and both have easily adjustable damp-
ing. Values were checked in the damp-
ing range of 0.007 to 0.3 ut sweep
factors of 100 to 10,000. Good agree-
ment was found in all points compared.
'his solution, not only fits a

standard vibration solution format,

but is also simple enough to use. The
transicent FM response was neglected
when the computer program was written
and did not cause the data taken to
Jdeviate more than the tolerances on the
experimental apparatus, [t was found
that the first additional peak began

to appear when
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both theorcetically and experimentally.
lo reproduce the steady state curve
with a swept excitation requires that
one specifivs the tolerance expected,
With a swept excitation there will

be some depression of the amplitude at
the damped resonanace,
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THE DYLGNTC RESHECE o L G TEEL EYERAR CH-IN CUSPRIL T A BRI

OVER THE GHIO FIVER 70 VARLON AFPLIVL FRCTTATION.

Departnet L f Trasportatlon

auehingcton, L.,

"he eyebar chain suspension bridge orer the Ohio siver at v, Mg s,
West Virginia is almost iderticel to the bridee ot §ojnt ileasnut,
vWest Virginia which collapsed sudderly [n lecerber, 147 witn o tracie
loss of € lives. Following this failure, it was duemei advigsable
to make a study of the dyramic streess wmplifications ani vibration
responses of the Ct. Marys bridge to provide further lnsicht into
the possible causes of the Point Pleasrut brides fillire 1§ any
unusual behavior were observed. [, cooperative L3 stedy of ti
dynamic behavior of the Jt. Marys bridge was irmedliately -undertarch.
by the Federal Highway Administraticr. and the est Virgi:ia ltate
Road Commission,

Dymarmic responses of the bridge were inluced in two ways. JGhe briige
was first excited by the use of ar improvised harrornic vibratio:
generator (located on the riverbark bereath the structure) which
exerted a direct vertical cyclic pull on the underside of the mid-
span point of ore of the end spans through a steel wire rope.
Resorant vibrations were irduced Ir the structure :ir the first four
rormal modes. The measured frequencies and the correspording mode
shapes compared favorably with predictel -alies,

A second type of bridge excitatio: was proviied by the passace of a
three-axle truck weighing 44,307 pounds zrossing the bridge at low
speeds. Strain, displacerent and acceleration transducers were
installed on the bridge at critical poirts suggested by local fajilures
noted in the Point Pleasant bridge wreckage. Mean live load stress
levels determined at various poinrts throughout the bridge during the
vehicle passage were not excessive. Vibrations irduced by the vehicle
passage were generally of much higher freguerey than induced by the
vibration generators and represernted vurious modes of individual
structural merber vibrations

TTRODMICT ION shed additional light on the cause of the l
Point Fleasant bridge failwre if any unusual
Following the failure of the c¢yebar LelLavior s observed.
chain suspension bridge over the Ohio River
at Point Pleascnt, West Virginia in with the concurrence of the wWest Virginia
Decerber, 1957, with a loss of 4€ lives, it State Foad Cormission, the Federal iHighway
was deemed advisable to mare a study of the hdmiristration's Jtructures and Applied
Iyramic stress amplifications ard vibration vechmiics Division promptly initiated a .
resporses of a similar eyebar chair suspension research prograr, to instrument the bridge and
bridge which carrics Alternate U, 3. Foute 50 corduct « study of the static and dyramic
over the Ohic River at t. lnrys, “est Virginia responras to various live lealiirngzs. This
(Fig. 1). group and the West Virginia Jtate Road
Corrission cooperated i the endeavor with the
The Jt. lMarys bridge is located 9C miles latter organization providing on-site logistic
upstrearn. fromn the site of the icint Fleasant support for the corduct of the experimental
bridge and is part of the ‘iest Virgiinia State study by the Federal Highway A ininistration,
Highway System. A full-scale model is thus
available for a variety of tests which may The dual objectives of the test progra..
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Point Pleasant brlire about b
»ssent inlly identical except ror minor
lifterences (o the approagches dictated by the
litfer-t.ce in the sites, The St, Marys bridge
consists of u two-lane 27-toot truss-stitlened
roadway susperded tron two purallel steel
cyebar chains spaeet at 307 - "7 centers.  he
oyebar chalns are anchored at each bank of the
shio River i pugs over two ittornediate
pler towers. The center span is 7. Soeot long
ant the two anchor spans are -»ach 3¢ feet
lores.  Jhort approach spans connect to the
brlee ot oneh end,  Each evebar chaiin colnsists
of 2losely spaced parallel pairs of oyeburs
Pl 1 e her and to adfacent pairs 1n the
chain by on ! tour

coRg | S S o
pounls per lin.ar foot
vourd concertrated load,

the suspersion chair upper
choris of the stiffen those
panels where the cnnin o pper
ahiord ape contimions i the ond spus anld
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conter sprn. e stiftening, Lruss merbers
stnervise consist ot steel built up scetions,
where the stifferning truss and the eyebar
cuin e not contiguous, vertical steel
witeters connect the trisses to the cyebar
chiing ut ench panel point.  Bach chain passes
aver vertical end posts at each end of the
strmweture which detlect the chains downward

Lo the auchorages.  The existing bridge road-
Wi, o8 0 reploacement of the original tloor
systen qnd is composed off a network of string-
ors and 'loor bewns supporting a 3-inch deep
corerete-t'illed steel prid deck.,

i DRIEITATTON

ite dynamic responses were monitored
thromeh the use of strain goages, deflectometers,
and vertieal and horizontal accelerometers,
Jtrain sapes on the vertical faces of
upper chord members in the center span were
oriented along the longitudinal aris of each
memver.  These gages were located midway
between truss panel points at approximately
the 1/b-, 3/5-, 1/2-, 5/%-, and 3/4-points
of the center span and served as the primary
indicators of mode shupe in the center spau.
Gages at the 3/%-, 1/2-, and 5/--points were
located on eyebars and the remaining two on
truss channel webs.

The responses measured through other
strain pages located on bridge rembers for
the purpose of determining live load strain
responses and higher frequency localized
vibrations are the subject of a separate
report.

The deflectometers used for this study
2ach conslst of a metal cantilever beam with
sages nounted near one end which is rigidly
attached to the structure. The free end is
ther deflected an amount greater than the
expected live load deflection and held in
this position by a fine steel cable anchored
i1, the ground beneath the bridge. The live
load deflection of the structure decreases
the initial deflection and the resultant
change it strain registered at the fixed end
of the gage can be translated to displacement
through a factor established by previous
laboratory calibrations. Vertical deflecto-
reters were located near midspan of each of
the end spans.

Only four accelerometers were avallable
for the field study. Two ¥ 0.25 g horizontal
acculeroncters were attsched to lower chord
~erbars of the dowmstremn truss near nidspan
of the center span und of the Ohio end span.
ot 1.0p vertical accelerometers were
moved from point to point in the center span
an.l the Chio erd span during various' phases
of the testing to determine mode shapes of
the resporse,




All the trangdacers deseribnt aboy- e
of the varisble resistance type wad were
wired as Wheatstone Bridge circuits with
external bridge completion resistors provide:
when necessary.  Four-corn l.ctor roadced-
shicld cuble i lengths ap to 1200 o
15

1 e Y5op
sayloam foree was cnlelatet Uroe the
of tue shoes anogeea,

nsed to connect the trruasdaco rs
coditioning caulpmert i tne
rdministration rescarch inste e
had been located boreath tee

porvas b }
S T R T o
N U I UL bl L P

chpnnl conditioningg, telplities tio , el i Sl
balancing, caulibration ar d stue-re o e i o B
transducer cireuits woere procit vt - BERVAR
mentation o the von, o direet-rein 4
oseillograph tilizing lirsht-beoowe ndoaom v e gl

vas used to monitor regsonances tui o i o
the amplified transd .cor response shio i, (5

LECF DY e e

BRIDGE EXCITATI I ANID LOADTIG DEI7OL. for tie: ohicle

f exeept
i pe i
The first objective of the test progra:
called for a harmonic forceld vibrution input.
Inertial force genecrators were not freagible
for this purpose duc to the low natwrid
frequencies required. A cwethod of protwildicg
ar. adequate low frejguency huarrovnic erer
input to the bridge with precise freaw
control had to be devised. The ealeuln
made in the process of deviring suech -
vibration generator are included irn cpperdix i,
It was decided to utilize n direct crzlie pull
on the wnderside of the Ohlo ond cparn ot the
bridge which was over iry ground. wo nltern:-
tive devices were proviied for exerting t:o
cyelic low-frequency pull o: the wdersild: of
the bridge. In one, the drive nxle torju-
of the bridge research test vehicle wig
exploited to obtain = pulsatirg crelic foree
at frequencies as low as 20 cycles per rinute.
The vehicle was positioned beneati: the nid-
span section of the endspan, the left side
of the drive axle jacked up and the whecls
removed, A steel fixture designed to
translate the rotatirg motion of the truct
drive axle irto a variable [-inch to 1lh-‘rch
double amplitude vertical strobe tiaounh o
link and pin asserbly was then attache:r to
the hub of the drive =xle (¥Fig, *).

Lowepre
torciornl
ire G

A=

The reciprocating vertical torce thu
generated by the rotation of the drive .l
was then transmitted to the bridee 1 the
following connection segquence: firct thwoe b
22-turn loop of b/*-inch diameter shoel corid
to provide elasticity in the connoction: the
through a 3/4-inch »anila triple teekle to
permit releasing the conneection: [innlly
throngh a S/'-ineh wire rope cornecte?! to
cre bolt bracket clarped to the bottor Close-:
of the bridige (loor bewm: at the load poi:t.
This system was capable of avplying over
t (o poneds of static pull on the bridpe
through the reaction of the vehicle, The
resultant aoplitude of bridee -otion is
ealeulnted Lo be a sall Craction of the
available vertical cteore for this lewel of
inpit foree even assusing the streteh o
Wire rope and in the triple taerle asse-
Lo be arall, She shock eGrd lesp wng
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vas found to be about u.H that of the center
sput. Jisplacement.

. runs 2, *, I and % there appeared to be
o tendeney tor the natural frequency to decrease
el the Logarithmic decrement to inerease in
the atternoon runs as compared with the
rornimg runs,  ‘This could be a temperature
el'tect,

A gecond symmetric mode with natural
trequencive boetween 73.0 and 74,2 cycles per
situte was obtained in runs 7, 8, 9 and 10,
logaritieie Jdecrements of around 0.04 were
observed i1 the three runs in which the
D motor provided the excitation, Rum 8 in
which the drive axle ot the truck provided
the exeitation irdicated a logarithmic decre-
nent of .G,

A series of records was made during rorced
vibration at a trequency of 72.> eycles per
ninute while a vertical acceleromet:r was
placed successively at cach center span panel
polt t besween midspan and the Ohio tower.

e resulbting responges have been normalized
to the relative response of the deflection
styre i the end span and are shown in Fig. 5.

Wnen an attempt was made to excite
torsional modes in the bridge with the truck
drive takeoft, a single amplitude motion of
ubout 0..% inch in the end span was observed
at frequencies of 47,7 and 49.0 cycles per
mimte on the two deflection gages on opposite
sides of the bridge, In addition, the data
indicated the presence of a beat frequency of
around 4 cycles per minute. An attempt to
cxcite torsional vibration with the pump drive
resulted in a 46.7 cycle per minute response
of the bridge with heavy beating. Vertical
accelerometers at the Ll/4-point in the center
span indicated the torsional response at that
point to be out of phase with the torsional
response of the mid-point of the Ohio end
span. Other than these responses, no signi-
ficant torsional bridge motions were noted,

TEST VEHICLE CROSSINGS

Crossings of the bridge with a heavy
vechiele in the absenc~ of other traffie were
made in order to obtain the responses of
sclected critical elements of the structure
wunder such loading. These responses are the
subjcct of a separate report.

DICCITIIGH OF RESULTS

The mode shapes and frequencies of *he
vertical vibrations observed during the
vibration generator tests have been presented
‘1. Table 1, The calculated natural frequencies
aal mode shapes ot the first four vertical
nodes are glven in Appendix A.

The calculated value of the first
; ctrical natural frequenecy of 30.5 cycles
ver rinate is in reasonably good agreement :




with the experimentally determized value ot
3.5 eyeles per minute, Jinilarly, ood
agreement between the caleulnted ruad abuserved
node shape was obbtnined, The ratio of the
caleulated valuce off fhe nabtural freqneney off
the first noymmetric mode of W< eyelos por
rinute to the natural U'regeneds o detersioed
noras 2y 4y Ny b et b (Gabile IY is obo:
the same ng the ratio o endeulid-i Lo ox
reentnldy determined values ot t,!u-
svimelric natunl Uregaener.
Pirot coymmetreic rode souape Aluw
fieantly trow that obgservet, noweror,
mode shape obtained trow run @
that of the second cenleulated
node,  Inasmuch ng 1.0 other acy -
were obtained tron Lhe test proyras, U "o
coreceivable that the mode of ran 0 owd tiet ot
runs 2, 3, 4 and 5 zay be two sepurite ot wal
modes of the structurc.

The ratio of the calculated second
symmetric natural frequency of €9.7 cyeles per
minute to the measured valucs obtuired in rans
7, ¥y 9 and 10 fits into the pattern of the
similar ratios in the fundanert:el symmetric
and asymmetric modes. The culeculated ol
measured mode shapes are in #ood wirneuent,

If the combined effeets of (l) the
difference between the resonant /

the bridge ard the froequency of i
(2) the drift in the excitation frewicney,
and (2) the non-harmonic corperante '>1 the

foreing functior. ere agsured to e the
bridge behave as a:n eraivalent oS

danped ideal sirpgle degrec of freedon oo
with a siruscoidal forcing function operatics:
at 95 percent of the fundamertal resonunt
frequency, then the measured (37-pour.d

input force corresponds to a .155 norsepowoer
input. ising the theoretical value of the
deflection of the end span (assumed as sirply
supported) under a concentrated load at n.ld-
span of 100G 1b. = 2,022 inch (from .ppend:x
B) and the theoretical furdamental ratural
freguency = 30.5 cycles per ninute (from
Apperdix A) and asg'wirg § =7:1, tae
rax.inmen erd sparn dlsplacerernt would be:

v = (G.1)(1.1) 55 = 1,173 ‘uneh asingle
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DUAL SPECIFICATIONS IN RANDOM VIBRATION TESTING,
AN APPLICATION OF MECHANICAL INPEDANCE”

By

AL FL Wine
Vibration and Acoustics Toest Division,
Sandia Laboratories, Albuguerique, New Vewico

and

R. Rodeman
Appliced Mechanics Division,
Sandia Laboratories, Albuquerque, New Mesico

Effcetive methods of specifying "reatistic” te=0 levis for Loth
sine and random vibration have been developed for sitnations winerc
considerable information about the dvnamic characteristie - of the fiedd
vibration source is available, Methaods have also been decised Tor s
nusoidal testing where little is known about the dyvnimie - haracte s
tics of the ficld source. However, little has bheen done it area of
random testing for situations where the characteristios of the vihira

tion source are not well known,

oidal testing.

This paper presents a techinegue
which modifies onc which has been previously proposcd for sinas
The technique utilizes enveloped field data and the im
pedance characteristics of the test specimen to gencrate o labora
tory random input force spectrum.,
ance characteristics to modify the input force spectrum in order
impose response motion limiting in the laboratory ~ituaton,

It also utilices transfer mmped

to

INTRODUCTION

In general, there are presently two ac-
cepted methods of specifying vibration test
levels: motion control and force control.
Specification of input motion is used more
often than force since ficld measurements are
made in terms of motion., However, Otts [1]
has shown that motion-controlled tests can be
extremely conservative, and has proposed the
use of force control for the laboratory situa-
tion. On the other hand, for effective use of
most force techniques one must have know -
ledge of the dynamic characteristics of the
field foundation to which the specimen is nor-
mally attached. [2] Typically, this informa-

%
This work was supported by the United States

tion is not available for newly designed syvs
tems which must be qualificd for field use,

Murfin (4] proposcd the usc of a for «
iechnique for sinusoidal vibration testing
which utilized a "band average” of the test
specimen's apparent weight characteristics
and the envelope of peak field acevleration
levets to caleulate an "average input foree
spectrum. This "average” forec in conjunc-
tion with a hmit on input acceleration fevels
wius used o specify laboratory test levels,
The technique has several advantages:

Atomie Enerpy Commussion.
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CL) o tvinanne charac teristies of the
oood fonan fdton at e not roquired,

() e eserctan bevieas caperieteed o
the aboratories peak oamd notel at
T ue e tes where the apparen
welrh! chharacteristiecs noteh and
}n'.nl\, e pae !l‘.'t'il\, and

(o) Lamoratory acecleration and toree

coveds are amted to reasonable

I'nis paper eateads the technique propos
e by Muarfin 13] 1o the random mode,  The ran
dom method hus the same awdvantages as those
found tn the simnusordal situation, however, the
tmplementation of the technggue for the random
sttuation 1= more ditficult, The use of the
technn pue for random testing requires consid-
crably more pretest caloulation, and Hmiting
mput and response aecceleration levels cannot
hee performed using automatie equipment,

The mathemuatical as well as the labora-
tory procedures required to effect this techni-
jue are desceribed along with the results of o
taboratory test which are compared with data
obtained in the ficld situation,

NOMENCLATURE

<\x(.;) Peak amplitude of sinusoidal in-
put acceleration, (g);

A (W) Peak amplitude of sinusvidal
responsce acceleration, {(g);

-/ () Laboratory input acceleration
1 = . D
spectral donsity, (g=/Hz),

./ (L)Y Laboratory response .u:v)ulvra-
tion spectral density, (g=/Hz);

k() Peak amplitude of sinusoidal
input foree, (lb);

-+ (.) - Laboratory input force spectral
density, (Ib2/Hz);

L) Envelope field acceleration
spectral density, (g2 /Hz);

H{w) - Frequeney response function,
Ap(w)/Aj(w) complex, (dimen-
sionless);

W (W) Apparent weight, Fi(w)/Aiw)
o complex, (Ib/g);

\\'f (w) = Transfer apparent weight,
4 Fi(w) /A (w) complex, (1b/g);

W (W) : "Band averaged apparent
! weight (1b/g);

L34
.

: Circular frequency, (Radians/
s0¢),

THEORY

Consider a test specimen (shown in
IFigure 1) which exhibits linear dynamic
characteristics and has its driving point ap-
parent weight’:‘ characteristics defined by the
frequency dependent complex ratio

F.(w)

Wa(w) = ,—\F-w—) 3 (1)

The specimen is to be subjected to a labora-
tory environment where.«;(w) and .#j(w) are the
input acceleration and force spectral densities
for a Gaussian process, The apparent weight
characteristics of the test specimen can also

be defined by

2 7 (w)
W (W] = . (2)
a

am
1

One can write the dimensionally consistent
relationship that defines an average laboratory
input force spectrum, .#(w), by

S0 = | W ) ]2 % (3)
1 a

where W4(w) is a "band average' of the test
specimen's apparent weight characteristics,
and 5(w) is the envelope of expected maximum
field input acceleration spectral density
levels,

":\j)p;ll‘l'nl Weight, Wa(‘"‘)' the complex ratio of force and ac:eleration, is related to mechanical
impedance, Z(w), by Wo(w) = Z(w)/ju where j = V7T,

T'The frequency dependent envelope 5 (w) can be obtained by enveloping maximum input acceler-
ation spectral density levels experienced in the ficld by similar test specimens subjected to
suntlar field environments,
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.z-/i(w) =

By using the relationship found in Egs.
(2) and (3) one can mathematically determine
the relationship between the laboratory input
acceleration spectral density, .+/j(w), and the
cnveloped field acceleration spectral density,
G{w):

W_(w)

|W:(“’)| olw) . ()

Note that whenever

l\i/a(w)J
|w‘a(*—)| ‘f 1; th(-n.,—/i(w) ': '.II(U) (5)

and whenever

|W, (w)|
l“;a(lu‘), ? 1; Lh(,‘n.!'/i(w) >',G(U) b (G)
a

One can see from the relationships (5) and
(6) that the laboratory acceleration spectral
density, ,«/j(w), has a tendency to noteh when-
wer the test specimen's apparent weight
characteristics, Wy(w), peak; and./j(w) peaks
whenever W (w) has a tendency to notch,
These peak notch characteristics agree with
logic,

The relationship of the magnitudes of the
acceleration peaks and notches with respect to
the enveloped field spectrum is a function of
how one hand averages the test specimen's
apparent weight characteristics.,  Since G (w)
is the envelope of peak acceleration spectral
densitics experienced in the field, une would
logically like to limit the maximum laboratory
accelerations to levels "in the arva' of the
field spectral density, %{(w). This can be done
by using a band average of W (w) which is
heavily biased toward a minimum value within
a given frequency band (k) to wy). Therefore,
an "averaging' method proposcd by Murin 1)
will be used:

W (w) = W_ min
a A

N

[$

£ .1 (W max - W omin) . (7)
a a
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)
55 - '\\- @
1 R

Using this method still results in labo-
ratory acceleration levels which may exceed
‘%(w). One may require that maximum values
of the laboratory input spectrum, ,+/{(w), be
limited to a certain percentage of the enve -
loped ficld spectrum 4{w).  Limiting for the
sinusoidal case can be done quite casily with
the proper equipment; however, for the ran-
dom situation limiting cannot be as casily ac-
complished.  With present random testing
cquipment, one must resort to modifying the
input spectrum to accomplish the required
limiting, Calculations must be made in order
to modify the input spectrum,

The frequency response function, Hw),
for a lincar mechanical system is defined by
the frequency dependent complex ratio

A (w)

/4
H(w) = ‘Z‘l(w) (8)

where Aj(w) and A () are sinusoidal input and
response functions respectively. The magni-
tude of the frequency response function can
also be defined by the random relationship

.-"/r(w)
() )

H(w)'2

where.o/{w) and./, (v} are the random input
and response spectral densities redpectively,

A relationship between a response ac-
celeration spectrum and the input force spec-
trum can be obtained by using Eqs. (2) and (9).

l\\'_(w)lz

PAGERNERT S AT I (10)

2
H(w)
If a imit value were set on .o («); then a new in-
put force spectrum would have to be caleulated

o)
, |\\'ﬂ(w)‘
,’"Hiu) ]

.r/l_(u)l”"” . (11)

We now have two laboratory input foree spec-
Cspecified, foe., By, (3)

AR

and kg, (11)
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Agin a new force =pectram has been derfined,

Inorder 1o tmposc the required motion
Sdmitie, one must then define the Liboratory
mput force spectram s the enveiope of the
nummum Calues of the composre spectrum
formed by overasing all caloulated foree
spectea,

The reader should note that the fotlowing
relatlonstitp aiso holds:

|“‘\‘“’| ‘l-'lu".\l(-)l _ll-'lm'

|nu| l';\r(“)/\l(“-)' I.-\y(,)l (e

b erm

l 1-‘1(,)1

Ii\l_u‘

= oaothing bhut che magmitude of the rransfer
Apparent weleht characteri=sties of the test
~pecmen, W), Eq. (1) mayv theretfore be
written as

anye

' )
) ]\\ u]‘.,’/_(*) . (14)
1 o 1

Nore af 1 s e quired to nme mput aceeleras-
fron <pesteal densey that By (0D can be used.

FFou this situation.o/(w) = .+/.(w) and W (w)] =
lW:l(U)I coand g, (1) is transformed to
Fan (12),

limit

& 68 ’\\‘ (W ()
1 a !

STEPS FOR SPECIFYING INPUT SPECTRUN

In many test situations there are only
two preces of information available to the test
chgiiecr or specifications engineoer for de-
finng input control leveis: (1) field data from
sinvlar test specimens subjected to similar
cnvironments, and (2) the dynamic character-
1=tica of the test specimen, These pieces of
mtormation are uscd to penerate the labora-
tory input foree spectrum,

The steps necessary to implement the
methods previously described for an actual
test are briefly descr:bed below:

1. Obtain from a central "data bank"
all possible random input field
speetra {and their associated prob-
ability densities) experienced by
dyvnamically similar test specimens
and form a "composite" acceleration
spectral density plot.,

2. Envelope the maximum values of the
composite spectrum to obtain the
spectrum ‘G{w).

3. Perform sinusoidal surveys at
several input levels® to obtain the
following characteristics of the test
specimen:

a. Driving point apparent weight,
Walw)

b. Frequency responsce functions
for limit locations, H{(w), or

¢. Transfer apparent weight
characteristies for limit loca-

tions, W4w).

4. Obtain "band averapged' apparent
weight characteristies using Eq. (7),

W (W) = W min
a a

+ LW max - W_ niin)
a a

“Tes s are performed 4t several lecels 1o determine the inearity of the test specimen,




9, Using the enveloped spectral density
“%(w) and the "band averaged' ap-
parent weight W, (w), calculate the -
put force spectrum using Fq, (3).

.fi(w) : l\\'a(w)lz S{w) .

6, Detormine necessary acceleration
limit locations and Hmit levels,

7. Caleulate modificd forve spoctra
using kq. (11)

‘)
W (w)J - ey
! ' a limit
./].(w) z |~”(w-) l ""/r-(“") ,
or kg, (14)
l limit,

oA (W)
A

1 ]
PO lwa(w)

for limiting response accelerations.
Use kq., (12)

" 2 9 i
2. () = 'w | e o
1 a 1

for limiting input accclerations.

8. Overlay all calculated foree spectra
and envelop the minimum forcee re-
quigements to obtain the laboratory
input force spectrum,

The reader should note that sceveral of
the previously outlined steps require the use
of the test engineer's Judgment, These are
the steps which require enveloping or averag-
ing of data. Several trials may be required
before an input spectrum which can meet ran-
dom test equipment capabilities is obtained.
Even after the final input spectrrum is obtained,
it may have to be modificd slightly during ran-
dom equilization, Test specimen linearity
characteristics may also affeet the input and
responsce spectra such that the input foree
spectrum would have to modified,

EXAMPLE CASE

A specific example will be used to il-
lustrate the techniques previously described,
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The intent of the test was to subject the
test specimen to a conservative laboratory
vibration environment which would logically
"simulate! the vibration environments experi-
cneed inthe field,

FIFKLD DATA

Normiatiy fiedd datao would be obridned
from a centeal Udarac bank” for simitar vibra
tion eovironments on a dyvnamically similay
However, for this particular
situation, lield data was available for several
covironmental events to which the test speci-
men had been previously subjected,  The
analog aceclerometer sighals from a flight
test, with cight separate events, were dis-
playved In the time domain, It was determined
from this data that the analog signals were re
latively noise frec and that the data was sta-
tionary., ‘These analog signals for each of the
cight events were analvzed by a band pass svs-
tem called VIBRAN (4], VIBRAN gives the
distribution of the peaks over a frequency in
terval and computes the RMS value for this
frequency band,  The three most active of the
cight events, as seen from the VIBRAN analy
six, were selected for processing in the PSD
and probability density format. The probu-
bility density plots were compared to a
Gaussian probability density with the same
mean and variance as the field data, This
comparison indicated that a Gaussian test with
the same mean and variance as the flight data
wotld be conservative, The data also indi-
cated that a pure 140 Hz sinusoid was present,
The PSD plot for the separate events were
overlaid to form a composite spectrum and an
cnvelope of the composite spectrum was made,
Figure 2 shows the composite PSD and the
cenvelope,  The 1o Hz sinusoid is shown as a
line spectrum,

fesl o sbemen,

TEST SPECINEN AND LABORATORY SETUP

Consider the test specimen shown in
Figure 1 which contained many components
that caused the =vstem to be dyvnamically com-
plex,  Input laboratory foree and acceleration
were measured at the test specimen/field
foundation interface using force gages and ac -
coleromueters,  Response accelerations of
specific components within the test specimen
were also measured,

APPARENT WEIGHT AND INPUT FORCE
SPECTRUNM

The specimen apparent weight charac-

teristics, shown in Figure 3, and frequency




aip ' I Ar s {wt ¢ g3}
DEIsTEGRAL 1) RESPONSE ! (S INE)
RRTAETTE AN IACCELLRATION
] .l. UNL NI \ | ‘Jr(u)

Lemmne a4\ (KANDOM)
. \
[ TEs] SMCIMEN
/ y
f Vo
\ | ) A sin wt
3 BT ! I i
melseemen j_,, INPUT s
FIRLD FOUNDATION 1- | ACCELERATION .:{l(ul
INTERFACE {RANDOM!
| i
Ill wifl dial ¢ d
l INPLT L]
FUKCE ".TJUI
{KANDOM)
Fipure 1, Test specimen
lxl()—l: T T T TTOT T T T 11Ty 13
- :
L —_—— ENVELOPED COMFOSITE d
s l' \ FIELD SPECTRUM, %iw)
3 L T
? -2 / ' -
S e 107 E / \\ E
a Y \ 3
v u \ ]
z [ \ -
a ,\‘
< 3 \ - - 190 Hz SINUSOID
= Ix 10T { i
s g = COMPOSITE FIELD | 3
n i SPECTRUM \ q
2 - \ -J
<) | \‘ i
P \
w 40 \ -
g x0T E \ =
() —~ -t
=% = 3
- .
1x10.5 L Ll:nulz L Lll_lll|3 [
1x 10 1x10 1x10 4x10
FREQUENCY
Fioure 20 Field aeceleration speatral
114




1.Ox 10 T T T T T T T T T TTT T T3
- .*
B TEST SPECIMEN .
4 APPARENT WEIGHT,
1.0x10" £ |wrhn[ 3
- a -
o £ 3
£ n 5
= 5 i
o
wd
=00 -
= E 3
s - 3
< % E
a, - -
a
< - : .
2 BAND AVERAGED !
L0x10° i —
“TE APPARENT WEIGHT, - 3
F Wolw ]
[ a N
LOx10 Lo il Lo 11l 1
1.0x 10 10x 102 LoxI  40x10

FREQUENCY (Hz)

Figure 3, Test specimen apparent weight characteristi -s

1x105: T T T 71177 T T T T TITIT] T T 3
| \ -
b \ -
i’ \\ CALCULATED FORCE =
5 3 /\/ SPECTRUM 3
% R 190 Hz SINUSOID J
= \
© it
2 X0 E 3
S 2 \-— - LABORATORY INPUT 3
5 2 \ FORCE SPECTRUM
Q. - -
» \
d - .
(8]
S
= 1410

TTTTI
Ll

1
I

1x10 b el el [ L

1x 10 1x10° Bl ax10
FREQUENCY (Hz)

Figure 4, Calculated laboratory forve spectral density

115




LOx 10 T T T TT117] T T T T TT7T] T 3
2 B i
1.Ux104E_ =
- 190 Hz SINUSQID 3
Lox 10

T T IlT]"l
r oo

Lo
(=]
4
—
(=]
™
I ll]”]Tr

FORCE SPECTRAL DENSITY (1b2/Hz)

RS uuIT|

IR

[EEETH

L0x 10 Lot aal Lo 1ol L1
0 100 1000

FREQUENCY (Hz)

Figure 5, Laboratory input foree spectral density

l.(lxl()-l T T T TITIT T T IrrrT T T

rrrimm
1 1pien

190 Hz SINUSOID
//

T
i

1L0x10

poa gl

1.0x10

| I1FIII[\N‘r | III”Tr

Lol

ACCELERATION SPECTRAL DENSITY (glez)

1 -
! 18 |
i i I ll.
- COMPOSITE : P
.4 | FIELD SPECTRUM 10 i I
LOx10 " E \ i ! 3 1
= Vb 1 = ]
= oY | - i
- \ H L -
- i = -5
]
B \/ ]
5 ] ioa il | Lol 1 It
LRI 100 1000 ;
FREQUENCY (Hz)
Figure 6, faboratory input acecieration spectral density

116




response functions were measured in the
laboratory. This data was obtained from two
sinusoidal surveys having relatively low but
different input acceleration levels,  Tests
were performed at two levels to determine the
linearity of the specinen's dynamye character
1sties, Note that by examining the compos ite
ficld PSD and the speciments apparem weight
characteristies, one can obscrve that the field
spectrum has o tendeney 1o noteh at frequen
cles where the apparent werght charaeterpsties
peak and a tendencey to peak at fregquencies
where ithe apparent weight cliaracteristic:
noteh,  These peak-noteh pelationships agree
with the basie plalosophy used to deveiop the
technique,

The band average of the apparent weight
characteristics s also shown 1 Figure 3,
One can see that, if the foree is uniform over
apiven frequencey band, almost all the vibrea

tion will take place at that frequeacy within the

band where the apparent weight is o mibnmonm,
thus the baud averaping 1s ctrongiv binsced to
wards the minimum withen the fre juencys band
as is shown by Fg., (7). The bands for aver
aging the apparent weight were in ortaves or
half octaves from 20 to 2000 Hso The random
force inpu. spectrum was then caleulated by
using kg, (3). The caleulated force spectirum
is shown in Figure 4. The dynamic range of
this calculated spectrum was approximatels
40 dB. However the spectrum was modified
to allow sufficient dynamie working range for
the random equalizer scervocontrols at the
high and low spectrum leveds, The spectrum,
shown in IFigure 4, was also modified for a
rolloff rate (20 dB/octave) which was com
patible with the equalize v characteristics,
These modifications resulted in a laboratory
input force spectrum which was in generad
higher than that required to test the specimen
to field levels.

ACCELERATION LIMITING

An integral component with o known
failure level was selected for acceeleration
limiting. The frequency response function for
this component had been measurod during the
two low level sine surveys, The random re
sponse of this component was calculated using
l2q, (10) with the caleulated force spectrum,
this response was then compared with the
known failure level of the component,  In th:s
particular instance the failure level was not
approached and limiting was not required,
The resulting laboratory input foree spectrum
is shown in Figure 4, One should note that
lowering the spectrum level at the higher

frequencies duc vo hmiting requivements
would have croated control problems,

SUPERIMTPOSING THE SINUSOILD

A pare stasold wis superimposed on
the random signal at 10 Jlz o smmualate the
fredd spectrum, The bevel of the sinusoid wis
weceleration controlled, The method of super
nuposing this signal on the random faboratory
specirmmn s onot within the =cope of this paper
and with not e diss ussea,

RESULTS OF THE LABORATORY TEST

Fhe taboracery mpat foreo =pectruam and
resinting inpr acecperation spes tram are
shown in Figure~ 5 and 6, One can see that
above 120 Hey the fre quencios at which peaks
and notehies ocour in the Jaboratory aeceiera
tion spectram agree quite well with those seen
in the composite froid =pectrum, However,
becatuse much of the fanoratory force =pee
Lot wies neves==artdy rarsed, the input ac
celeration cevels woere in gencral hipher than
those cxperienced in the field situation,  Beiow
120 Hez berter agreement between laboricory
and field accelerations may haoe heen obtiained
by asing o different envelope of the o cmposite
spectrann, A simndar compari=on W =0
obtained for response data from integras om
ponents,

CONCLUSIONS AND CONNENTS

For his partivicar ~iruation ficod data
supported the phitosophy that ficld aceelera
tions peak at freuencics where she abparent
weigh! characteristies of *he test <pocimen
not« i and that wocejerations tend fo not has
froqaencies where apparent weight character
== peak, Toe techniiue provides o means
of obtuinimye thesc peak notch re Lationships 1n
the fwboratory,  In doing this, he techn jue
provides a more jogica  ~rmuiation” of fivd
random vibrations than crher foroe or a
celeration control tes hng ges wien Jittle s
actually known abou the Dead cnvironment,
The method requires  ons=nderabo o wiation
for = usc,and resuits are fnohiv o petioen
on enveloping and averacing metioeds tsed,
One can aeso Sce from the exatnpee clise tha
e dynami tanee of che mpat Toree <peotrum
may bhe muach erecer than e e loped e ld
Aacveicration specteam,  This p- crae because
the dnput force specorum o= recased o tae Tield
Geccieration specteum by tne = e of che
band averaged apparens wodcht naeacteristg s,
This pelationship tends co ampo v the danami
range of the anpu contral ~oecteam, o Tas s




adsadvantage sinee the extended range may
b beyond the capabilities of the random
cuniieet,
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VIBRATION
A DIAGNOSTIC TOOIL. FOR SHOCK DESIGN

Culver J,

Floyvd

Ravtheon Company
Submarine Signal Diviseon
Portsmaouth, Rhode Island

Vibration testing can result in successful shock testing the first time,
Analysis of [ailures and results during parts qualifications, engincering
exploratory testing, formal vibration and reliability testing, and compari-
son with shock test results indicates that higher level, higher frequency
vibration tests will indicate failures probable in shock tests,

INTRODUCTION

Exploratory vibration testing can provide
the engineering iniormation required for an
adequate shock design. Successful shock tests
ran result the first time. This in turn can pro-
duce lower testing costs, shorter test times
and the product will not be marginal.

Over the past several yvears Raytheon's
Submarine Signal Division has done a great
deal of testing to MIL-STD-167 and MIL-S-901,
During these tests, acceleration data has been
gathered at anvil, deck, cabinet, chassis and
part levels.

Related to these tests other exploratory
and qualification tests were done. These tests
include:

1) Non-standard parts qualification tests
per MIL-STD-202, MIL-STD-242,
MIL-STD-750 and MIL-STD-883

2) Engineering exploratory shock and
vibration at the chassis level (up to 50
pounds)

3) Cabinet level vibration, soft and hard
mounts

4) Cabinet level shock, soft and hard
mounts

9} Cabinet level reliability tests per
MIL-R-22732, soft and hard mounted.
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Examination of stress levels, [requency
speetra, material characteristics and failure
indicates that successful completion of o shock
test can be accomplisied if exploratory vibra-
tion tests are run at chassis and cabinet levels
withuut the electronices being energized.  These

vibration tests in the cahinet vertical plane
should be at the level of 10 g and should cover
the frequency range from 5 to 100 Hz.

Vibrationlevels inthe front-to-backand side -
to-sidedirectionshould be 4 ¢, Machine operat-
ing time to scan the speetra in cach of the
three orthogonal axes need be ne more than
two minutes,  This technique will identifv
mechanical problems before the tormal vibra-
tion and shiock tests begin,  Savings will
accerue from eliminating multiple set ups,
clectrical checks in the environmental lab and
down time for technicians during repair.

PARTS QUALIFICATION PROGRAM

First let us consider the parts qualifica-
tion program,. These are parts cuch as trans-
formers, transistors, filters, chokes, test
jacks, switches, plugs, ete,

These parts are used in most of the
military equipment which 1s procured to one
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of the following equipment specifications:

MIL-1-16400

MIL-E-21200

MIL-1-5400

MIL-E-8189

Electronic Equipment,
Naval Ship and Shore,
General Specification
For

Test Equipment for Use
with Electronic and
Fire Con trol Systemss,
Generul Specification
For

Electronic Equipment,
Airborne, General
Specification For

Electronic Equipment,

and vibration environment or lead to these test

specifications:

MIL~STD-167

MIL-STD-202

MIL-STD-331

MIL-STD-810

Guided Missiles, General

Specificiation For

MIL-STD-883

Each of these leads back tuo one or more of

parts qualification specifications,

these are:

ANA 400

MIL-STD-242

These in turn either specify their own shock

Typical of

Electronic Equipment:
Aircraft and Guided
Missiles Applicable
Documents

Military Standard Electron-

ic Equipment Parts,
Selected Standards

MIL-S-901

The requirements

Military Standard:
Mechanical Vibration of
Shipboard Equipment

Military Standard: Test
Methods for Electronic
and Electrical Component
Parts

Fuse and Fuse Components,
Environmental and Per-
formance Tests For

Milita: Standard: Environ-
mental Test Methods

Test Methods and Pro-
cedures for Micro-
electronics

Military Specification,
Shock Tests H. 1. (High
Impact) Shipboard
Machinery Equipment and
Systems, Requirements
For

of these various test

specifications are listed in Tables 1 and 2.

A plot of several

of these vibration specifica~

tions is shown in Figure 1.

4.2.1
2 G

Table |
Comparison of Test Soecifications
Methods
Spec, Nu, Vibration Shock
[MiL-sTD-167B 5-13 Hz  .060 DA
16-25 Hz  .040 DA
26-33 Hz  .020 DA
24-40 Hz 010 DA
41-50 Hz 006 DA
MIL-STD-202D 201A - 10-55 Hz . 060" DA 3 dir. 207A (Lt, Wt. Hi. Impact S T MIL-
$-901)
213 NOTE 1
MIL-8TD-331 104, Proc. [I. Pari. 101

3 axes 10-f0 Hz 0.17 DA or 102

114 Para, 5.1

MIL-S8TD-750

3 axes

2046 60 - 20 Hz - 20G 3 axes

2018
2021

1500G
3000G

MIL-8TD-781

40 - 20 Hz 2.26G

MIL-STD-8108

10-55 He , 0307 Exe,
514 Proc, IX, Part 2.
514 Proe, X1, Part 2,

514 Proce, IX & X1, Part 1

516 Proc. I, {11, IV
2 Proc, 11is a drop

L

MIL-STD-H83

B - 506G, C =106

2005 60 - 20 Hy A - 20G,

2002 A 500G
B. 15000
C. 300073
0, 5000

0.5 ms.
0.2 ms.
test
E. 10,000G
F.  20,000G
G. 30,0006
0.1to 1,0 ms,

¢ See summary of Method 213 - MIL-8STD-202 and Method 516 « MIL-STD-810 on Table 2.
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Table 2
Comparison of MIL-STD-810
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Al are not shown since many have slight
varntions o amplitude and frequeney. However,
JAH o1 the vibration specitications used Tor
qualitvineg parts have amplitude equal to or

Lireer than MIL-STD-167,  Sumilarly, the test
trequencies are much heher, extending often to
2000 H..

I'he reason for selection of these lest fre-
quencies for shipboard parts is not a part of this
paper.  These tests have been specified by various
Governmoent agencies, The parts are meeting
these specitications during gqualification tests,

The parts often are originally qualified for use in
vround velueles, aireralt and missiles which raay
have more severe high frequeney vibration environ-
ment than shipboard,

The significant point here is that transistors,
coils, transtormers, capacitors, switches, eote.,
withstand a much more severe environment than
MIL-STD-167 during parts qualification.

Similarly in the shock tests, the pulses
applicd directly to the part during qualification
have a much higher ¢ level and much shorter
duration than in cabinet level tests (See Figure 2),

30,000 b/

q ML - £7TD-883
500 - 30,000 ‘}

(Z) C.1 TO .o Mmsel.

- 0 - 9

4 e G R }MvL-STD-ZQZ

el ,.,so, e

4

o

J

J

g

oo -—M\L S -DOWC
30 Hz DECK

| |
\O zo 30 40 50 D
MILLISECS

Fig. 2. Typical Shock Test Pulses

Transmissibilities within the part is thus greater
than 1 at much higher frequencies (>100 Hz) than
the transmissibility within the part during MIL-
$-901 tests, To state if another way the shock
environment during parts qualification is more
severe than during cabinet level MIL-S-901
testing,

CHASSIS LEVEL EXPLORATORY TESTS

Recently on the AN ‘BQS-13 Program
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exploratory shock and vibration tests were run
on 185 typical chassis or other subassemblies.
The procedure for these tests was simple.

The chassis was assembled and wired but
not electrically tested. Just prior to the elec-
trical test it was taken from the production line
for one day. At the environmental lab it was
vibrated at , 020DA along each of three orthogonal
axes sufficiently long to identify resonances. If
resonances appeared below 40 Hz, they were re-
paried, Resonances between 40 Hz and 100 Hz
were noted for future reference.

The chassis was then shock tested along
three orthogonal axes., A Barry drop tester was
used to produce 50 g at the specimen. High
speed motion pictures were taken for future
reference,

Chassis parts and cabling which passed these
tests gave no trouble in MIL-S-901 shock tests.

CABINET LEVEL VIBRATION TESTS

Monitoring of electronic performance during
vibration tests usually consume more time and
money than the vibration tests. Cabinet level
vibration testing to MIL-STD-~167 requires only
about fifteen hours of machine running time.
However, the elapsed time even for a perfect
test may be a week or more. Most of this time
is concerned with the electronic test gear re-
quired to exercise the cabinet electronics and to
monitor the cabinet electronics performance.
Even after everything is working, several honrs
may be required to electrically check out the
more complex cabinets, sometimes involving
three or four test electrical engineers.

Should a failure occur in the cabinet during
vibration test, it usually is returned to the
factory for repairs. These repairs may take
several days or several weeks. During this
repair time, the electronic exercise and mon-
itoring equipment is often cannibalized for other
work. When the repaired cabinet returns to the
environmental test facility, much time is lost
trying to get the exercise gear operating again,
Eliminating this duplication in setting up the
exercise gear and in electrical checks will more
than pay for the exploratory test described.

If the chassis have been through exploratory
vibration, the structural failure sometimes
occurs at the chassis slide ~ cabinet interface
which was not necessarily duplicated during
chassis exploratory tests.




Wiring failures are common. Nearly all
wiring failures are attributable to insufficient
clamping, Troubleshooting for broken wires
proved to be very time consuming,

Parts which have been qualified previously
almost never fail. Occasional failures in non-
standard parts occur if the vendor is still trying
to qualify his part.

CABINET LEVEL SHOCK TESTS

Cabinet level shock tests were conducted on
various cabinets of the AN/BQS-13. These
results are reported in Reference (1).

These were done on the medium weight
MIL-S~901 machine, The machine operating time
is a matter of a few minutes, Perhaps 10 min-
utes is required to raise the hammer, drop, and
reset the hammer. The elapsed time, however,
could run a week due to cabinet r xercise equip-
ment and test equipment set up and check out, as
well as troubleshooting broken wires.

Cabinet failures in shock were again primarily
either structural or wiring plus a few non-standard
non-qualified parts.

From the behavior of cabinets under vibration
up to 23 Hz, we could predict probable failure
areas. If the cabinet level test has included
exploratory vibration at 10 ¢ to 100 Hz, the fail-
ure would have occurred and been repaired even
before starting formal vibration tests.

1f shock tests were successful the first time,
duplicaiion of the exercise equipment set up and
test could be avoided. Money and time loss would
not occur,

CABINET LEVEL RELIABILITY TESTS

A reliability provision appears in many con-
tracts. MIL-R-22732 defines these tests. Vibra-
tion in the vertical direction of 1 or 2 g at some
discrete frequency (typically 28 Hz) is performed
for 10 minutes of each hour during a several
thousand hour life test, Vibration time thus can
accumulate to more than 100 hours, Typically
the several systems of the AN/BQS-13 were
vibrated at 1 ¢ at 28 Hz for an accumulated time
of 430 hours without failure, Each system con-
sists typically of twenty large equipment cabinets
and ten small boxes. The large equipment
cabinets are shown in Figure 3.
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Fig. 3. Types and Weights of Cabinets (1968 Tests)




The number of eyeles of vibration for these
relubility tests is much longer than any endur-
ance test specified for any parts qualification or
eithinet environmental test,

Figure f shows a typical 8 N curve for many
nutterials,  This curve is a plot of the number of
eveles to fracture versus the stress level per
cvele.  The curve varies for different materials
but always has the steep slope dropping rapidly
away from 1007 as the number of eveles in-
creases and becomes asymtotic in the millions
of cveles ranges.
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Fig. 4, Typical S, N Curve

Hence to meet the reliability endurance
requirements one must design for low stress
during 1 or 2 g vibration at perhaps 28 Hz.

This is completely compatible with allowing high
stress for a few cvcles during shock tests.

SHOCK AND VIBRATION EQUIVALENCE

Several people have reported on the equival-
ence between shock and vibration.Gennaci and
Foster have computed what vibration would cause
displacement cquivalent to certain shock inputs.
(Reference (2)). The results of this technique
have been combined with a shock spectrum of a
typical pulse which we measured during AN’
BQRS-13 shock tests  (Figure 5).

Figure 6 shows the vibration amplitude
nevessary to produce the equivalent response of
the shock spectra if the structure is vibrating
at its natural frequency. Note MIL-STD-167 and
the Reference 1 ¢ curve. Also note the 10 ¢
curve lving nearly along the equivilence line.
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SUMMARY

In summary, are these results and conclu-
sions:

1) Parts which qualified with high amplitude
high frequency vibration tests gave no
trouble during MIL-STD-167 or MIL-S-901
cabinet level tests,

2) Chassis which had resonances above 47
Hz gave no trouble during the 167 or 901
tests.

3) Cabinet level structure and cable did
have a few failures in vibration.

4) Cabinet level structure and cable behavior
during vibration did give warning of
failure in shock when tested only as high
as 1 g and 33 Hz.

5) Equipment passing 167 and 901 gave
perfect performance during reliability
tests with no failures at all,

6) Counsideration of the equivalence of shock
and vibration bear out the above.

These conclusions then lead to this proposal.
As a part of engineering development at the
chassis level or cabinet level or just prior to

formal 167 and 901 testing, perform the following
exploratory tests:

1) Vibrate at 10 ¢ from 5 to 100 Hz in the
cabinet vertical direction.

2) Vibrate at 4 g from 5 to 100 Hz in the
cabinet side-to-side and front-to-back
direction.

3) Sweep and range once upwards and once
downwards taking one minute in each
direction.

4) Perform this exploratory test without
the electronics being energized.

5) Visually observe during and after test to
assess needed changes, if any,

Savings in dollars and time will result, if
this procedure is followed. Repetitive electrical
set ups and check outs will be eliminated, down
time for electrical test personnel will be elimin~
ated, and successful vibration and shock tests
will result. This technique was demonstrated
during the AN/BQS-13 tests when all parts not
exploratory tested experience failure, while
those parts that did undergo exploratory testing
proved successful,




1 C. 1. Floyd, "Normal Mode Structural 2

Analysis - Calculations and Results', Bulletin
No. 39, Part III, Naval Research Laboratory
Washington, D.C., Jan. 1969.

I. Gennaci, J. Earl Foster, "The Equivialence
Between Shock and Vibration Excitation',
University of Wyoming, Laramie, Wyoming,
Electronic Packaging and Production, Oct. 1963
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DISCUSSION

Meo Henderon (Hughes Niperadt Compuany):
Your <hock Goats aere dE conducted with the 20 He
veealled ot deel Phat would change the intensi-
e, wohdbat et

Mo Hlovds Well o not really, heeimse we also
st the sa=calhed haed deck,

Me, Henderson: I picver of cquipment was
hood mounted o the 901C hammer, vould you not
et nnch more intense shocks on loads out of this?

Mr, Plovd: We had one group of ¢abinets that
wots Jdone on the so-called haed deck. Here we
followed the 9ol guideline as tar as the angles and
channels are concerned,  We did get o spreading out
of the pulse even in that, after it got into the cabinet.
Now it is tee that the pulse at the anvil was very
short and very high, It was reduced a tittle bit in
height cund inercased in width as it got under the
It was perhaps 70 o 30 [z, in that order.
After it got into the cabinet it dropped quite markedly
into perhaps o 10 Hz range. The point T am muking
15 that, af we vibeate at these higher levels, the
cquipment inside of the cabinet will respond in much
the same manner as it might in the shock test, We
do not know whether it will or not,

l(‘('l\.

Mr. Forkois (NRL): We found that, if your
natural frequencies e ahove the frequency of the
vibration test, vou do unt have too much trouble in
the shock test, A 1o-g input for a free-standing
cabinet 18 a very severe test,  The old afveraft
specification specified 60 mils up to 55 Hz, which
wias 10 g's T have tested some antennas at this
level and the inputs were too severe and never
agreed actually with the aiceraft ftself. 1 think you
dare going to run into a lot of trouble trying to put
10 "5 into o lot of this cquipment, They had specified
the 10 g input in three mutually perpendicular direc-
tions, [ think you are going to find that you are going
to have more problems in vibration than you do in
shock.  In vibration we do our testing in thiee mu-
tual perpendicular directions. When you go to the
shock miachine we have an inelined bulkhead which
produces shock components simultancously in three
directions, [ think the offect is a little different.

You may hiave some trouble correlating it.

e waaae s oy ¢ S _va 2.
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Mr. Flowd: [ suspeet you are right in everything
you say. I perhaps forgot to mention that we did have
trouble with some cabinets on the Mil-8-901C shock
test. Those cabinets really warned us that they
were going to give us trouble during the Mil-Std-167
test which went  as high as 33 eyceles. Mil-8td-167
now of course goes to 50 cyeles, and T am looking for-
ward to seeing whether or not we are going to have
more trouble,

Mr. Puladino (Naval Ship Systems Command):
We arce responsible for 167, We raised 167 to go to
50 Hz for one reason.  We now have hydrotoils which
have o higher blade passing frequency. We do not in-
tend that all equipment be tested to 50 Hz, It is only
tested to the frequency range for a particular vehicle,
if it is a destroyer, carrvier, submarine, or whatever
it is, wedonot want to imply that everyone must meet
167 to 50 Hz, Tt is clearly spelled out in the standard
but I think people have misinterpreted this, 167 is a
standard that does ferret out a bad resonant condition.
It is about a 1.2 g maximum input. If you have a bad
resonance due to amplification you can come up with
maybe 7 g's. This is a bad piece of equipment and it
will not survive the two-hour test. As Mr, Forkois
said, if you are free of resonances up through the
test range of 167 your changes of surviving 901C are
very good. So if there are resonances and you apply
10 g's in a vibration test you are going to tear it
apart in a matter of minutes.

Mr. Floyd: Thank you, I was not aware that
Mil-Std-167 could be reduced for submarines, T
have learned something this afternoon.

Mr. Paladino: I am not saying that you reduce
it for submarines. Submarines are the ones that
usually test up to 33 Hz. There are some surface
ships, like carriers, you cannot test up to 33 Hz.
You have to take the number of blades that you have
on your propeller times the top rpm. That is the
bracket that you test at in 167. Right underneath
the table it tells you how to use it and many people
have been misinterpreting this and going up to 50 Hz.
We do not want them to do that,

N I I



THE RESONANT RESPONSE OF A MECHANICAL SYSTLM SUBJECTED T0 LOGARITHMICALLY SWEPT

AND NOTCHED BASE EXCITATION, USING ASYMPTOT1C LEXPANSION

B. N. Agrawal
CUMSAT lLaboratorics
Clarkshurg, Maryland

frequencies.

The objective of this paper is to present the method
of determining spacecraft structure responsc, sub-
jected to logarithmically swept and notched basc ex-
citation, in sinusoidal-vibration testing. ‘The
asymptotic method is used to obtain the response of a
viscously damped single-degree-of-freedom mechanical
system subjected to logarithmically swept and notched
base excitation. The unnotched responses and perfect
notches are obtained for various notching factors,
damping coefficients, sweep rates, and natural

INTRODUCTION

It is common practice to subject
spacecraft in environmental qualifica-
tion testing to a sinusoidal-vibration
excitation, swept at a constant octave
sweep rate through some frequency
range. To simulate flight dynamic
loads more accurately (i.e., to avoid
overtest), test specifications have
been modified in some cases to permit
notching of the vibration input at the
fundamental spacecraft resonant fre-
guency. The environmental engineer
faces not only the problem of develop-
ing a satisfactory notch, but also of
interpreting the response data. Al-
though the concept of the notched
vibration test has been approved and
carried out for a number of years, the
literature regqgarding the analytical
response to such an excitation is
quite limited. Lewis (l] has pre-
sented a solution for the response of
a single-degree-of-freedom system sub-
jected to linear swept vibration ex-
citation. However, most current
vibration testing specifies a constant
octave sweep rate. Morse [2] has
given a mathematical solution for the
acceleration response to the loga-
rithmically swept sinusoidal-vibration
excitation for a viscousiy damped
single~degree-of-freedom mechanical
system. However, his mathematical
solution is in a form not readily ap-
plicable for engineering use; he has
used analog simulation to obtain the
response.
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In this paper the asymptotic
method developed by Kryloff,
Bogoliukov (3], and Mitropolskii [4]
is discussed briefly with modifica-
tions [5]. The asymptotic method is
used to obtain tlie response of the
viscously damped single-degree-of-
freedom mechanical system subjected to
logarithmically swept and notched base
excitation. The solution can also be
applied to obtain the response of the
nonlinear mechanical system with time-
dependent natural frequency [6].

The responses are calculated by
varying sweep rates, damping coeffi-
cients, and natural frequencies. 1In
this paper the concept of the perfect
notch is discussed. A notch is as-
sumed to be perfect when the allowable
response is maintained across the en-
tire notch., In actual practice, the
allowable response may correspond to
spacecraft acceleration response or
strain at some critical structural
element due to a worst-case flight
loading. For the perfect notches cal-
culated in this paper, the deviation
of the response from the allowable re-
sponse is arbitrally kept within a
tl-percent limit across the entire
notch. This limit can be modified ac-
cording to the test eguipment used.
The perfect notches are obtained for
various notching factors, damping co-
efficients, sweep rates, and natural
frequencies.




The tollowing terminology is used
tnotnls paper:
(v veak-amplitude ratio = the ratio

o1 the peak-response amplitude to

the maximum steady=state amplitude;
(b} peak=tregquency ratio = the fre-

quencey ratito at which the response
amp L1 tude 1s maximum;

(') notching factor - the ratio of the
allowable response to the maximum
stoeady=-state response without
notching;

(d)  bandwidth of the notch = £, - f,
(Fig., 1);

i

() central froquency of the notch
L/2(f, + ) (Fig. 1);

I

(f) initiral frequency of the notch
f, (Fig. 1}; and

tg) final trequency of the notch = £,
(Fig. 1).

Fig. 1 - Notch
ASYMPTOTIC METHOD

The generalized D.Eq. of motion of
a single-degree-of-freedom mechanical
system may be written as follows:

"

X+ (10X = e£(1,0,%,%) (1)

By setting ¢ = 0 in Eq. (1), the fol-
lowing solution is obtained:

X = a cos vy
a=0
V= o (2)

For the condition when ¢ # 0, the
solution in Eq. (2) will be modified so
that when ¢ » 0, the solution should be
represented by Eq. (2). The solution
is sought in the following form:

X =acos .+ eU (1,a,3,v) (3}

The functions a and , are determined
from the following D.Egs.:
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a = EAl(T:a;OIW)
v = w+ cB (1,a,0,y) (4)

After replacing a and ¢ im Eq. (3)
by the functions defined in Eq. (4),
uU,, A,, and B, are selected to satisfy
Bq. (1) up to the order of e¢. This
implies that the coefficients of € in
Eq. (1) should be equated to zero. To
obtain a unique solution, another con-
dition is imposed--that U, should not
contain first harmonics of y.

By using Egs. (3) and (4), the
left side of Eq. (1) can be written as
follows:

X + w’X = e[cos y(DA, - 2aB,uw)
- sin y(adw/9t1T + 2A,w

+ abB,) + D?U, + w?U,]

+ e?] 1 R (5;
where
3 -
Dz v(T) 8 + oW 30

By expanding the right side of
Eq. (1) into Taylor's series,

e£(1,8,%X,X) = e£(1,8,X,,%,)
+ e’ 1+ ... (6)

where

n

X, a cos

X, ~aw sin Y

By expanding f(T,e,xo,io) into Fourier
series,

f(T,e,Xo,ko) F(t,6,a,y)

E X [P g, K,

K, K,

I

* sin (K8 + K, ¢)

+ Fc,KO,Kl

+ cos (Ko8 + K, )] (7)

The subscripts s and ¢ correspond
to the coefficients of the sine and
cosine functions, respectively. The
subscripts K, and K, correspond to the
coefficients of 6 and y, respectively,
in the argument of the sine and cosine
functions.




Equating the coefficients of ¢ in
Egs. (5) and (6) and using Eq. (7} re-
sults in the following:
D?U, + w’U, = sin y(adw/s1

+ 2A,w + aDB,)

- cos ¢(DA, - 2aB,uw)
+ 2 Y [Fs,k, K,
Ky Ky

+ sin (KOV + K )

1

* Fe Kk,

* cos (K, + K, ,}] (8)
Consider the resonance conditicon:
v(T) = W (9)
To get a uvnique solution, the terms of
the first harmonics of i, and those with
frequencies close to « in the right
side of Eq. (8) are equated to zero.
Hence,
sin y(adw/91 + 2A,w + abB,)
- cos y(DA, -~ 2a,B,w)
+ Fg o, 8in ¢ + Fo,o0,1 COS &
+ Fg,1,0 8in 0 + Fo y , cos = = 0(10)
By solving Eq. (10) for A, and B,

and substituting into Eq. (4), the fol~
lowing is obtained:

—% eFg,p,1/w - % ealiw/o1)/w

a
_ cos (4 = 4}
EFslllo v + w
sin (6 - )
+ eFe, 1,0 S T
sy 1
Yy = w - 3 EFC,O,I/(aw)
. sin (8 - )
€Fs,1,0 a(v + w)
- € cos (8 = +)
€Fe, 1,0 alv + w) (11)

By integrating Eq. (1l1) numerically,
the response amplitude a and phase
angle y can be obtained.

SINGLE-DEGREE~-OF-FREEDOM MECHANICAL
SYSTEM

Moo -jz

—IY
Fig. 2 - Single-degrece~of-freedom
mechanical system

Consider a single-degree~of-
freedom mechanical system as shown in
Fig. 2. The D.Eq. of motion for the
system is as follows:

MZ o+ C(E - %) +K(Z-Y) =0 (12)
let
X=12-Y
; = =A(1) cos - (13)

Substituting X intc Eqg. (12) and
rearranging the terms results in the
following:

X + .iX = A(1) cos s - 26w X (14)
Hence,
gf(:,v,xs,io) = A(1) cos v

+ 2iwja sin . (15)

So, by comparing Eq. (15) with

Eq. (7),
iFs,:,x = 2§*ﬁa
LFC,C,I =0
.Fs’,'; =0
W i, 4= Bll=0 (16)
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(1),
Fa. (14)

Usiny Eq.
solution for

the following
can be obtained:
(- -1

X a4 Qs

E A g iy e G

where @ - = -

By integrating Eq. (17) numeri-
cally, the amplitude a and phase angle
: can be obtained.  The amplitude a of

the absulute acceleration, 4, can be
obtained by the following relation:
a= [(av’ + A cos )¢
+ A% sin® ) (18)

RESULTS

Response amplitude is obtained by
integrating Eq. (l17) by the Rounga
Kutta method for a and ¢ and using
Eq. (l18). The responses éere calculated
for unnotched excitation Lty varying the
damping coefficient, the sweep rate,
and the natural frequency. Typical
responses are given in Figs. 3 and 4.
Perfect notches and the responses are
calculated by varying the notching fac-
tor, the damping coefficient, the sweep
rate, and the natural frequency. Typi-
cal perfect notches and responses are
presented in Figs. 5, 6, and 7. The
peak-amplitude and the peak-frequency
ratios are plotted vs damping coeffi-
cients for sweep rates (2 octave/min,

4 octave/min) and for natural frequen-
cies of 8 and 25 Hz in Figs. 8 and 9,
respectively. The initial- and final-
frequency ratios of the notch are plot-
ted vs the notching factor for the nat-
ural frequencies of 8 and 25 Hz in

Figs. 10 and 11, respectively.
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e peak ampdn tude of the response
1 thoan the maximum steady-
state amplituade,  The peak-
uilrtude ratie Increases for
highier naturai frequencies and
Jdamping coefficients and for lower
rates.

b

.‘3"-‘-'k‘L‘E)

(&) of the

reaching

The oscitlatory behavior
response amplitude after
peak amplitude increases for lower
damping coefficients and natural
frequencies and for higher sweep
rates.,

() The bandwidth of the notch in-
creases for higher damping coeffi-
cients and for lower notching
factors.

{¢)  The central-frequency ratio of the
notch is higher than unity. It
increases for higher damping co-
cfficients and sweep rates and for
lower notching factors.
Knowing the ncotching factor, the
damping coefficient, the natural
frequency, and the sweep rates,
one can determine the bandwidth
and the central frequency of the
notch from graphs similar to
Figs. 10 and 11.

Study on the shape of the notch is
being conducted by the author. From
the preliminary data it appears that
the perfect notch is closer to the rec-
tangular notch fcr lower natural fre-
quency and closer to the triangular
notch for higher natural frequency.
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NOMENCLATURE
X normalized coordinates
a anmpiitude of the response

natural freguency
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M a

external excitation

small parameter

.t slow time

o=y frequency of excitation
5 phase angle
M mass of the system
& damping coefficient
K stiffness constant
critical damping factor
Y base displacement
Z mass displacement
A amplitude of base acceleration
D.Eq. differential equations
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EFFECTS OF FLIGHT CONDITICNS UPON GUNFIRE
INDUCED VIBRATION ENVIRONMENT

J.A. Hutehinson and B, G. Musson
LTV Aerospace Corporation
Vought Aeronautics Division

Dallas. Texas

This paper discusses the statistical characteristics of the structural
response measured on the A-7 airplane while firing the M61 rapid-fire
gun. The amplitude versus frequency plots from narrowband analysis
I and amplitude histogram plots which are presented provide a graphic
' opresentation of the gunfire signal characteristics. A discussion of the
l relationship between the flight conditions and the measured gunfire
 vibration levels along with the significance of these relationships in
|’ terms of qualification requirements is also presented.

INTRODUCTION firings indicated a scatter of response ampli-
tudes too great for direct use in qualification
Rapid fire-rate, large caliber guns are specifications,  Such scatter can be reduced
being used to aid in the fulfillment of the ever reasonable limits when the measurements are
increasing requirement for more '‘fire puwer" erouped according to certain aiiplane maneuver
on modern military aircraft. At the Vought parameters,
Aeronautics Division (VAD) of the LTV Aero-
space Corporation, the Gencral Electric M-61 This paper discusses the statistical prop-
20 mm multi-barrel gun is mounied in the for- erties of the structural vesponse to gunfire
ward fuselage section of the A-TD and A-TE excitation and the correlation of vibration
Airplanes. The introduction of this gun to the amplitudes with airplane mancuver parameters.
A-T aircrafl raised several questions regarding
the effect of the gunfire induced environment on An early consideration wias the question of
the weapon system. It is necessary to correctly how to qualify electronic equipment to this
describe the structural response to the gunfire environment. Results of analyses ot the mea-
excitation to be able to evaluate the effects of sured data led to the development of a method
the vibratory environment on subsystems and to simulate the gunfire induced response in the
components. With this requirement in mind and laboratory using a repeated pulse siunal for
because of the scarcity of published informa - shaker excitution, This teehnique is reported
tion, an in-flight vibration measurement pro- in reference 1,

gram was conducted.
INTERPRETATION OF GUNFIRE SIGNAL
Random vibration analysis methods were

used t; obtain a description of the statistical Typical guntire vibration data. measured
properties of the analog signals. It was readily in the vicinity of the M-61 cun murryle is pre-
apparent that the structural response to gunfire sented in Figure Ta. Reterence 1 characterized
had amplitude and wave form characteristics the data as i train of periodie pulses,  As can
which set it apart from the flight environment be seen from this figure, the vibration environ-
resulting from boundary-layer, buffet, and ment produced by the M-€1 cun resembles a
engine induced excitation. "Shotgun® plots of all series of shoek pulses spaced 10 pnlligeconds
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apart,  The time Lipse between pulses corre-
sponds to the time between successive rounds
fired. The amplitude of the pulses increases
for the first few rounds and then becomes rel-
atively constant throughout the remainder of the
steady-state firing,  Since the time between
successive rounds is relatively short, the air-
plane structural response does not decay be-
tween each independent round, but tends to
average the effect of each successive purlse (o
cstablish a quasi-stable vibration level within
the airplane structure as shown in Figure 1la.

80¢

60}
< aof
w
e 20
[ -]
!
z o
[=]
-'7—2“[
=
= o = <1 RounD
o -60F
(-4
-80
5 A - A A & I A 'y A L 4
0 ' 2 3 4 5 6 7 8 9 10 1 12
TIME ~ MSEC
()
1,00
o
Z 320f
g STEADY-STATE
! 100p
2 SPIN—UP = |43 |6~ SHUT-
S DOWN
= 32
<
o« e
= 10}
w e = )
8
a 3.2 . o

TIME ~ SEC
(b}

Figure 1. Time History of Flight Gunfire Environment

During normal M-61 gunfire, it requires ap-
proximately five rounds to obtain the selected
firing rate and approximately five rounds are
used during the gun "shutdown'' process. The
firing rate frequency is varying continuously
between 0 and 100 Hz during both of these inter-
vals. As can be seen in Figure 1b the amplitude
of the vibration environment is unsteady during
these intervals. The amount of amplitude fluc-
tuation present in the measured gunfire data
during spin-up and shut-down is dependent upon
the distance from the gun muzzle and the dy-
namic characteristics of the airplane structure

-

upon which the data was measured. That is,
when the fundamental frequency of the support-
ing structure is lower than the steady-state
firing frequency, then the structure will be
excited primarily during spin-up and shut-down
of the gun. However, the duration of this phe-
nonmena is extremely short, less than 10 milli-
seconds per gunfire cycle, so the stress
accumulation tends to become insignificant when
compared to the stress buildup during the steady
state portion of gunfire. Since the spin-up and
shut-down portions of gunfire are of such short
duralion and do not contribute significantly to
the fatigue analysis, it was decided that the first
five and last five rounds of each gunfire cycle
would not be included during gunfire analysis.

From correlation analysis of varivus gun-
fire signals, it was determined that the vibra-
tion measured at the majority of locations
wilbin e dirplanc strveture is deousticnlly
induced by the muzzle blasi. rather than by the
recoil of the gun itself, Hence, the maximum
vibration environment induced by the gunfire is
found adjacent to and forward of the gun muzzle,
as une would expect based on this assuraption
Typical amplitude spectra obtained from three
locations in the vicinity of the M-61 gun on the
A-7D airplane, are shown in Figures 2, 3, and
4. These plots were obtained from the Fourier
aralysis perdorned on the hietsured gunlicd
:.gnal using an analyzer filter with a nominal
bandwidth of 10 Hz, As was discussed in Ref-
erence 1, from an examination of these ampli-
tude spectra, it became apparent that the gunfire
environment was composed of a shaped broad-
band random signal with superimposed discrete
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Analysis Filter

signals centered at the firing rate frequency
and its harmonics. When these particular gun-
fire signals were analyzed using a 2 Hz filter,
the amplitudes of the narrowband signals did
not change, indicating they are sinusoidal in
nature. The results of a 2 Hz narrowband anal-
ysis are shown in Figure 5. Because of the
signal's complex nature, the Fourier analysis
alone does not {ully describe the intrinsic
properties of the gunfire signal. Therefore,
amplitude histogram analyses were performed
so that the peak amplitude distribution could be
determined.

An amplitude histogram analysis of the
broadband gunfire signal produces the curve
shown in Figure 6. This curve has a Gaussian
shape indicating a random amplitude distribu-
tion. However, when the gunfire signal is
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prefiltered by passing it through a narrowband
filter, centered at each of the discrete periodic
signals present in the amplitude spectrum shown
in Figure 4, the resultant amplitude histograms
indicate that the lower harmonies tend toward a
constant amplitude distribution in varying de-
grees, The amplitude histograms of these typi-
cal prefiltered signals are presented in Figure
7. From a review of these figures it can be seen
that the gunfire fundamental and the first two or
three harmonic frequencies indicate a rather
constant amphtude distribution with the remain-
ing higher order harmonics indicating a succes-
sively increasing random umplitude character-
istic. The increase in random characteristics
at the higher harmonices is due in part to the
randomly distributed firing rate deviations
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Figure 7. Amplitude Histogram of Prefiltered Flight Gunfire Using 80 Hz Fiiter

which produce a nominal fluctuation of 10'¢ in
the runfire fundamental and harmonic frequen-
cies, This is reinforced by the tuning-detuning
effect of the aireraft structure resutting from
the changing flight loads during the time the
vunfire mineuver was being performed.

Because of the quantity of data obtained
during the flight test gunfire pregram and the
necessity to develop qualification requirements
to be applied in the procurement of new avionics
systems, the time was not available to perform
narrowband analyses on all measured gunfire,
Therefore. one-third octave band, rather than
narrowband, analyses were performed on most
of the data because of the relative ease and
speed with which numerous records can be pro-
cessed, To convert the root-mean-square (RMS)
acceleration levels obtained from the one-third
octave band analysis to peak acceleration levels
for use in qualification requirements, it was
necessary to get some ideas of the peak distri-
butions. This was accomplished by performing
amplitude histogram analyses on selected sig-
nals passed through one-third octave filters.
The peak to RMS ratios obtained from these
mstograms for 907 and 95+ confidence levels
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at one location are plotted in Figure 8. It can
be seen from this figure that a ratio of three
should give a reasonable confidence at the high-
er {requencies and should be very conservative
at the gunfire lower harmonic frequencies.
Therefore, for the purposes of setting qualifi-
cation test levels it was decided at VAD to use a
ratio of 3 on the measured RMS acceleration
level in obtaining the peak acceleration. Since
the total gunfire lasts only a small portion of
the total design life of the A-T7 airplane, the
duration of the gunfire qualification tests was
set for the total expected in-flight gunfire
exposure time.
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EFFECTS OF AIRPLANE FLIGHT
PARAMETERS

The structural response to gunfire excita-
tion was measured in flight &t a number of 10ca-
tions in several A-TD and A-TE aircraft,
Repeated measurements were made at selected
locations to increase the statistical reliability
of the data, since the data samples were of
short duration. The gunfire vibration measure-
ment program was combined with other arma-
ment demonstration programs and the number
of gunfire flights were limited; therefore, to
obtain the maximum number nf measurements,
data were recorded tor each firing without re-
gard to airplane maneuver parameters. Mea-
surements at individual locations were initially
analyzed as one data block even though they
were not recorded under identical conditions.

As stated earlier, due to time limitation.
lompiete analysis was not performed on all
signuls. Rather, one-third, octave pass band
analysis was employed on the bulk of the data
to record the maximum root-mean-square
(RMS) level obtained in each filter band-pass
during the quasi-stable portion of the gunfire
signal. The analyzer output was entered into a
digital computer for data storage and presenta-
tion in the form of amplitude versus frequency
plots. A typical one-third octave amplitude plot
of the aircraft structural response to the gun-
fire induced vibration environment is shown in
Figure 9. From an examination of this figure,
one can see the variation in the vibration ampli-
tude that wns experienced over a range of varied
flight conditions. Presently, a commonly used
wmethod to establish the upper limit of vibration
amplitudes is to multiply the maximum mea-
sured values by some scatter or uncertainty
factor and envelop the products. However, in
the case of gunfire, where the flight conditions
can be expected to influence the overall gunfire
vibration levels in varying degrees, the method
of enveloping the maximum amplitude spectrum
obtained during a set of varying flight conditions
may yield unreliable vibration environments,
That is, if-the maximum vibration spectrum is
obtained during a se. ur flight conditions only
occurring at rare occasions then the resultant
vibration environment may be unrealistic in
terms of the design requirements of the air-
craft. From a qualitative standpoint, flight
parameters such as airspeed, altitude, maneu-
ver load, etc., should influence the measured
gunfire vibration level. As an example, when
the aircraft is performing a high "g"" maneuver,
the aircraft structure experiences a subsequent
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increase in internal stress, thereby removing
the play in structural joints. This should in-
crease the vibration transmissability throughout
the aircraft structure. Also as was stated car-
lier, the primary source of gunfire-induced
vibration is from the muzzle blast which is
acoustically transmitted and impinges upon the
aircraft structure. At higher altitudes, the
acoustical effects should be less due to decreas-
ing atmospheric density.

To establish quantitative values of the effect
certain independent flight parameters have on
the overall gunfire vibration level, the mea-
sured data were grouped in like maneuver
blocks. That is, only datia recorded during the
same airspeed. altitude. and maneuver load
were plotted together, Results of this type of
data grouping are shown in Figure 10 where the
vibration data are grouped into the seven data
blecks as listed in Table I.

TABLE 1

Data Airspeed  Altitude Maneuver
Group Knots Feet Load

A 424 4,500 4,1

B 435 4,600 3.8

C 282 28,600 3.4

D 437 7.500 3.1

F 252 36, 800 2.0

G 270 38,000 1.0

As can be seen from this figure, the data
scatter for the overall gunfire vibration level
in each groun of like flight parameters is
approximately 4 db as compared with 20 db
scatter when all data were plotted as in Figure
9, As one might expect, the airspeed, distance
from the gun muzzle, and airplane maneuver
load had a large influence on the overall vibra-
tion amplitude during gunfire. However, this
type of procedure produces only a rough approx-
imation of the amount each flight parameter
affects the overall gunfire environment, be-
cause of the complex inter-relationship between
the many possible flight parameters. Because
of the coupling between the various flight
parameters and the necessity to increase the
accuracy in the predicted gunfire environment
at locations and flight parameters where nn
measured data arc available. a more analytical
determination method was needed.
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nances: they are actually due to the gunfive rate and
the harmonices.  Now the shape of the broadhand
background is influenced by the loeal structare or
panel resonancee, During a nongunfive condition the
general background will be there at @ much lower
level,

Mr. Baker: There are pressure trinsducers
thitt do have low accecleration sensitivity that might
have helped if you had used them,

canck and Newmian): The
title of your paper was the ¢ffect of flight conditions
on gunfire-induced vibration environments but unless
I missal something you did not really tell us what
effeet the flight conditions had. AN T st was a
laree scatter of data, Do vou have any real feel of
what the cffeets of fight conditions are? What are

the physical reasons that flight conditions shoulil
alfect what gunfire does to your stracture ?

M. Hutchinson: We recorded the maximum
vibration levels during low altitude, high airspecd
ind high mancuver loads, We recorded the lowest
tevels during a high altitude, low airspecd. low
numenver Joads. T do not want to imply this as
linc:oe with the airspeed altitude nemeuver lowls, 1t
is not, and right now we are teyving Lo determine how
itis affeeted, We are teying to come up with o oway
to predicet the gunfive levels af other locations where
we have noomeasured data, Under any hypothetical
flight conditions we will hopetully e able to come up
with o reasonuble vibration cnvironment. Right now.,
[ ecannot 1e1l vou how the airspeed. altitudes and
numeaver lomls affecet ings,
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Currently at VAD computer routines are
bemy used o implement additionat statistical
eviluation methods such as desceribed in Refer-
ence 2.0 Thiv procedure desceribes the spectrum
response level in terms of mndependent variables
which influence the flight vibration environ-
ment. The method by which the independent
variables are selected is most important, sinee
the accuracy of the caleulited spectrum levels
depends upon the correct choice of the indepen-
dent variables,

Initially, the information obtained from the
cmpirical determination of the effects of flight
parameters upon gunfire vibration levels are
being used in selecting the form of the indepen-
dent variables, Fvaluation of the preliminary
results, using this method, has indicated a fair
degree of correliation between the predicted and
measured gunfire spectrum. Further refinement
in the selection of the independent variables
which are to be used in this procedure is
continuing,

CONCLUSIONS

The structural response to gunfire excita-
tion results in a classic example of a complex
signal, and appropriate analysis methods must
be used to describe the signal. Analysis of
measured gunfire response shows the unique
character of the gunfire vibration which sets it

must be obtained from correlation analysis and
from narrowband amplitude probability analysis
on the gunfire signal, The gunfire response may
be best described as a series of periodic signals
with varying amplitudes occurring at the gunfire
rate and its harmonics superimposed on a broad
band random background. Since gunfire mea-
surements are usually obtained for a large num-
ber of airplane flight conditions, a wide scatter
in amplitudes will occur. Consequently, the
flight conditions during which the gunfire data
were measured must be considered when devel-
oping vibration qualification requirements.

Quantitative effects of the airplane mancu-
ver parameters on the overall gunfire environ-
ment can be evaluated empirically through the
use of measured response amplitudes. Contin-
uing work on gunfire environment at VAD in-
cludes evaluation of weighting coefficients for
the maneuver parameters and application of this
information to predicting gunfire response at
locations and flight conditions for which flight
measurements are not available
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DISCUSSION
Mr. Buker (Southwest Research Institute): You Mr. Baker: You did not report any data from

mentioned carlier in your talk that you did use micro- thosc. Did you get pressure signals from them?

phones. Were these located within the aireraft
structure ?

Mr. _Hutchinson: The only one inside the aircraft
structure was in the cockpit, We had them located
inside the end of the duct, along the sidewalls, and
down the side of the fuselage.  On the ground we had
them in the blastport area and stationed in the near
ficld perpendicular to the gun,

Mr_ Baker:s They were essentiadly all outside
the aireraft then?

Mr  Hutchinson: Yes. and they were flush
motmted,

139

Mr. Hutchinson: We did during flight. We did
not get gunfire data.  Our pressure data on the ground
wias not very good hecausce the signals messed up our
pickups.

Mr, Baker: Your accelerometers of course
showed many different frequencies in the response,
Were they mounted on the inside of skin pancels or
where? T suspeet that many of these frequencics
may be resonancees in loeal panels.

Mr. Hutchinson: Practically all that data 1

showed is from microphones mounted on hard load-
bearing structure.  The spikes are not panel reso-




THE BOX CAR DYNAMIC ENVIRONMENT

Robert W. Lucbke
C&0/Be&O Railroad Companics
Baltimore, Maryland

The continuous or over-the-road i1bration environment
within present day railroad merchandise freight car
equipment is defined in terms of frequency spectrograms,
power spectral density curves, and curves of peak-to-

peak accelerations versus speed and load. The effects
of suspension system changes being introduced in the
industry ere also presented. This paper is based on
the results of a joint effort on the part of the C&0/
B&0 Railroad Companies and the Office of High Speed
Ground Transportation of the U, S. Department of
Transportation to define the vibration environment and
the effect of its major variables.

In May of 1969, the C&0/B&0O
Railroad Companies and the Office of
High Speed Ground Transportation of
the U. S. Department of Transportation,
commenced a joint effort to define the
vibration environment within present
day freight cars. This study was pri-
marily concerned with the continuous
over the road environment rather than
the infrequent single pulse inputs
which are caused by yard switching,
switches, turn outs, and slack run in
and run out,

The basic intent . of this paper is
to provide design data for packaging
engineers and product designers so
that realistic limits can be set on
product strength and cushioning re-
quirements, Previously submitted data
has given an exaggerated vibration
envelope for rail transportation. If
the packaging engineer used these pre-
vious vibration envelopes, his product
would have been so overprotected that
the package in many cases would cost
more than the product itself.
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The vibration environment within
present rail cars can be broken down
into 3 categories: (1) Impact shock
due to coupling of cars in yards;

(2) Impact type inputs from road
crossings, turn outs, and switches.
(3) Continuous input from rail joints,
ties, and subgrade. The last category
comprises about 90% of the input to
commodities and is the cause of reso-
nant damage to packages. The first

2 categories, while more severe, only
occur 10% of the time a package is in
transit, Furthermore, these impact
type shocks are considerably lower
than those experienced in the material
handling environment.

Because most engineers design
their packages to protect products
from the inputs received in the mate~-
rials handling environment, the single
impact type inputs from the in transit
rail environment have little effect on
the single package. The effect of im-
pact and vibration inputs on stacks of
packages is another story altogether.




Unitertanat oly, oSt comnodities are
sttrrpeel ths way and little has been
e b oanyeone except Porest Products
Laborat crres, Malison, wise, to define
'R protlomy 1ty hoped that the
razlat ity ot tae data presented in
s jpaber will ospar o additional re-
searcs oon the part o of manutacturars to
dcterrine the ottect of abration in-
it oon theilr packates whon stacked
Ty shrprent.,

The Pasi1o o intent ot the joint
ertort was, theretfore, to Jdefine the
cnironment to which packages or
stacks of packages were subjected for
the greatest amount of time. Conse-

quently,
formed

the over-the-road input

the basis for the Federal Rail-
road Administration report "Investiga-
tion of 50' - 70 ton RBox Car Vibra-
tions". Those portions of the report
which relate to the Box Car environ-
ment are the subject matter of this
taper. The arecas of interest are:

1) the effect of load and speed; 2)
the effect of primary suspension
systeom spring rates; 3) the cffect of
variable rate springs; and 4) the
effects of truck designs on the vihra-
tion environment within present day
freight equipment,

The tests were performed on a
section of C&0 railroad track just
west of Huntington, W. Va., This track
consisted of a vertical and a lateral
test section. The vertical test sec-
tion, Figure 1, was shimmed to produce
a continuous vertical surface and
cross elevation input with a 39-foot
wave length. The lateral test section,
Figure 2, was developed by jacking the
track over at each joint on the south
rail to produce a periodic lateral in-
put to the equipment being tested,

All tests except those designed to
evaluate track input were made with
the vertical section shimmed to gener-
ate staggered 1/2-inch low joint in-
puts every 19-1/2 feet and with the
lateral section jacked over to gener-
ate a 1/4-inch misalignment input
every 39 feet. These input levels
were designed to generate violent
actions in the equipment tested so
that differences in performance would
be detected. These sustained inputs
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are more scvere than those developed
by any normal main line track and con-
sequently can be considered the maxi-
mum, or “worst case" continuous vibra
tional input to a box car moving over
the road.

The data required to define the
environment was obtained by operating
a special test train, Figure 3, over
the test sections at speeds between 10
and 60 m.p.h. in 10 m.p.h. increments.
The test train included a C&0 GP=-9
locomotive followed by a test box car,
a "control"” box car, and the DOT cars
T-2 and T-4., Cars T-2 and T-4, Figure
4, served as the instrumentation and
track measurement platforms. The load
in the test box car was varied to ob-
tain the effect of weight on the vi-
bration environment and the load in
the "control" box car remained con-
stant at 35 tons. The control car
served as a quality control device to
insure that the observed variations in
the test car were due to changes in
test parameters and not due to an un-
controllable change in the test condi-
tions. Track parameter measurements
obtained from car T-2 served as a con-
trol measure for track geometry.

The instrumentation used to de-
fine the vibration environment com-
prised vertical and lateral acceler-
ometers mounted on the unsprung truck
mass, Figure 5, and on the car floor
over the center plate, Figure 6.

The vibration data recorded on-
board the test train at Huntington,
W. Va. was processed with a filter
bank-type spectral analyzer at the
Signal Analysis Laboratory of Melpar,
Inc., Falls Church, Virginia. The
work commenced in mid-May, while the
data collection was still in progress,
and ended in late October, 1969.

The analog third-octave filter
bank was used to develop practical and
useful spectral displays for this
task. The third-octave filter bank
consists of 31 contiguous bandpass
filters, each having a one-third oc-
tave (1.26) ratio of upper-to-lower
cutoff frequencies. The lower cutoff,
or half-power frequency of this bank




is 17.9 Hz and the upper hal f-power
frequency is 22,400 Hz,

Becausc the data frequencies
recorded on the I'M tape recorde:
(Ampex FK1300) aboard the test tran
were distributed from de (#ero o=
quency) to owver SO0 Hz, the bt ot e
was reproduccd at 60 inches taoer o=
ond, resulting 1n a specidup oty
32 over the original 1=7/% 130 1o 0 =
ing speed. This specedudb acted s o
frequency multiplicr ot 32, ave 1.0
quencies from 0.6 Hz to 760 Heo 0] e
then be analyzed on the 20-20,000 iy
filter bank. /A table of filter conter
frequencies, upper and lower cntot:
frequencies, and their real tine
equivalents are shown in I'iiere 7.

The block diagram of tie {ilter
bank and display apparatug is shown
in Figure 8., ‘The signal from the tape
recorder (running at (0 IPS) was fd
to the power amplifier input; tic
output of this amplifier was teod .nto
the entire bLank of 31 parailel filters.
Each filter output was rcectificd (peak
detected) and averaged in the RC cir-
cuit following the rectifiers, The 31
detected and smoothed outputs were
then doubly connected to a 6G4=-jponle
mercury jet scanning switch. The ro-
tor of this device spins at 3600 rpm,
sampling each filter every 8,33 milli-
seconds. 1In this manner, a spectral
scan occurs periodically 120 times por
second,

The output of the scanning switch
was connected via an amplifier to the
vertical deflection plates of a CRT.
This amplifier produced an output pro-
portional to the logarithm of the in-
put signal for moderate to hiah wmpli-
tude inputs, and was anplified lincar-
ly for low level inputs; hence, the
"hybrid" scale for the vertical ampli-
tude axes of the spectrograms shown
in this paper.

In order to display frequency on
the horizontal axis of the vibration
spectrogram, a 120 Hz sawtooth wave-
form, synchronized to the mercury jet
scanning switch rotor, was impressed
on the horizontal plates on the CRT.
This waveform functioned to produce a
raster, and caused the lower-to-higher

fregquensy tilrers to be displayed from
Jeft to right on the CRT scereen; the
ressltant spectrel displays were re-
cordet on Polaroyd Lot grapts tor
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B o T @ik | g RARonTet el
natural fregquencies w1 ne frerght cur
tostoed while rgqure 10 ¢ e the forc=-
i frecmencies avall st le to create
resonance 1N corrodities shappoa an
r:al vehicles., Uig-re 1]l shows the
nat aral Thegueneiess - @ommwy. roayl car
suepensjon svstor s,

10 pinrdes B2 cRam w17 gkl (Eide
cur as
ST e OB e Db 1w e T

i)t ann Speetra within o

%3
the speei wite, <Lt L is roving,
¥l ilims 1 %=t roganry, 211 ; tle impor-
tance or specitic freoguency ranges.
Trese Power fpoectral Dencity curves
cshow that for the car toestea, there
are two amportant freuency ranaes.
These are the forcint frequency range
of M te 20 Qe and tWe car hody ppilbmrd-
ticn range Letween voand 100 Hz,
Oti.er car designs will have .lifferent
body bending frequencies. The lowest
natural frequency input found is 7 Hz
ani 1¢ the second vertical bending
rode of an ¥9 foot {lat car.

Frmres 22 and 213 show the peak-
to-pear accelerations on the car ‘loor
as a function of load and speed. The
irportant 1ter to note is that as the
lading wer tht Jdecreascs, the vatraticon
amplitude increcases. Consegaently,
the packadint protecticn rust be areat-
er for a product that will be leaded
e e RRIE O Thill ear safacitys Eliain
one which will be loade! te full rail
car capacity,

P'rmres 24 and show the jeax-
to-peax veortical and lateral accelera-
tions as a4 function of presently




v b be can s v e In addition to the variable rate

[ERTTLITC= i . IO (SISt ISP R SERURC #1f 3 S tteg, the raslroad industry is devel-

alt Oy Mlante W ER e 0 o SR L U | T crng new freight car trucks with im-

UL SO Coa Rl 1015020 I R o5 A a5 trarred pde quality tor carrying frag-

frencey wirth Lot R e on sensitive commodities.  The

g e e el o o <A gl cortermance ofoa toew of these trucks is

arl Fant] PGB G W B ¢ orta ., coown o Figures 28 through 33,

thee pacthaqe o ‘m Nl 7

crent ote prote ot e ot LY coooow Lruck data shoutld be con-

i P s an andication of the future
Corrcoation cnvoronment within merchan=

A ST O T KR gad oo | o e trerght cars,

endgadest o n fevelor o s e ey

systems whaich redoce t o oo cnee bt 1= hoped that the data present-

ranaue and the oarpel it ene b s tron el enable the realistic design of

within our tres bt eepritvrent . e oo wcranontity packadging and cushions, and

the methods present 1y anber SEaU T tYereby help reduce in-transit loss &

tion to reduce the range ot oarcar lablde Lo,
damaging freguencie: s the o oab e
rate spring. This non-lincar sgaing
maintains a nearly constuant natural
: frequency regardless of load, i con-
sequently would roduce the damre po-
tential of ra1l car suspensiosp sustoms,
The perfornance of this type of spring

is shown in Fijures 26 and 27,
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MODIFIED VERTICAL TEST SECTION

FIGURE 1
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RESEARCH CAR INSTRUMENTATION
FIGURE 4

CAR BODY ACCELEROMETERS

TRUCK ACCELEROMETERS
FIGURE 6

FIGURE 5
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TABLE OF PASSBANDS OF 1/3-OCTAVE BAND FILTERS

Actual Actual Lower Actual Upper Equivalent* Equivalent* Equivalent
Center Cut-0Off Cut-Off Center lower Cut-0ff Upper Cut-Off
Frequency Frequency 'requency Frequency Frequency Frequency
20 17.9 22.4 0.625 0.560 0.700
25 22.4 28,1 0.782 0.700 0.878
31.5 28,1 3§55 0.983 0.878 1.11
40 35.5 44.7 1.25 1.11 1.40
50 44 7 56.2 1.56 1.40 1.7
63 56.2 71.0 1.97 1.7 2.2
80 7°.0 1.4 2 2k 22, 2
100 89.4 111.8 3.12 2 1% 3.0
125 111.8 141.4 3, 1 S30(0) 1.42
160 141.4 179 5,00 4.42 St
200 179 224 6.25 .00 7.00
250 224 281 7.82 7.00 S
315 281 355 2.83 8,74 11.1
400 355 447 12.9 11.1 14.0
500 447 562 15.6 14.0 17.5
630 562 710 19,7 17.5 22,2
800 710 894 25,0 22,2 27 . %
1000 894 1118 31.2 27.9 35.0
1250 1118 1414 39.1 35.0 44,2
1600 1414 1789 50.0 44,2 56,0
2000 1789 2236 62.5 56.0 70.0
2500 2236 2806 78.2 70.0 87.8
3150 2806 3556 98.3 87.8 111
4000 3556 4472 125 111 140
5000 4472 5615 156 140 175
6300 5615 7099 197 175 222
8000 7099 8944 250 222 279
10000 8944 11180 312 279 350
12500 11180 14142 391 350 442
16000 14142 17889 500 442 560
20000 17889 22361 625 560 700
FIGURE 7
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FORCING FRUQUENCY TABLE
Speed Rail Joint Wheel
(MPI) (t1z) (t12) (11z)
10 0.38 0.76 1.7
20 0.76 1.51 3.4
30 1.13 2,26 5 ok
40 1. 50 3.02 6.8
30 1.88 3,77 8.5
u 2.206 4.53 10.2 ]
FIGURE 10 ;
H
SUSPENSION SYSTEM NATURAL FREQUENCIES
Iiquipment EMPTY 36 TON 70 TON
Rarber - Normal Damping Hz Hz Hz
2-1/2" Travel 4,25 2.93 2.40
3-1/16" Travel 3.88 2.66 2.18
3-11/16" Travel 3.54 2.45 2,02
FIGURE 11
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PIGURE 22 CAR BODY VERTICAL
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FIGURE 206 CAR BODY VERTICAL
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FIGURE 28
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FIGURE 30 CAR BODY VERTICAL
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DISCUSSION

Mr Parmenter (Naval Weapons Center, Ching

Iodhods O vour psd analvsis . what was the effective
Findaadth filter®

Mr Luchhe: The data wore applied on o one-
thied oetuve filter. The handwidth vavied in accor
danee with the conter frogqueney, The smallest band,
with o center frequencey of around 1172 Hz head o
width of about 0,50 Hey Out at 150 Hz the handwidth
w.as on the order of Too e

Me. Parmenter: Were the results Trom this
study ineorporated in Ml ST ~10

Mr luebke: They have not been incorporated in
Ml SUD ~1o, aght now they are available from the
Clearvinebonse The report is entitled “Vibeations
ot a fifty foot, seventy Ton Bos Car”

Mr. Hughes (Naval Weapons Evaluation Faeility):

Iwas aTittle concerned that at Righer speads all vour
cuarves hept going up, [ would have expeeted the
vnergy in the frequeney contert to have peaked over,
You mentioned some resonance, but vou ended up
with the tail end of the curve higher than the peak
resonancee.

Mr. Lucbke: That is right. Threce things are
involved,  The effect of speed on this vibration en-
vironment increases exponentially from zero.  Also,
the effect of track irregularities is exponential,
Further, the frequeney content of the spectrum in-
creases in the same manner, however, the high
frequencey information is relatively constant,  The
data that you saw on the slides was the forcing
frequency data below 1o Hz,

Mr. Galef (TRW Systems):  For over 20 years
now the principal. maybe the only, source of datit of
the tvpe that you are presenting, has been something
published by Cuins, T am struek by the fact that the
levelds you seem to he reporting, even though you are
dealing with artificially severe tracks, scem to he
much much lower than that old data, Am [ remem-
bering wrong?

Mr. luebke: No, you are quite accurate. The
difference has been the technological change in
freight cquipment sinee the time Sevgei Guins was
running thosce tests back in 1948, Then the normal
freight car was undamped with 1-5/8-inch-travel
springs. or extremely stiff springs. The environ-
ment was indeed as rough as measured and reported
at that time.




THE NOISE ENVIRONMENT OF A DEFLECTED-JET VTOQL A1RCRAFT

S.L. McFarland and D.L. Smith
Air Force Flight Dynamics Laboratory
Wright-Patterson Alr Force Base, Ohio

A noise survey conducted on a deflected-jet VIOL aircraft is

described.  The test aircraft was mounted on a vertical thrust

stand with the nozzles oriented In the "hover-stop" position while
engine runs were made at different power settings. Forty-one (41)
microphones were located in the field on the port side of the air-
craft and six (6) microphones were located at positious near the
aircraft skin. The height of the field microphones was varied (5 ft,
10 ft, and 15 ft). One-third octave band spectra obtained from all
microphones and for all engine power settings were flat and did not
exhibit the "haystack" shape which is characteristic of a free jet.
Typical one-third octave band sound pressure level spectra and ccntours
of overall sound pressure levels are presented. FEstimates o] jet total
acoustic power are developed from the measurements and related to engine
operating parameters. Expressions are derived from the measurements to
predict the one-third octave bhand spectra at positions in the fleld and
on the vehicle from similarly configured aircraft for various engine

Ay T r———r

operating conditions.

INTRODUCTION

The design of VIOl aircraft structures
and the selection of their propulsion systems
will be strongly influenced by the noise
produced by tha propulsion system. The in-
crease in propulsion power required for verti-
cal flight will be accompanied by an increase
in radiated acoustic energy. The radiated
acoustic-pressures impinging on the aircraft
will be affected by operation of the propul-
sion system in close proximity to ithe ground.
Acoustic fatigue, which iz generally restricted
to a small percent of structure for convention-
al aircraft, may affect nearly the entire
structure for a VIOL aircraft. Methods are
not currently available to predict the acoustlic
environment from VTOL aircraft. The develop-
ment of such methods will rely heavily on
experimental data in that the mechanisms of
noise generation from candidate propulsion
systems are not completely understood. This
is especially true for a VTOL jet where the
operation in close proximity to the ground
might alter the noise source mechanisms which
exist in a free jet.

An acoustic survey was conducted at
Edwards Air Force Base on a Hawker-Siddeley
P1127 deflected-jet VIOL aircraft to provide
definition of the noise environment for this
type alrcraft operating in a hover mode. The
survey and its measured results are reported
in Ref. [1]. The results are used here to
develop methods for predicting the acoustic
environment {n the field and on a deflected-
jet VIOL aircraft as a function of nozzle
parameters, i.e., exhause temperature, exhaust
Mach number, and nozzle diameter.

NOISE SURVEY
Test Aircraft

The test aircraft is shown in Fig. 1.
The propulsion system was a Bristol-
Siddeley Pegasus 5, ducted fan, lift-
thrust, jet engine. The design of this
engine for adaptation to the aircraft
incorporated four exit nozzles, two ''cold"
plus two "hot", which are adjustable for
different modes of flight. This arrange-
ment results in a high vertical thrust/weight
ratio. Most of the fan discharge is fed to
two rotatable nozzles (the "cold" jets)
situated symmetrically on both sides of the
engine. The remainder of the fan discharge
passes through the high pressure compressor,
through the combustion chamber to the tur-
bines, and is exhausted through two more
rotatable nozzles (the "hot" jets) at both
sides >f the rear of the engine. Rotation
of these four nozzles, which incorporate
deflecting vanes in the exit areas, enables
thrust to be directed rearward, forward, or
vertically for the desired flight mode. For
horizontal flight the nozzles are in the
positions indicated in Fig. 2. For vertical
thrust the nozzles are rotated downward 81°.
This position {s designated as the "hover-stop
position". The 92.5% rpm engine setting in the
VTOL mode corresponds to the vertical takeoff
condition for this aircraft. Operational para-
meters for the engine are given in Table 1.
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FIGURE 1, PI127 ON THE VERTICAL THRUST STAND

IFABLE 1

P1127 Aircratt Engine Data

Gross | Gross]Cold  |Hot Cold Hot Cold Exit Hot Exit Cold|Hot
Enwe fne Cold Hot Wofaht [Weight| et Jet Total Total Mach|Mach
Condition] thrust {Thrust [Flow  [Flow  [Velocity)VelocitviTeaperature| Temperature |[Nr  |Nr
RI'™ 1 Ih [Ib/sec|Ib/secrt/sec | ft/sec °R °R
o tnon 1000 0. 5] 504 498
hi) 3000 1900 IRE i 704 664 606 1089 .h06].416
L] S500 4100 190 1130 931 1074 676 1276 .767]1.396
L RO 5900 2k 142 R4 1523
T o [eeon (202 154 1014 1387
! MAN 0L T MR D 20 160 11115 154 721 1458 .8321.817
162




FIGURE 2 ORIENTATION OF P27 JET ENGINE C/L's AND A/C MEADING

Test Setup and Run Conditions

The aircraft was mounted statically on a
vertical thrust stand for all test conditions.
The thrust stand stood in an open pit surround-
ed by a cement pad which extended at least 100
feet in all directions. The jets were directed
such that the primary flow impinged on the
concrete rather than into the pit. Measure-
ments were made at the engine power settings
given in Table I for aircraft heights of 10
feet and 15 feet and for field microphone
heights of 5 feet, 10 feet, and 15 feet.

Forty-one (41) microphones were located
on the port side of the aircraft in the field
in a plane parallel to the ground as shown in
Fig. 3. These microphones were positioned
with respect to the centerline of the hot jet
in its forward flight position as shown in Fig.
2, Six (6) micropliones were positioned with
their diaphragms between 2 and 4 inches from,
and parallel to, the aircraft skin at the
locations shown in Fig. 4.

FIGURE 4, LOCATIONS OF MICROPMONES ON AIRCRAFT
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FIGURE 3 . MICROPHONE FIELD LOCATIONS AND SPOT NUMBER IDENTIFICATION

Survey Results

One-third octave band spectra were
obtained from each microphone, correspond-
ing to those runs where the nozzles were
set at 81°, the hover-stop position. The
most notable characteristic of the data
obtained from the noise survey was that
these spectra were all essentially "flat"
and did not exhibit the "havstack' shape
characteristic of a free jet This is
illustrated by the spectra obtained from
microphone 25, given in Fig. 5. Microphone
25 was located 50 feet and at 30 degrees
from the centerline of the hot jet (see
Fig. 3). The shape of these spectra is
typical of the spectra obtained from
microphones at other positions in the

ield and on the aircraft.
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FIELD OF A DEFLECTED-JET VTOL AIRCRAFT WITH
NOZZLES AT 8I* {HOVER STOP POSITION)

Contours of equal overall sound pressure
tevel (SPL*) for o plane parallel to and 15
teet above the ground plane are given in Fig, 6.
They were tatred manualbly from the overatl SPL
readings obtained at each microphone position.
The contours exhibit lobes corresponding to
the hot and cold nozzles at the lower power
settines; however, as the enpine power setting
is increased, the contours become more nearly
circular,

TABLE I1

Overall Sound Pressure Levels on
the P1127 Aircraft

Contours of equal overall SPL for planes

vertfical to the ground plane are presented {n MICROPHONE

Figs, 7, 8, and 9. These figures correspond LOCATIONS 60%RPM | 80% RPM | 92.5% RPM
to the 60, 80, and 92.5% rpm engine operating

conditions., [In each figure contour plots are Under Wing |132 dB 141 dB 143 dB
shown for four (4) different vertical planes Inboard

at different angles (@) referenced to the tafil

heading of the test afrcraft from a point Under Wing [132 dB | 140 dB 143 dB
dircetly below the hot jet. The contours were Outboard

faired manually through data obtained from all

of the ficld microphones and from the micro- Under Fuse-|127 dB | 133 dB 138 dB
phone on the vertical stabilizer which was at lage Middle

a4 hefght of approximately 18 feet.
Under Fuse-|126 dB | 131 dB 138 dB

The overall SPL's obtained at the micro- lage Tail
phone positions located on the aircraft as
shown in Fig. 4 are presented in Table IT for Under Hori-]121 dB 131 dB 138 dB
the specified engine power settings with the zontal
vireratt at o height of 15 feet. Stabilizer

On Vertical |116 dB 123 dB 129 dB
l Stabilizer

* SPE F:
xspPl o= 10 log l’-_i
o
y
where: P = mean square sound pressure, \/m
I' = reference pressure = 20 f’\/m~

o
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RADIAL DISTANCE FROM HOT JET. FEET
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FIGURE 6, OVERALL SOUND PRESSURE LEVEL CONTOURS
IN THE FIELD OF A PI127 AIRCRAFT

FEET

ABOVE GROUNMD PLAMNE,

HEIGHT

DISTANCE FROM HOT JET, FEET

FIGURE 7, OVERALL SOUND PRESSURE LEVEL CONTOURS FOR
SELECTED VERTICAL PLANES IN THE P27
NOISE FIELD (60% RPM ENGINE SETTING)
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FEET

~EIGHT ABOVE GROUND PLANE,

0 28 50 75 0 28 s0 %
DISTANCE FROM HOT JET, FEET
FIGURE 8, OVERALL SOUND PRESSURE LEVEL CONTOQURS FOR

SELECTED VERTICAL PLANES IN THE P1I127
NOISE FIELD (80% RPM ENGINE SETTING)

HEIGHT ABOVE GROUND PLANE, FEET

DISTANCE FROM HOT JET, FEET

FIGURE 9, OVERALL SOUND PRESSURE LEVEL CONTOURS FOR
SELECTELD VERTICAL PLANES IN THE P27
NOISE FIELD (925% RPM ENGINE SETTING)
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ESTIMATION OF TOTAL ACOUSTIC POWER

The ajrcraft can be described as a noise
source from the acoustle power radiated by the
jets and the assoclated directionalitv ot the
nolse.  In this section the overall SPLTS
measured in the field during the noise survey
arce used to estimate the total radiated jot
arowstic power.  The measuared SUL's were used
dirvetly to estimate the aconstico power except
where pure tone compressor nofse was oheiousty
present,  When this ocourred, o caleualbated
averall SPLowas ased which was btained by
subtracting the one=third octave band Tewed
contafning the compressor noise trom the
measered overall tevels o noocase it this
correction exceed 3 dB, So attempt was ande
to remove the broad band nolse components
peacrated by the compressor and other noise
SOUrCes,

The total acoustic power (W) generated by
a4 saurce above the ground plane can be deter-
mined by integrating the sound intensity (1)
over a hemispherical area (A) centered at the
source, f.c.,

W= fA 1 da (N

The sound intensity at any point in the far
field of the source is piven by

P2

/e

where I = sound intensity
= sound pressure
density of atr
speed of sound in air

1

NNy

The total acoustic power is then given by

2
w=/_p_ dA (3)
A/C

The total acoustic power can he estimated
by dividing the hemisphere inte n representa-
tive areas such that the sound pressure is
nearly constant over each arca, calculating
the acoustic power for each area, and then
summing the results, i.c.,

12
W =§r I g
(._C. i Ai ()

i=1

The above procedure was used to estimate
the total acoustic power gencrated by the air-
craft. Since the sound pressure distribution
was assumed to be symmetrical about the test
aircraft, the total acoustic power was obtained

by doubling the result determined from a quarter

sphere. The quarter spheres were divided as
shown in Fig, 10. Thev were divided circum-
ferentially into half lunes or 'rrRzll'.’ (i = 1
through § = 12) and each half lune was divided

acc
§o T ranAG

&L

-
HEADING

FIGURE 10, ISOMETRIC OF HEMISPHERE CENTERED
ON GROUND BELOW P1127 AIRCRAFT
HOT JET EXIT SHOWING AREAS, A

into nine areas (i = 1 through { = 9) where
R is the radius of the reference hemisphore.
Lach area Ay in one of the "i" half lunes is
determined from:

it
Ap = TRT (Gin @) - sin 0, ) (5
o l i-1

wvhere @1 and (b: are angles of elevation re-
lative to a point below the hot jet on the
pround plane,  The total acoustic power in
watts can then be estimated from the following:

Q

Z (sin ’Ji— sin (Ai—]) X

»

12
Ny o= "TR"):‘\\- Z (
s et 18

h,\‘ [
j=1 i=1
R SPL; s
(antilog 21U o
10 |
-
wvhere W, = estinated total aconstic power, witts
R = radius of reference hemisphere, n
. )
P, s PR/
e Alh Nmson
m}.
ﬂi = anele of elevation trorm an origin on
the vround plane
.\'l‘l.ii = cound pressure Tevel asae fated
st .\i=
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FABLE (11

tebimates ot P27 et Total
Vvoust e Power Level

PhGIsy Rudius ot Retervnce Hemisphere
PO R

N 2ho1t 50 1t

ST R Ted, s B 158, 2 B
a0 R I NN 154.2 dB
DB R 2 139,00 i 159,2 dB

[he vatues ot PR determined from the
Above results which are taken as representative
ot the total acoustic power generated by the
PLIST7 afrverart for o0, 80, and 92,57 rpm power
ctbines are respectively 148, 154, and 159 JB.

SOLSE FIVLD PREDICTTION

e nofse environment of o similarly con-
tivured alroratt operating in the hover mode
can be obtained from the P27 noise measure-
ments by relatinme the estimated radiated
booustic power to eneine or nozzle parameters
wnd determining the divectional properties of
the nofae,

When aperating in the VIOL mode the aireraft

mstitutes multinbe nofse sources. The pres-
circe ot deflecting vanes in o the exits of the
our G naesles (O Thot'™ o+ 2 "eold™) create
~ultiple, erticient high-rrequency noise poner-
tion mechanisms, Also, the vortices generated
beothe der exbiost impineing on the ground
shee wilD Contribate additional noise sources.
Plealivy el modise sourve should be identified
b orelated to frts own controlTing parameters,
W mtrihation trom o all o sources should be

teooohr i the total acoustic power and
e o each operatine condition,
corceh weabt require a4 rather complete
othe aofse yvnerat ion mechanisms
Wit oen Sowenree and would resualt
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v complicated expressions relating the acoustic
power and radiated noise to the engine or
nozzle parameters.  Although this comprehensive
approach was not taken it was considered
desivable to obtain an expression which would
weount tar the operatfon of the "cold" and
[P

hot™ noreles,

Anexpression tor the mean square sound
pressure of tree jets taken from Ref, [1] was
moditiced to obtain means for predicting the
total acoustic power of a deflected=-jet VDL
aircratt. The rollowing relationship was

assumead:
T R 1L Sadyb. Y2 TRV I VAN ) n
W = K [(1 PO ADEY gyt (T MU 23D )COHE] (8)

wvhere T = exit total temperature, °R

M = exit Mach number

D = ¢xit diameter, feet
Expressed as sound power level (PWL) in db re
10-12 watts this equation becomes:

PWL = 10n log [(T‘-S“M‘*J’*nz)“m. +

(r1.5 w6, 34p2y 1] +10 Log K+120 )

The PEL's determined from the measurements are
plotted in Fig. 11 versus 10 log [(T] - 54p6. 3402)

+ (rl 5"‘1("3[‘02)(;0“4 From a least square bcst
fit it was determined that n = .74 and 10 log,
K = 1.6, therefore:

PWL = 7.4 log [(T1~5“M"-3’*r)2)

not*
‘1. 54y6. 34p2 + 121, 10
(1 M D )C"”] 121.6 (10)
B0 - = S i
1529 4= . - . — - .
1.1 o = ' ‘ . ‘ "
3T 4= . ‘ ' .
9
l': 155 =
o
r;: L1 S + . i +
-]
LT S ; ; ! .
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FIGURE (1, ESTIMATED TOTAL ACOUSTIC POWER VS P (127
JET NOZZLE PARAMETERS




The above expresslon can then be used to
determine the notse environment in the tield
if the dircetional properties can be obtained,
From Eq. (10) the space average SPLoat
distance R can be found from:

any

‘)
SPT., = PWL - 10 fog R™ + 2.5 (v

where SPT, = space averape SPL, db ore 20 ,"‘..‘/m"

MWL = total acovstic power level, dB re
10-12 watts
R = distance from source to il
point, fout
The SPL oat any point in the field can theo ne
determined from:
SPLR,8, @) = SPL,(R) + DI (4,¢) (12
where SPL{R,A,¢) = SPL at field point (R,8,4),

dB

SPLg(R) = space average SPLoat dis-
tance R, dB
Di(8,d) = directivity index, db

Substituting Las. (10) and (11) (12)

gives:

into L.

SPL(R,6,9) = 7.4 log E'I"-S“M(’-3“1>2)lm +
(1. 54pb. 34p2) ~ 10 log R2+124+D1(8,¢)
coLD i

An estimation of the dircctivity index
DI(8,#) can be made by noting that contours
of equal SPL in a plane paraltlel to the ground
become nearly circular for the higher engine
power settings. This was particularly true for
22,5°€ A £ 172.5°, where @ = 180° corresponds
to the aircraft heading. Consequently, i1 this
range it is assumed that DI(A.¢¥) = DI(Y). Fig.
12 presents a curve for DI(@,#) between 8 =
22.5% and 172.5°, and another curve for values
of & outside this range.

These curves were obtained by solving Lq. (13)
for DI(A,#) for all c¢ngine power conditions.
The values inscrted for SPLIR A,@) were those
obtained from contours as given in Figs, 7, 8,
and 9 at a distance of R = 50 fu, The result-
ing curves are approximations and differ from
individual values by DAl for
22.5°4€ AL 172.5°% and by as much as 5 db
A outside this runge.

as much as
for

Lhuation (1) and Fig. 12 can e used to

prodict the cverall sound pressure level at

in the tictd of ¢ deflected=jet V10D
The voordinates o the tield peint
toven Wwith resje b to an origio on

any point
airerart,
(R ) ar

the sreund directde bedos the ot jet, even
thengh the source of naise is not docated on
the sronnd,

the
used 1o

[ order to test the acoaraey of
prediction, 4. (I3 wd Fie, 1) were
obtain the predicted overall SiLotor the 60,

80, and 92,57 rpm oconditions at points cor=
responding, to micrephone locations 19 and 15
feet of f the pround.  The measured SPL was
subtracted from the predicted value to determine
the errorv.  Ihe results dre summarized in

Table IV which presents the mean error, the
standard deviation, and the maximum and minimum

TABLY TV

fLrror Analvsis ot Noise Predistion
Technique

RANGE MLAN STANDARD RANGE OF
OF 8 ERROR | DEVIATION| FERROR
d8 dB 4B
8«22,5 2.3 28 +6.9
—2 02
22,5%0&172.5 0 2 +6.2
5.3
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FIGURE 12,

THE DIRECTIVITY OF THE NOISE FROM A DEFLECTED-JET
VTOL AIRCRAFT
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PREDTCTTON OF NOISE 0N ATRURAFT

at

{ the procedures used jo the previoos

:I; ) aevtion are limited to predicting the noise

:‘ fevels in the tield of a deflected=jet VIOL

:‘ direratt amd are ot expected tooapply to

) g e ' & ’ positions §oclose proximity to the aireratt

> \ shin.  Mowever, expressions can be obtained tor
i = predicting the SPL's on deflected= et VIOL air-
c craft using the SPL's measured for this case.
> 30 =

:"' Measurcements were made in tour peneral

: % % % % ﬁ' } areas near the aireratt skin: (D) under the

e Hl (o0 LI 1600/ 23130, '°~“’°° wing, ) under the tuselage, () under the

horizontal stabilizer, and (4) on the vertical
atabilizer.  These locations are shown in Fip.
Aoand the resulting sound pressure fevels are

FHEQUENCY W)

BIGURE 8, AHACTERIGT O NE THIRD OCTAVE BAND  SPECTRUM -
piven in Table I1.
POHOA DEFLECTED BT vTOL ARCRART
e measured overall SPL's are plotted in
L )
Fiw. 14 versus 10 log [(r1.0%00 3402y ggp +

(rl. 54mb. 34p2)y for each of the four arcas,

(:m.l)]
A least square best it line is piven (o Fig.
14 for cach area.  The correspondiag expressions

Ares

I Ttowas peinted ont previously that the one-
thivd oetave band SPL spectra obtained at all
points in the PLEYT noise survev were nearly
that. Consequent Iy, a characteristic one=third
oetave band :!pm trum can be applicd to all 4. Under Wing,
points {o the ficeld,  Such a characteristic
spectrum is piven io Fig, 13, This spectrum
is tlat between 3105 He and 3150 Hz where the

. - 1. Y
SPLoy = 7.5 logl:(l] 54M6 541)2)“0T+

ote=third sotave band level is 11 dB below the rl- 5gRs SRy n] +105.7 (14)
overall SPL o tound from Fqo (13 and Fig. 12, o

Contequent Ivy not only the overall sPL but also

the one=third octave band spectrum can be b. Under Fuselage,

estimited Ffor anv poasition in the field given

the coordinates at that lecation, the exhaust SPLga = 7.7 log [‘TLSAM()'an)“o‘lj Ex
temperature, exhaust Mach mumber, and nozzle

diameter, (1‘1-51‘}16-34[)2)00[ IJ + 98.7 (15)
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FIGURE 14, OVERALL SPL'S AT vVARIOUS LOCATIONS ON A DEFLECTED-JET
JTOL AIRCRAFT VS JET NOZZLE PARAMETERS
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c. Under Horizontal Stabllizer,

SPLys = 11.5 log [(T1-54M6-3492)”0T +

(TI.SAM6.3AD2)COLé] + 80,1 (16)
d, On Vertical Stabflizer,
5PLos = 8.7 log [}T1-5“M6-34D3)“”T +
(Tl-Sbuﬁ-lénz)COLﬁj + 84,06 (17)
where T, M, and D are as defined in Lg. (8).

The one-third octave band spectria measured
on the alrcraft were also nearly flat. Conse-
quently, it s assumed that the one-third
octave band spectra for similar locations on
deflected-jet VTOL aircraft can be predicted
using the characteristic spectrum given in
Fig. 13.

Equations (14) through (17) and Fig. 14
can ve used to predict the noilse in arcas
corresponding to the above on deflected-jet
VTOL aircraft of similar configuration. Some
degree of extrapolation would be required to
determine the SPL's at other locations on the
afrcraft.
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CONCLUDING REMARKS

It was found from the measurements that
the spectra of the sound pressures associated
with deflected-jet VIOL afrceratt are nearly
"flat”™ and do not exhibit the "havstack' shape
typlcal of a sinple froe jet. It is erpecteq
that this is primarilv duce to the pres:: -
multiple noise sources.  Also, operation io oa
VIOL uode mav have gltered the noise source
mechanisms compared to operation in a free
tield.,

Nodse predicti oL oeethods boave develop-
ed above tor detlectec-jet VIOL afreraft based
on the results of this noise sorvey. It is
cxpected that these methods will apply reasen-
ably well to all aircraft of similar configura-
tion operating in the VIOL mode.  However, they
should be applied judiciouslv where different
airplane and enyine configurations are being
considered.
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VIBRATION SIGNATURE ANALYSIS OF BEARINGS
AND ELECTRONIC PACKAGLES

Charles H. Rous
General Electric Company
Acrospace Electronic Systoms
Utica, New York

[ Vibration signature analysis methods have been developed at General ‘

| Electric Aerospace Electronic Systems which can be readily and inex-
pensively applied to assure the quality of rolling bearings and elec- l
tronic puckages. These methods detect a loose item inside a package,

a weak bond between a microcircuit substrate and its case, and sur-

I face defects on the balls or races of bearings. This paper presents
’ the methods which have been developed and the results obtained in ap-
| plying vibration signature analysis to the inspection of product lines.

INTRODUCTION

Aerospace Electronic Systems (AES) has
developed and is successfully using vibration
signature analysis* techniques to inspect and
assure the quality of bearings and electronic
packages, These inspections detect the follow-
ing types of defects:

1) Loose or free items inside a package,
subassembly, or component

2) Weak bond between a microcircuit sub-
strate and its case

3) Surface defects (e.g., pits, scratches,
spalling, foreign particles) on the
balls or races of bearings.

The vibration signature analysis methods de-
veloped at AES are nondestructive, can be
readily applied to product lines, and require
only the equipment generally used in vibration
laboratories. This paper presents the methods
which have been developed and some of the re-
sults obtained in applying MSA to product line
inspection.

BACKGROUND

Previous relatec work has been published
by B. Weichbrodt and M,W. Schulz of the Gen-

eral Electric Researchand Development Center,
and by O,G. Gustafson and T. Tallian of SKF
Industries Research Lahoratory., Weichbrodt
[1] presented a general discussion on the use of
spectrum analysis, summation analysis, tran-
sient analysis, and impedance methods to detect
defects in products. Schulz [2] reported on the
detection of loose parts in sealed containers,
Gustafson and Tallian [3! developed a method
and specialized equipment for detecting dam-
aged rolling element bearings.,

In relation to the papers referenced above,
the vibration signature analysis work reported
in this paper makes the {ollowing contributions:

1) Simplified instrumentation and vibra-
tion fixturing is presented for detect-
ing loose items

2) The experience gained in applying sig-
nature analysis to product lines is
presented

3) New, easily applied, and sensitive,
methods for detecting defective sub-
strate bonds in microcircuit packages
and for detecting surface defects in
rolling element bearings are presented

*Although the term vibration signature analysis is more precise, the term mechanical signature
analysis (M5A) is more commonly used. In this paper, MSA wil! be used interchangeably with

vibration signature analysis,




MSAMETHOD FOR DETECTING LOOSE TTEMS

Il tpetbe tor betecting: loose Hetns 15
Ssed s the Lt that the tmpact of vae hard ob-
fectaeannat another hard object produces stress
aates b the kloherty ranve. The stress waves
propacate sewdiby thiroueh o typieal electrone
potchat e to poant on the exterior surface of the
chassts or vibration fisture where they are de-
Lected By presoclectre aceelerometer, So
that o hieh ratio of stress witve sigmld-to-nuise
ety beooblamed, the MSA accelerometer 1s ori-
voted perpeadicular to the axis mowhieh the
packaee 15 vibrated. The location of the MSA
aecelerometer s carefully selected Lo assure
that 1t s mounted ona portion of the structure
(packane or vibration Nixture) to which the stress
Wb es nuy readily be transmtted, The output
ol the MSA gecelerometer s amplified and then
tltered to pass only the high frequencies (e.g.,
above 10 KHz), The filtered sipnal is displayed
o dual trie e osceilloscope above the trace of
the vibration mput (e.g., 2 ¢ sine at 34 Hz) to
the clectrone package,  The oscilloscope is
trigvered from the signal of this second accel-
erometer which senses the sinusvidal vibration
mput to the package,  This permits the inspec-
tor to detect whether an impact is periodic (as
from o partially constrained item) or nonperi-
odie (as from a free item), The vscilloscope
pittern s photopraphed using a Polaroid cam-
era, Based on the amplitude of the transients
1 the mechanical sipnature, the electronic
package passes or fals the loose item test,

LOOSE ITEM DETECTION METHOD APPLIED
TO QUALITY ASSURANCE

The above method for detecting lovse items
may be performed using only the standard vi-
bration istrumentation shown in the block dia-
sram, Fig, 1. This mstrumentation or its e-
quivalent 1s geaerally avaalable in vibration lab-
oratories,  For convenience and mobility, the
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MSA mstrumentation may be installed on a cart

as shown in Fig. 2, The cart is especially con-
venient when the MSA inspections are performed
vutside i vibration laboratory. A fixed firequen-
¢y mechanically driven shaker located in a man-
ufacturing area is satisfactory for providing the
required excitation,

Fig. 2 - Mobile MSA instrumentation system

Figs. 3 and 4 show two electronic packages
mounted on rigid vibration fixtures which are
hard mounted to electromagnetic shakers, This
hard mounting permits performing the MSA in-
spection using the same vibration fixture which
is used for vibration acceptance tests and qual-
ification tests,

The vibration level required to detect loose
items must, of course, be in excess of 1 g, For
a given loose item, the magnitude of its signa-
ture (stress waves) 1s determined by its posi-
tion when striking the package and its velocity
relative to the package. Therefore, for a given
input acceleration, the maximum signature am-
plitude is produced at the lowest excitation fre-
quency. For example, if a package must pass
a swept sine vibration acceptance test consist-
ing of a constant amplitude displacement at low
frequencies and a constant acceleration level at
higher frequencies, then the maximum package
velocity will occur at the frequency where the
test specification changes from constant dis-
placement to constant acceleration. This is the

PRVIVOEPR P "




Fig. 4 - MSA accelerometer attached to tail
cone vibration fixture

frequency and acceleration level which will pro-
duce the maximum vibration signature without
exceeding the acceptance test vibration levels.

To establish an acceptance criterion for
the MSA loose item inspection, the amplifica-
tion of the MSA accelerometer signal is adjusted
until it presents a straight trace on the vscillo-
scope similar to that shown in Fig, 6, Then a
loose item of the desired minimum size is
placed in the package and the amplitude of its
signature is photographed, This amplitude is
the desired acceptance criterisn, Depending un
the noise level of the packaye, its vibration fix-
ture and the shaker, it is possible to detect
items weighing as little as 0.2 milligram,
Items smaller than this become difficult to de-
tect, lhe problem with very lightweight items
is that surface forces (e.g., adhesive and elec-
trostatic) may overcome the small inertia force
produced by vibrating the small mass of a loose

item. The acceptance eriterion should of
course be based on the requirements of @ par-
ticular package. A criterion based on the im-
pact of a washer for a 4-40 screw may be satis-
factory for clectronic packiges its shown n
Figs, 3 and 4, but w 0,2 milligraam criterion
may be required to detect solder balls jnside a
microcircuit container,

The clecetronice packages shown in Figs, 3
and 4 are produced ir quantity.  Kach package
must pass o vibration acceptanee test while
meeting its cleetrical performance require-
ments,  The MSA mspection 1s performed im-
mediately after the aceeptance test, This per-
mits detecting loose items which could cause
serious damage due to arcing during the vibra-
tion acceptance test,  The post-acceptance test
MSA inspection detects the items which may
have become loose during the acceptance test,
As an example of what may be found, Fig. 5
shows an unsatisfactory mechanical sipnaturce,
The package producing this signature wus
opened for inspection and the cause of the fail-
ure was found to he a loose nut in the power
supply. After the nut was tightened, the MSA
inspection produced the acceptable signature
shown in Fig., 6. A loose nut is i typical cause
of an MSA failure, Other typical causes are
ioose threaded inserts, lovse cubles, and picees
of broken hardware and extra hardware (metal-
lic and nonmetallic). Prior to implementing the

Fig, 5 - Unsatisfactory mechanical signature
produced by loose nut in the power
supply of the electronic package shown
in Fig, 3




MSA mspection station, there was hittle knowl-
edpe of the existence ot these defects, MSA in-
spection provides information wineh is used to
immprove the manufacturing operations.  Per-
hitps a bolt 1s loose because the proper tool was
not provided, or perhaps there are hroken
preces from i component whieh 1s being torqued
extessively, Too, the worker on the assembly
Line s aware that he had better extract the item
which tell mto the package vr it will be discov-
ered during the MSA mspection, The graph
presented in Fig. 7 illustrates the improve-
ment in quahity which can result from the use
of MSA mspections,

mailf B
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Fig. 6 - Satisfactory mechanical signature
obtained after tightening loose nut
referred to in Fig. 5

MSA has also been found to be useful in de-
tecting defective purchased components. These
components pass incoming inspection and elec-
trical systems tests, hut the MSA failures of
completec electronic packages have beentraced
to loose shims inside an electronic tube or to
the absence of a peening operation on a shaft in-
side a switch.

In comparison with visual inspection, an
MSA inspection is quicker (30 seconds of vibra-
tion time) and permits finding the items hidden
under or inside subassemblies, or inside a
sealed package, For example, the electronic
piwckage shown in Fig. 3 is approximately 37 in-
ches long, 10 inches in diameter, and weighs
120 pounds. It contains a maze of cumponents,
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Fig. T - MSA inspections of canisters - loose
item detection

cables, and dip-brazed subassemblies. Due to
this complexity, a visual inspection of a com-
pleted package would be of little value. In fact,
opening a package for visual inspection exposes
the package to possible physical damage and the
entrance of debris. For these reasons, an MSA
inspection station has been established for this
product line. Because the package must pass a
vibration acceptance test, no additional man-
power and very little additional time are re-
quired to perform this MSA inspection.

MSA METHOD OF DETECTING DEFECTIVE
ROLLING BEARINGS

The method developed for detecting defec-
tive rolling bearings is similar to that used for
detecting loose items; in fact, the instrumenta-
tion is identical. Apparently, however, there
has been nothing previously published on the
application of this method to rolling bearings.
Although not yet tried by the author, it appears
that this method is also suitable for the inspec-
tion of gears.

The similarity of the methods for inspec-
tion of bearings and detection of loose items is
due to the fact that in both cases the defects re-
sult in impacts which produce stress waves in
the kilohertz range and are therefore readily
distinguishable from the normal, relatively low
frequency excitation of a vibration exciter or
the rotation of a bearing, The purpose of the
bearing MSA inspection is to detect surface de~
fects. A surface defect (e.g., pit, scratch,
spalling, foreign particles) is a discontinuity in
a ball or race, When this discontinuity strikes




| a ball or race, stress waves are generated in spikes in the MSA signal. The oscillo-
the same manner as when a loose item strikes scope time base is set to display ap-
a portion of a vibrating package. These stress proximately one revolution of the shaft.

waves are above 10 KHz whereas the stress
waves due to the balls rolling on the races are
function of the bearing geometry but are helow
2 KHz. Therefore, the out-of-balance frequency
and the ball pass frequencies may be calculated
(Table 1) and this portion of the signal filtered
out of the MSA signal. In brief, this MSA mcth-

4) A Polaroid photograph is taken of the
signal displayed on the oscilloscope.
The exposure time is sufficiently long
to assurce a4 representative data sample
(.o, long enough fur one hundred or
more shaft revolutions),

od for detecting defective rolling bearings is as 5)  The rms voltage of the MSA signal is
follows: recorded.,
6) Based un the maximum instantaneous
1) An accelerometer is attached to the de- voltage amplitude of the photographed
vice (c.g., gyroscope, fan) in a posi- pattern and based on the rms voltage,
tion such that there is a rigid structure the bearings pass or fail this inspection.
between the accelerometer and the
bearing. The reason for these two criteria (instan-

taneous voltage and rms voltage) is that a single
large defect will produce a large instantancous
voltage without having much effect on the rms
voltage. On the other hand, a bearing with a

2) The device is isolated from ambient vi-
bration excitation and its power is
turned on.

3) The filtered MSA signal is displayed on uniformly rough surface will produce a large
an oscilloscope. The oscilloscope is rms voltage without having a large instantaneous
triggered using the transient voltage voltage. Note that the oscilluscope is set to
TABLE 1
Ball Pass Frequencies*
fe = [requency of impact of balls with a surface defect on the outer race '
Ii = frequency of impact of balls with a surface defect on the inner race
fb = frequency of impact of a surface defect on a ball with the inner and outer races
_n BD |
fe = Efr(l 'm'(.osﬁ)
. _n BD
ii = 'Efr(l + oS B) 1
r = B¢ . (Eg)zcos2 B)
b - BDr PD
where
fr = relative speed between inner and outer race (revolutions per second)
n = number of balls
BD = ball diameter
PD = pitch diameter of ball circle
B = angle between the line of contact of a ball with the inner and outer races and the
b plane containing the ball circle

*Equations from B. Weichbrodt, Ref. 1.
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trioer oo the spikes L the traesent voltage,
Pherelore v there s smeular deteet ona ball
o roe otk produce a pertodie vaoltage spike

Clhe osctltoscopes By determiamy, the perod
et ompacts from the photosraph aad having,
calealited the ball pass tregquencies (see Fable
L), 1t as possible to wdentily the source of thede-
tevt as beme oo badl, the mner race, or the
outer race,s Primarily, however, this methed
ob thspection 15 used as anaccept or reject

sereerand not as o degnostie tool,

QUALITY ASSURANCE OF ROLLING
BEARINGS USING MSA

The wbove method tor detecting def cetive
rollmg bearmes was developed adfter the sue-
cessful application of MSA to loose particle de-
tection, Adhouy b the method is very similarto
that used for [oose particle detection, ts appli-
ciation to the quatity control of product lines is
more difficalt due to the work involved in estab-
Lishing a failure crderion, Inapplying MSA to
the inspection of gvroscope spin bearings, the
first step s taken to eollect signatures from a
number of evros, The MSA inspection is per-
formed after the spin Fearies are assembled
o ey ro opties wnil and the ayvro as attached
to a driving coil by eans of o support post,
Theretore, the spin bearoe: meehaneal sizm-
ture has o transmission path throush two sets
of cimbal bearings, the support post, and the
bushing attaching the support post to the head
coil,

Fhe MSA accelerometer s attached to an
adapter plate whiceh 1s bolted to the bushing i
the head coil, A photograph of 4 representative
spin bearing swnature s shownoan Fu 8,00 The
maximum peak voltase s vead teom the phiote-
craph. A plot of the disteribhution s these - 2k
voltiwres 1s presented m Fron 900 A sidar plot
15 made for rms voltage versus quantity ol
bearmes mspected,s These plots are ased to
develop tentative fatlure criteria, Foresamplhe,
G tentative Palure erterion oneht be that volt-
due transients i o excess of three times the ris
vilue of the collected transtent data s cause lor
rejection ol the bearie. Rejected bearings
mav then be Life tested or disassembled tor
vistd evidence of deteets, Based on the re-
sults of the hife test and or optical mspection,
the Lnlure criterion 15 adjusted as needed,

Determnsing when a bearme has taibed can
he o problem, Foroanstanee, i the case of the
avroscope spin bearmes . mdications of falures
niay bee that the clectrieal notse an the vuidanee
Sustemt s encesspve, the avro start-up time s
rothe <slow-down time 15 too short,

eNEURS 1YY,
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Fig., 8 - Typical spin bearing signature

L U T O e g

BRSO T BEAY ¢ TALL
Fig, 9 - Amplitude distribution of gyro spin
hearing sipnatures

Our experience with this new method of
hearing inspection has been very satisfactory.
In applying it to the production inspection of
pyroscope spin bearings, we have found the fol-
fowing:

1) A currelation between signature am-
plitude and bearing life (see Table 2
and Fig, 10),

A correlation between signature am-
plitude and the magnitude of bearing

defeets (e.y., contamination, brinel-
ling)(See Ref, 4,)

An ability to detect defective bearings
at an carly stage in the production cy-
cle and thus avoid costly work which
would be wasted when the assembled
puidance system fails to perform sat-
isfactorily (see Fig. 11).

MSA INSPECTION OF MICROELECTRONIC
DEVICES

AFS manufactures microelectronic devices
(Super Flat Packs) which have very high relia-




TABLE 2

Spin- Bearing MSA and Life Data

Comments

MSA Inspection Data
Gyro-optics Volts Percent
Number peak-to-peak| full scale*
58 Not available
62 2.3 40
67 9.3 60
72 3.8 50
81 16.7 167
93 15.0 133
103 17,7 183

Successfully completed 300-hour reliability
demonstration test, MSA data from post-
reliability demonstration test: 10 V p-p,
754 {.s,

Successfully completed 300-hour reliability
demonstration test.

Successfully completed 300-hour reliability
demonstration test,

Successfully completed 300-hour reliability
demonstration test.

Failed slow-down test after 120 hours of
reliability demonstration test.

MSA data was obtained prior to the use of
MSA as a quality assurance inspection.
Subsequent field report stated that seeker had
intermittent noisy spin bearings accompanied
by excessive electrical noise.

Spin bearings failed during 20th reliability

demonstration cycle (approx. 290 hours of
operation).

NOTE: This table presents all available data from gyro-optics which have had an MSA inspec-
tion and have yielded information on the life of spin bearings,

*Corresponds to volts rms.
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Fig. 10 - Correlation between signature
amplitude and bearing life
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Fig. 11 - Effect of MSA spin bearing inspections
on rejections at systems level
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Dilits reqancanents. dhese that packs are sub-
Pected o v orous sertes ol aeceptance tests
b boclude thermal shoek and aceceleration
o0 s s)e TEwas tound that a small pereen-
L of the Thit packs which pass these tests
woontled Leter s when s tadbed o subassembly,
Lol due to o Toose bond betw een the flat pack
substrate and its case, Fvadently, the acceep-
Lanice tests would danige some that packs which
had weakly bonded substrates, bat the dinmuage
Wats not suttictent to ciuse an electreal failure.,
Iheretore, o test was needed to sereen out the
feen Hat pavks wath weak substrate bonds which
were setting through the acceplanee tests,

Structuraliyv, o fhat pack s @ metal contain-
croapprosinitely LoD nehes lone X 0,6 inch
wdee X0 T predn Do de wemn (AR AN LTS .-|'|'|‘ L AT
strate) bonded to the bottom surface of the con-
toner, The flat pack contadner is pernuinently
sealed prior to the environmenpal tesging: [n-
ity an eftort was made to detect substrates
with loose v weak bonds by use of the MSA
loose ttem detection methad, However, it was
torined that due to the small nriss ot the sub-
strate, o wedk bond could prevent the substrate
trom making an impact with the surrounding
structure, A new MSA method was therefore
required to detect loose substrates.

A review of the flat pack structure revealed
that the ceramic substrate was more rigid than
the bottom cover of the container to which itwas
bonded, 1t was then apperent that the resonant
fregqueney of the bottom cover would be signifi-
cantly affected if the substrate was weakly
bonded to the cover,  In brief, using this idea,
the following mspection method was developed:

—

) Attach the microcireuit package (flat
pack) toa small shaker,

2)  Attach an accelerometer to one end of
a metal rod. Rest the other end of the
rad on the center of the flat pack cover
towhich the substrite is attached,

3) Perfurm a2 g peak sinusvidat vibra-
tion swoeep from 400 to 2000 Hz.

4)  Obtan a trace of the accelerometer re-
sponse,  The resonant frequencey of the
accelerometer, rod, and cover combi-
nation wall reveal if the hond is satis-
tactory,  For a particular container de-
sien, rod mass, and accelerometer
nuass, 1t was found that for a satisfuc-
tory bond, the resonant frequency was
etween 1200 and 1700 Hz but with o
weak boud, the resonant frequency was
as low as H00 He.

Note that the resonant frequency which is found
is not that of the bottom cover. The resonant
frequency of the bottom cover is above 3000 Hz.
Therefore, the mass of the metal rod and ac-
celerometer applied at the center of the cover
reduces the measured resonant frequency to a
value more easily determined with standard vi-
bration equipment.

Fig. 12 presents the results of applyingthis
MSA inspection method to the production of su-
per flat packs. The cumulative failure rate was
initially low but it is gradually becoming lower.
Improvements in design and manufacturing proc-
edsed have caused this guality improvenent
However, perhaps the use of MSA to detect
bonding defects, which would otherwise be un-
detected, has helped to focus preater attention
on the eritical process of bonding substrates to
their container, The continued use of this MSA
inspection, despite the low failure rate, is jus-
tified on the basis that the product is used in
high reliability equipment and that it serves as
a screen to cateh any unintentional small
LhdubUa 1o Uie mndanalactu illb pPLULESD wliich
would affect the strength of the substrate bond.
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Fig. 12 - MSA inspections of microcircuit
substrate bond

CONCLUSIONS

Vibration signature analysis methods have
been developed at AES which can te readiiy and
mexpensively applied to assure the quality of
rolling bearings and electronic packages. These
methods are being used at AES as routine meth-
uds of inspezting product lines. It is belicved
that the simplicity and sensitivity of the methods
justify their extensive use in quality assurance
and maintenance work.,
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develop instrimentation which will provide the
asove control capabitities for multi-shaker

testing. The Duter Loop Control was designed

a4 sinecle transdecer Deated to till this requirement. [t has also provided
AVl oete oedar Uoe speciven counting poiats, sone unique capabilities fur single shaker
We.et, o latoer specis L whicn tiwe de= applications,
| ORI S SR R tre-

GEUERAL DESCRIPTION
Dt

Magt et -ghaker control svstems use
ndependent level servos lor each shaker and
son e eans o control the phase relationship
clween each svsten, A wmonitoring transducer
is cluse the shaker and used to de-
rive the control sivnal, The phas: control
mit adinsts the shaker driving signal such
*.4at the response is maintained a: a fixed
phase relationsiiip to some refererce., The
servo controls the amplitude at each transducer
lacation to sore predeternined level,

rount ed Lo

Al couen this systen ases a transducer for
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each shaker, it is in effect only a single
point control, The controls operate to make

the multi-shaker cluster perform as one large
shaker by maintaining the phase and relative
amplitude relationship of each shaker. Further,
the control locations must be relatively close
to the shaker interface Lo hold cross coupling
effects to a minimum,

Outer loop control provides the means for
using multi-control logic with multi-shaker
applications, The independent servo oscilla-
tors and phase control operat: to make the sha-
kers perform as one large shaker and the Outer
Loop Control provides control of the overall
system,

OPERATION

Figure 1 is a block diagram of a two sha-
ker control system using independent servo
oscillators, analog multiplier phase and ampli-
tude control, and outer loop control, The con-
trol input to the Outer Loop Control may come
from conventional averagers or peak selecting
instrumentation, or it may be the output from
a single accelerometer,

The Outer Loop Control exerts a control
over the teat level in the following manner:
A variable gain attenuator is placed in signal
path between the oscillator and the power
amplifier. A variable gain amplifier is placed
in the feedback signal path between the control
accelerometer and the servo input. The atten=
uator and amplifier gains are servoed by a com-
mon sipnal. The circuits are ganged such that
an attenuation of the output is accompanied by
an equal gain increase in the feedback signal.

Since a decrease in the output signal is
accompanied with an equal increase in the servo
feedback signal, the level and phas: control-
lers perform their function independent of the
overall test leve’y Thus relative amplitude
and phase control are maintained at points
close to each shaker by the servo oscillators
while the absolute level is controlled by the
Outer Locp Control unit,

APPLICATION

The most important function of the Outer
Loop Control system lor multi-shaker testing is
properly its role in response limiting., Most
multi-shaker tests involve rather large sub-
systems or complete vehicular svstems, Often
it has been determined Lrom component or sub-
svstem level testing that severe damage mav
result if acceleration levels in excess ol sone
predetermined maximum are encountered at vari-
ous locations on the structure. Such damave
cannot be tolerated partici’arly if the test
specimen represents deliverable hardware,
Interrupting the test when a level in excess
of the allowable limit is encountered maw save
the hardware but the objectives of the test
would not he tultilled,
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By simply lowering the input level over
some small frequency range Lo prevent the re-
sponse at a given location from exceeding
allowable limits the test mav be continued,

The test specimen iy protected trom unpecessary
damaye and uninterrupted response data fror tie
specimen is available for studics ot trangmis-
sibility, model shapes and other pertinent
information.

In sinnle exciter resting, response linit-
ing is tacilitated by the additional control
dvnanic ranye and independence ol drice proyram
provided b. the use of 1hiter Loop Control,

TEST RLSULTS

The test data shiown in Figures 2 and 3
shows the abilitv o! the Quter Loop Control to
Limit responses at various locations, Plots
I through 4 of Figure 2 arce the control signals
from a [our shaker test, Plots > and 6 are
response of two cantilever beams, The plots
in Figure 3 show the response at the same loca-
tions when a maximum acceleration level is
imposed on each cantilever beam response.

Note that the two beams are limited to
different acceleration levels. The resonant
frequencies of the beam were adjusted Lo occur
at frequencies having different excitation
acceleration level., This was done to demon-
strate that the response limiting level is
independent of the test acceleration level.

The Quter Loop Control unit may also be
used to provide level control from the average
of several accelerometer signals. As in the
peak limiting case described above, the rela-
tive amplitude and phase control is performed
by the independent servo oscillators, but the
Outer Loop Control signal comes {1 wm the
average of transducer signals located at any
desired locations,

The OQuter Loop Control performs another
important function in multi-shaker testing.
It provides the capability to energize the
shakers in a smooth and coherent manner.
the speeds of the independent level servos
differ to some extent it is no' practical to
use them to begin a vibration test as is
usually done witir single shaker operaticn,

The Outer Loop Control provides a cormon servo
Lo all svstems, which brings each shaker up to
level (or down) at the sare rate. 1t also
provides the capability to bring the svstem on
line at a level 20 to 40 db below the test thus
providing an opporiunity te check all control
tunctions aad to establish phase control,

Since

When used in single shaker testing, the
Quter Loop Control provides t:ie same benefits
as mul: i-sheker use except, o viously, the
rate of up/uovn is normall~ not critical,

o

CONCLUSTORS

e Outer Loop Contrel lowic has provided
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WITH OUTER LOOP CONTROL

FIGURE 3
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ENPIRICAL PREDICTION OF MISSILE FLIGIHT RANDOM VIBRATION

AN S TR FEYNT
The Bendhin Corpe eition
Mishowido, Indiane

Purely theoretiea! predictions of missile tieht vibration eovironments are precluded
by complexities of the missile havdware and the cnvoromuent, Complete cxperiment -
al determination of the environment throngh extensive thight testing = undesieable and
impractical,  An alternative is the use of selected telemetered theht data to tormulate
cmpirical teehniques tor extrapolation ol vibreation characieristies to ather areas of
concern. Correliation ol missile bration with knewn or peedietable thght paeionet-
ers has pernitted reasonable estimates ol the enviconment at nearby areas, 'hight
vibration data acquisition, reduction and claracteristies are bricth diseassed: tech-
nigues derived for application of the thight data to new havdware requirements are
more fully discusscd,

INTRODUCTION components, and propulsion system coreoonent s
are contoned mannular compartments tormed by
The TALOS missile is the second stage of a the massile outer shin and the raanet dittusers and
Navy two-stage, tong range, high altitude, surface- through-duct, Warhead and additional electronjes
to-air weapon.  The first stage solid propeliant rock- are contawined withao the imnerbodyv, A vibeation
et boosts the missile to speeds sulficient {or the sece- isolated mouwnting plattorm, called the “electrontes
ond stage ramjet engine to operate,  Total tlight time bashet”, is used n the electronies comprtment to
ambility is in the order of several minutes, A protect sensitive components agamst high amplitude
schematic representation of the missile is shown in vibration helow approximately gou jiz,

Figure 1. Missile cleetronies, hyvdraulie system

Accessory Compartment

Electronics Fuel Tank Att Compartment
Compartment
) L
- 0 [ e ] » [« = <
T T
Duct (

e -] [ RN

Figure 1 - Schematic of Packaging Compartment= within the TALOS Ramjet Mi=sile
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Thee thight vibeation envivonment for dirborne
corpient can be determined by meisurement at
critical focations throughout Tlight test velueles,
Sich isirumentation, however, is expensive, In
lllllitl"ll, ll IS e vnen l\'l l‘l};ll( ll =i i" AR L l\' (]l\'
most stringent conditions within vehicele capahilitios,
It becomes necessary, then, to extrapolate flight
Aot i predictions of the environment at unmonitor-
od locations,  In the TALOS miasile program, a con-
sidemshle amount of telemetered tlight vibration data
I prremeitliol e sk for sttady oF the pe bl boelvips
hetween the environment and several missile flight
parimetoers,

FLIGHT DATA

Throughout the TALOS program, much flight
vibration data has been colleeted and analyzed,  Two
predominant seurces of random vibration encrgy dur-
ine tlight are acrodynamic exeitation over the mis-
sile external surtaces, and ramjet engine exeitation
due to internal sivtlow and fuel combustion. The vi-
sration enviromument during the missile flight is
measured with o piczoelectrie accelerometer mount-
ad at the point of interest,  The output of the aceel-
crometer is amplitied through a ealibrated system
and relayved to a ground telemetry station, The REF
link is an FM/FM system with a carrier frequency
in the VHI range,  The subearrier frequency used
tor vibration information is 10 KHz or higher, and
provides satisfactory frequeney response in the fre-
gqueniey range of most interest . 00 1o 2000 He,  The
telemetered signal is recorded on magnetic tape at
the pround station,

Phiis wealiive i ms asiid i diimimasd  fiiiPiE .|.:. ig miiemi -
tored continuously throughout a flight,  Several loca-
tions can be monitored using the same subcarrier by
means of @ commutator switch carried in the air-
borne equipment, Commutated sample times are ap-
proximately 1, 25 seconds in duration which provide
a sample sufficientlv long to perform a random wave
power speetral density analysis,  The data samples
and accelerometer locations are coded for identifica~
tion; data is decommutated during the analysis,

The parameters of most significance in defin-
ing the vibration environment are the acceleration
spectral density function and the root mean square
acceleratior,  The time intervals for acceleration
spectral density analvsis are selected in a prelimin-
ary examination of data for the entire flight., Ina
tvpical tlight, three or four one-second time inter-
vals are selected to determine characteristics dur-
ing phases of tflight having significantly different op-
cerating characteristies; i, e,, during boost, just af-
ter missile-hooster separation, during constant alt-
itude cruise, and during the terminal phase of flight.
Atter selecting the time intervals, the recorded
telemetry data during each interval is duplicated on
a tape from which a continous loop is made for the
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wave analysis. During loop playback, a 20 Hz band-
pass filter with a 97 KHz center frequency is used,
Other bandwidths are available and are used when
special considerations are necessary, such as varia-
tions n wotal baod Loy tvestigated, The TTequen-
cy is swept at a slow rate vver the entive range dur-
ing successive passes of the tape loop.  The cali-
brated filter output is plotted asa tunction of frequen-
ey and thus provides an estimate of speetral char-
acteristies for a particular time period in the flight,

The information gained from the analysis of a
single time interval could be quite misleading in ¢s-
tablishing design requirements since the vibration
characteristies eould change considerably with
changes in flight parameters, The results of the
analyses for all the selected time intervals must be
examined before a particular environment can be de-
fined. PFigure 2 illustrates how the vibration char-
acteristics change with flight time at one location in
the missile. To account for the vibration level
shifts with frequency throughout the flight, an envel-
ope of measured data is composed by superimposing
the spectral characteristies during all the selected
intervals to determine the most severe conditions
throughout the flight at each frequency, The envel-
ope is used in the derivation of a flight-cquivalent
speetrum.,

FLIGHT EQUIVALENT SPECTRUM

The peealeration speetral dpnsity obtained in
the data analysis could be applied directly as com-
ponent requirements. However, it is desirable to
put the data into a more convenient form. A linear
aspre el sl wl the I'!.‘v‘r.‘l. amelibalion sl el
density envelope within a particular bandwidth can
be derived to achieve this, The intent in deriving
this so-called equivalent spectrum is to develop vi-
bration spectral characteristics which will yield
damage potential approximately equal to that exper-
ienced in flight. The damage potential of an item
can be expressed in terms of stress experienced hy
any element within the item when exposed to the en-
vironment. The stress is directly proportional to
the acceleration response of the clement, Thus, if
vibration characteristics can be defined which will
induce an acceleration response equal to or greater
than that induced by the flight environment, then the
equivalent spectrum will represent a damage poten-
tial equal to or greater than that obtained during
flight.

It is assumed that the elements within an item
can he adequately represented by a single degree of
freedom resonator. The acceleration response, R,
of the resonator as a function of frequency is:

f max

z

f=0

1/2
R() - [ Gl y2 mAr] ()
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Figure 2 - Flight Phase Ellects on Fregueney Characteristies
where G(f) is acceleration spectral density as o fune- first approximation of the flight spectram is sinn-
tion of frequency and y(1) is the transmissibility as a larly calealated,  The response characteristies for
function of frequency for a damped single degree of the two speetra are compared and a judgment minde
freedom system. The resonant frequencies and of the adequacey ol the equivalent spectrum. The
transmissibilities for small elements within a module criteria used in the judgmoent are:
are not usually known. ‘Therefore, it is further as-
sumed that resonance can occur at any frequency I, An equivalent spectrum ras vibration level
within the 20 to 2000 Hz bhand. The highest transmis- greater than the most severe measured thght
sibilities associated with the compartment heing in- vibration level at that location,
vestigated are used in response caleulations,  Exper-
ience shows that transmissibilities of 3¢ for the 2. The response to the envelope ot tlight diata not
electronies compartment and 20 for the accessory exceeding 207 of the respopse to the equiva-
and aft compartments are conservative maximums lent spectram at any trequenc: .
for TALOS.
It the equivalent spectrum does not meet these

It the derivation of an “equivalent spectram®, eriteria, it s moditied and the process is repeated,
acceleration response to the flight environment as ob- These tterative response calealations are done on «
served frem the telemetered data is calealated. The digital computer,  An example ot a tiight accelera-
response to the straight line equivalent spectrum von speetral density envelope and its equivalent

Acceleration 3pectral Densily 92 Hz

dcdalar

22_1_' =

]

Flight Envelope

Flight-Equivalent
/ | Spectrum

‘\/—J"’

Z

N—,

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency Hz

Figure 3 - Example of Flight Envelope and Its Fquivalent Spectrum
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Freure |- Svstem Response to Flight Envelope and [ts Equivalent Spectram

spectram s shown o Figure S, The corresponding q 0.7 pa2 (2)
svatem aceeleration response to the flight envelope
and the response 1o the equivialent speetrum ave where pois free stream statie pressure and M is
shown in Figure i, "ree stream Mach number. 3
The equivaleat spectram appruch tends to re- Flight data has strongly indicated a linear re-
duce high intensiy narrow bandw idth vibration peaks lationship between the average rms vibration and
and spread the vibration encregy over a larger band- free stream dvnamic pressure,  Figure 5 shows a
width to account for frequencey shilts during tlight, tvpical rms vibration and dyvnamic pressure relat- i
Comparisons of response for various speetra and ionship., The sharp rise from zero time oceurs as
transmissibilities have shown that this approach the vehicle builds up speed.  The dynamic pressure
vields a condition representative of flight, v ithow increases until missile-booster separation, then de-
mtroducing severe over-design and’/or over-test, ereases,  During high altitude cruise, the pressure
remains relatively stable, then inereases as the mis-
FLIGHT PARAMETER EFFECTS sile hegins its dive. Typically, the vibration inten-

sities also follow those characteristies.
The flight-cquivatent spectrum provides & atis-

factory means for establishing vibration requin »- In a recent series of flight tests, several mis-
ments at a particular location tor which flight data siles were instrumented to provide flight vibration
has been obtained,  However, there is the need to ex- data.  The data showed that the rms vibration is
trapolate data to nearby locations which have not heen generally in direet proportion to the free stream dy-
instrumented,  Investigations have been conducted to namic pressure, Data taken on the electronies hask-
relate vibration intensities and known or predictable ot resulted in a range of 5.3 x 1071 to 6,9 x 1071
missile flight parameters,  Telemetered flight data g/ (Ib/1t2y throughout flight for the ratio of rms vib-
has shown that the intensities are atfected by acrody - sation to dynamice pressure,  Since a large part of a
namic load, propulsion svstem characteristicos such long range tight will be at high altitude (low dynam-
as fuel richness, rough burning and ramjet diffuser i¢ pressure), the vibration requirements represent-
pressure oscillations, weight of the module, and lo- ing that phase can be of correspondingly low intensity,
cation of the module within the missite, General while requirements for tne initial and final phases
trends have been observed in all those parameters; of flight remain at the more severe intensities.
however, guantitative relationships have been de- This method minimizes vibration test induced :
rived only for acrodvnamic loading and the module stresses and still subjects the hardware to most
weight, realistic requirements,
Aerodynamie Load Normally, flight tests are not designed to reach
the pertformance limits of the vehicle, The relat-
Acrodynamic loading is represented by free ionship to acrodvnamic load provides a method of
stream dynamic pressure for purposes ot relating to extrapolating tlight data to design performance lim-
vibration characteristics.  Dynamic pressure, ¢, can its.  The maximum monitored rims vibration inten-
be expressed as: sity is increased by the ratio of maximum perform-
192
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ance dynamice pressure to the monitored tHight dynam-
ic pressure at the time of maximum pressure, Spece-
tral characteristios of the oo ntored dato e applied

to the extrapolated data,
Propulsion

Correlation of propulsion system paramoeters
with vibration has not been entirely successful,
Fluctuations in vibration intensitics, in some cases,
coincide directly with fluctuations in such paramet-
ors as {uel richness and flow rates, bhurning peculi-
arities, and ramjet diffuser pressure oscillations,
Several missiles have been instrumented with vibri-
tion and engine duct pressure sensors.  However,
inconsistencies in instrumentation and the small
sange of the pressure oscillations precluded quanti-
tative correlation of the two parameters.  General-
Iv, vibration increased with increased pressure, and
effects on longitudinal vibration were greater than
thase on radial vibration in the region of the inner-
hody,

Module Weight

Fifeets of module weight on local vibration char-
acteristies are evident in the monitored flight data,
The vibration varies inverseiy with the module weight,
Various studies have been pursued to establish a vi-
bration-weight relationship,  These stadies have con-
centrated on a relationship whiczh would be applicable
to hardware within the accessory comprtment, since
there is a wide variation in the physical enaracteris-
ties ol that hardware and it is mounted directly to the
airframe. Electronies modales on the basket are
similar to each other in configuration and extensive
applicable ight data is available so that o general
refationship for the electronies compartment was
considered unwarranted,
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In deriving the expression lor vibration m
terms of module weight, an mitial assumption was
made that there is o constant “compartment level”
vibration upon wiich to base estimates of module
epvironments,  The “compartment level” environ-
ment was tthen as that vibration measured at some
pomt on the airlrame which is unaftected by equip-
ment loading,  The straight line approximution, or
cauivalent speetram, ot the tight data envelope tor
thit monitored location provides the reference tor
weight moditied intensiti s, The empirical equation
relating  vibration to module weight is:

v -_Ln -0 [\\] ] [81)

0
where B, 02 the rms aeceleration in g's over 20 to
2000 f17 at the peint ol module attachment to the air-
{rame, By is the constant “compartment level”
acceleration in 2's over 20 to 2000 Hz, and W s the
weight in pouncs of the module plus attachment
bracketry, For lightweight modules, ¢ approaches
the unloaded mrtrame intensity, By The ranpe of
weipghts in the compartment limit the exlealated g
In the
accessory compiartment, the constant w18 RAITIN

rms

to o minimum of approxmiately 6o ot By

In uxing Equation (3 it is inherently assumed
that the cguinvilent spectrum chariacteristic s apply
to other areas within the same missile compartment,
This has heen veritied by Hight instramentation,
The specetrum s adsted to provide the rms aecel-
eration fevel determmed by Equation ¢, The cal-
culiated vibration Tevel and the adwmsted spectram,
then, provide the estimate ot the tight environment
at the particular modale bemg investigated,

VModule Loeation

Telemoetered thight data has indieated that vibra-
tion intensites and frequeney characteristicos change




with location divodghout the missite, For a common
reference for verification ol this phenomenon, it is
destrable to monitor several locations during @ giv-
en theht test, sinee perlormanee characteristies
viry signticanthy between thghts, Such data was ob-
tuined lor the aceessory and aft compartments duar-
mg two tlight tests, Additional data has provided the
ranges ol intensities for the mnerbody and the elect-
ronics compirtment,  CFable | presents representic-
tive intensities and the predominant tregqueney chare-
aecteristics tor the nasstle compartments, The vib-
vition in the alt compartment is more severe than
that in the acceessory compartment which, in turn, is
muore severe than that on the electeonics basket,
Measured aft corapartment vibration has weneratly
heen 2-172 to -1 "2 times that measured on the
clectronies basket. The more severe environment
toward the alt end of the missile is attributed prim-
arily to the proximity to the engine combustor,

rived by the "equivalent spectrum' technique de-
sceribed previously, accounting for the narrow-band,
high amplitude peaks, an extreme over-design or
over-test condition would have resulted,

CONC LUSIONS

The refationships discussed in this paper have
provided a satisfictory menns of estimating TALOS
flight vibration eavironments, While the specific
relationships cited were derived for a particular
missile configuration, the discussion of the general
trends of vibration with the various missile para-
meters is intended to suggest possible arcas of
study of similar teehniques in other types of flight
vehieles,

Table | - Compartment Vibration Characteristics

Average Measured Predominant Frequencies
Compartment Intensity - rms g Hz
Innerbody 6-8 600-800, 1500-2000
Electronices 4-7 1300-2000
Aceessory 14-20 1200-1600, 1750-2000
Aft 18-22 1-H00-2000

SELF-GENERATED ENVIRONMENT

Occasionally, it is necessary o aseertain wheth-
er the flight data is indecd representative of the ex-
ternal environment at a particular focation or wheth-
er it reflects some extrancous characteristies.  Such
characteristies caused by the data reduction process
are relatively easy to deteet and cheek,  More diffi-
cult to deteet and verity are those features in the
data that are not actually an external environment
hut are self-generated within the module being moni-
tored.  Such a situation existed in data obtained in
several flight tests with instrumentation on the pro-
pulsion fuel control svstem,  In the spectral analy-
sis of telemetered data, narrow -band, high ampli-
tude vibrational energy appeared at several distinet
frequencies throughout the 20 to 2000 Hz band. This
ditta was considered questionable, since it was sus-
pected that the narrow -band peaks were due to noise
emanating from the fuel control system turbine /pump;
but the proportion of the speetral data which could be
attributed to the noise was ancertain,  To resolve
the uncertainty, ground tests were conducted in which
the fuel control svstem was operated normally, with
no external vibration excitation of the system. Var-
mtions in the svstem operating parameters were im-
posed tor simulation of the several flight phases., In
general, the agreement hetween the flight and ground
data was excellent and indicates that the preponder-
ance of the monitoved flight environment in the im-
mediate vicinity of the fuel control system is self-
sencerated. It vibration requirements had been de-
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SYMBOLS

B bandwidth (Hz)

f frequency (Hz)

G(f) acceleration spectral density as a func-
tion of frequency (g2/1z)

L compartment rms acceleration (g)

£ rms acceleration at module attachment (g)

M free stream Mach number

p free stream static pressure (lb/ftz)

q free stream dynamic pressure (Ib/f12)

R single degree of freedom system accel-
ceration response (g)

W module weight (1h)

v(f) transmissibility as a function of frequency




STRUCTURAL VIBRATIONS IN THE BELL AH-1G HELICOPTER
DURING WEAPON FIRINC

R. Holland
Kinetic Systems, Incorporated
Boston, Massachussetts

and

D. Marcus and J. Wiland
U.S. Army Frankford Arsenal
Philadelphia, Pennsylvania

launcher.

mounted pod,

This paper describes a test program carried out on the AH-
1G Helicopter in which structural response measurements were
made during firing of the minigun and the 40mm grenade
Measurements were obtained on the gun turret, the
aircraft structure near the gunner's station
The resulting data is presentec
form of acceleration time histories and shock
A discussion of the transient response due to the firing
of each round is presented as well as the steady state
vibration at the weapons' firing rate.

and on a wing
both in the
spectra,

INTRODUCTION

The Frankford Arsenal is respon-
sible for the development of a
number of fire control systems for
the B3ell AH-1G Cobra Helicopter. In
the course of insuring the suitability
of these systems, various programs
for measuring the dynamic environment
at selected locations in the aircraft
are carried out. This paper will
describe one such program in which
acceleration measurements were
obtained during firing of the 7.62 mm
minigun and the 40 mm grenade launcher,
and the data reduced in the form of
shock spectra [1]

The Bell AH-1G Helicopter
(Figure 1) is a high speed, heavily
armed aircraft specifically designed
for the combat role., 1Its distinctive
features include the long narrow
fuselage, aerodynamic styling, in-
line seating of the gunner and pilot,
and a chin mounted gun turret. This
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turret can accommodate two 40 mm
grenade launchers, two 7.62 mm
miniguns, or a combination of one of
each of these weapons as shown in

Figure 2. Other armament includes
the 20 mm cannon and wing mounted
rockets. These weapons, combined

with the associated detection,
sighting and aiming equipment consti-
tute the SMASH system (Southeast Asia
Multi-Sensor Armament Svstemn for
Helicopters). Important elements

of this system, shown in Figure 3,
are the infrared sighting svstem on
the nose of the aircraft, and a

radar pod mounted under the starboard
wing.

This paper is primarily concerned
with the structural response of the
helicopter due to firing of the
minigun and the grenade launcher,
and the effect of this environment
on lightweight equipment. The
analvzed data is presented in the
form of shock spectra.



Fivure 1 - Bell AH-16 Helicopter with wing mounted radar pod

Fioure 2 = Bell AH-1G Helicopter gun turret with 7.62 mm minigun
and 40 mm grenade launcher
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pPILOT*S POLITION

GUNNER'S POSITION

STICHTING SYSTEM
GUN TURRET 20 MM TANNON

Figure 3 - Accelerometer locations in AH-1G Helicopter

Figure 4 - Frame accelerometer

AH-1G Helicopter

position at gunner s station,
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e el oter was instrumented
Sl T P U WS () .= T B A S
chocti i v celor eeters and MB Zero-
Drive sbonal conditioning aapliticrs.,
Re wraines were obtained using a 14
Sannel FM oairborne tane recorder
e rated at /-1 [RTERTSICN w'u'
Looeler wreters were mounted at three
v ations:  the cun turret, on a
doveup ot the radar pod, and on the
alreratt rtrase near the cunoner 'y
station,  Three acceleronetoers were
sounted at o cach tocation and were
oricnted to o sense vibration along
the three sajor axes of the aireraft,
Ficure 3 shows the accelerometer
Porcations and portions ot the SMASH
sestess The reader willl note that
in this aireratt, the yunner/copilot
is scated in rront of the pilot and
al=ost directy swver the wun turret,
Fivure 5% shows the access panel at
the sunner's station vhere the frame
aecelerometers were mounted,

FIRING DATA

Ihe firing data consisted of
acceleration time-histories for a
total orf six firing conditions, three
with the wun turret in the rore-att
nosition (firing head-on), and three
with the turret rotated 90 (firing
in the transverse direction).  The
three Uirineg conditions at ecach
turret orientation wvere the foilowing:
injeun riving at a rate of 3000
rounds ner aminute, minigun firing at
a4 cate of 2000 vounds per minute, and
the erenade launcher firing at a
riate ot 380 rounds per minute.
Fioures 5-11 show acceleration time -
history records of the structural
vibrations caused by the firing of
the minicun and the grenade launcher,
These records were obtained with the
Aelivopter on the ground with the
eneine running and reotor blades
turning at the normal rate.

Ficures 3 and 6 show the struc-
ural resomse due to the minigun
Divine head onoat its two fixed
dirine rates,  In Fieure 5 the
Tivive rate is best defined by the
cortical vibratioon in the sun turret,
Pl vate 15 casicr to see in Figure
o) o ULE Y R TS ag S KEw
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rate and the vibration amplitude has
decayed Jue to structural damping
betore firing of the next round. The
shock wave propagation from the turret
to the frame can be seen in this
figure, Figurce 7 clearly defines

the shock wave propagation from the
turret to the frame and pod, and

also shows the 30 Hz vertical response
of the externally mcanted pod.,  The
repeated firing rate of the grenade
launcher is shown in Figure 8.

Figures 9-11 show the structural
responses caused by the minigun and
prenade launcher firing in the
transverse direction. The transverse
firing data were not reduced to shock
spectrum form, but are presented here
to allow the reader to obtain a
visual comparison between the data
from the two firing directions. 1t
should be noted that the orientation
of the turret channels is relative
to the hare axis of the weapon, the
longitudinal axis thus being parallel
to the line of fire,

DESCRIPTION OF SHOCK SPECTRUM

The acceleration time-history
records of the shock motion of the
helicopter structure due to the
weapon firing were defined using the
Shock Spectrum Method. The defini-
tion of transient shock environments
by this method represents a special
form of single degree of freedom
response analysis. This response
concept is regarded as representative
of the "damaging effects" of the
environment and is thoroughly docu-
mented in the technical literature.
Ref. [2-5] , for example, contain
varied presentations of the basic
concepts involved in the development
of shock spectra and their applica-
tion to environmental shock analysis.

In brief, the shock spectrum is
a plot of the maximum relative
deflection responses of many simple
single degree of freedom systems
presented as a function of system
natural frequency,

Figure 12 presents a sample of
a four coordinate shocl spectrum grid.
A point on this graph simultaneously

e st
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presents the maximum value of the
three response motions of a single
degree of freedom system as a function
of frequency, i.e., displacement,
velocity and acceleration. The
relationship between these three
amplitude values and frequency are
given below in Eq. (1).

v=w$l
2
a =wv =wd (1)
n n

where d is the maximum relative
deflection of a simple
system responsc to a
shock input
v is the peak velocity

response
a is the peak acceleration
response
and w,is the undamped natural

frequency.

In order to utilize the data in
the form of shock spectra, it is first
necessary to determine the fundamental
frequency of the structural component
of interest. Knowing the frequency,
the maximum response motion is found
in terms of displacement, velocity
and acceleration from the maximax
shock spectrum curve.

DATA ANALYSIS TECHNIQUE

The data was analyzed and
presented in the form of shock spectra
using an 1BM 360 Digital Computer and
a Stromberg Carlson 4020 Computer
Plotter, the computer program being
based on the numerical procedure
presented in Ref. [2] . The magnetic
tape was digitized using a rate of
25,000 points per second in order to

provide the desired accuracy up to
2500 Hz[6] . Since the repeated
transients for a {iring condition
were similar, one transient was
selected from ecach direction at cach
location and for each of the firing
conditions to be aralyzed. In doing
this, the effects of the repeated
transients at the weapon's firing
rate were lost and are not represented
by the shock spectra. Instead, this
effect s presented later as vibra-
tion data which better defines the
environment. In order to obtain the
resonance at the wedapon firing rate
in the shock spectrum, a shock record
comprised of approximately ten
Lransients would have to be anal yzed,
The single representative transient
was seclected on the basis of having

a well defined initial peak which
clearly indicated the beginning of
the transient. Digitizing was termin-
ated when the signal would blend into
the background noisce. The time
durations of the digitizing process
for the various records arc presented
in Table 1.

SHOCK ENVIRONMENT

The shock cnvironment is repre-
sentative of a single firing trans-
ient, the dynamic environment at the
firing rate of the weapon is presented
in the following scction, "Vibration
Enviromnent'. The gun firing envir-
onment of the AH-1G Helicopter, for
the weapon firing head-on is presented
in Figures 13-18 in the form of 37
damped shock spectra. The three curves
in each figure represent the environ-
ment in the vertical, longitudinal
and transverse directions, These
spectra are maximax shock spectra
and were computed using a value of

damping of 37. This damping value

TABLE 1
Duration of Time History Digitizing
Firing Rate Digitizing Duration
Weapon (rounds per minute) (milliseconds)
Minigun 4000 15
Minigun 2000 30
Grenade Launcher 380 h9
203




KINETIC SYSTEMS. IN
Pt om o poom omoamswa) s EeHc o+ 8§ FERAfES] - pemes @Bowe

|
|

T g

=

o
. J;:'\;;'u' I "‘\x
; | |
e : | e
.-LIJ.';_'._'.J;'.EK.. ..'.l At als .-'A-J--._-_.«jh---lj
5 T

. 10, nae

Wi

P RY TN Y e
Fivare 13 - Three poercent damped shock spectra of
turret due to grenade launcher firving,
i i N R S e KIN__ETIIIﬁ_B‘YgTEdes. ING.
. ol

¥ b 3

== F T

T -
1,

ry

/

ol
]
]
.

bt

T T -
o

K : ™ _._l
bl ASeessotw il aSwsicwerm el o D DU Y

Figure 14 - Three percent damped shock spectra of
turret due to minigun firing.

204




2\

..n- P M J—&’ﬁ-

VELOCITY (in. seec

ﬁ
o
wlm o Jn‘é.-':..

<.;._ ]
3
b
4
|
i
3

£ d

(LI o,

Figure 15 - Three percent damped shock spectra of frame
near gunner's station due to grenade launcher firing.

HINETIC BYETEME (WS
“‘,',—/,.,-w—h—m-]—?.-.:.--,. B S
- e,
e
¥

W,

- N\A

1

3
A ;
g ] .I'II
= TG
g \ %
S
A
Coe K
-
,__._?s‘.\:%

2
<

4 .

r
? ol *
A M.:LJ&.MA&, i e o O
Pl dacon B

Figure 16 - Three percent damped shock spectra of framne
near gunner's station due to minigun firing,

: M <

205

. — e



.
i
1
|

| e
L

O s TN
s -.']'x’

ised

VELOOITY g

/.f’

o BT

FREQUENCY (Hs)

Figure 17 - Three percent damped shock spectra of pod
due to grenade launcher firing.

VELOECITY lin. fesci

(L] jan |, nisn 1a, Bnn
FREQUENCY (1i7)

Figure 18 - Three percent damped shock spectra of
pod due to minigun firing.

206




was selected since it re¢jresents a
lightly damped system wh.le signifi-
cantly attenuating the undamped peak
responses.

These spectra define the shock
environment in the gun turret, on
the aircraft's frame above the turret
near the pilot /gunner's station, and
in the externally mounted pod. The
spectra of the minigun firing is an
envelope of the environment caused
by the gun firing at both its low
and high firing rates. The grenade
launcher spectra was not combined
with this envelope since the aircraft
is also supplied with two miniguns
or two grenade launchers.

VIBRATION ENVIRONMENT

The vibration environment due
to the repeated transients of the
weapon firing was also definod via
the Shock Spectrum Method. The
integral of the shock time history
curve represents tte impulse of one
transient. This is equivalent to
measuring ground motion with a low
frequency seismometer. This impulse
is used as the peak amplitude of a
simusoidal motion for a vibration
test. The result is a vibration
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amplitude and frequency which is
representative of the gunfire environ-
ment, To the authors' knowledge,
there is at present no better method
of analyzing the environment of rapid
firing guns. As an example, the
velocity content of the turret in

the longitudinal direction duc to

the grenade launcher firing head-on
at a rate of 380 rounds per minute is
23 in./sec. This environment can be
simulated by a 6.3 Hz sinusoidal
velocity excitation having a peak
amplitude of 23 ips, which is equiva-
lent to a double amp:iitude of 1.2 in,
The response of the component being
tested would then be a function of
its damping and natural frequency.
This apprvach allows a simple vibra-
tion test to be specified to qualify
equipment for the rapid gunfire
environment.,

SUMMARY

The structural vibrations of the
Bell AH-1G Helicopter due to weapon
firing have been measured at three
locations of interest and reduced to
the form of shock spectra. This data
should prove useful in the design of
equipment to be installed in the
helicopter, and for the development
of test specifications.




CHARACTERISTICS OF GUNFIRE INDUCED

VIBRATION 1N HELICOPTLRS

ColEy Phomas aon VoG, Melntosh
Air Force Flight bynimics Laboratory
Wright-Patterson Air Force Base, Ohio

Flight measurements of vibration induced by armament fire on three types
of helicopters are described., Instrumentation and data analysis pro-
cedures are discussed briefly. Overall vibration levels as a function
of distance from the gun muzzles are presented.  The increase in vibra-
tion levels during gunfire over those encountered in normal flight, and
the variation in vibration spectra with rate of guntire are illustrated.
Amplitude probability density curves and oscillograms of acceleration
time histories are utilized to indicate the degree of randomness of
armament fire vibration in varions frequency bands, J

=

INTRODUCTION

The Air Force Flight Dynamics Laboratory
in cooperation with the U.S. Army Electronics !
Command has completed extensive vibration : = - .
measurements on three helicopters. Each heli- : 4% - - A
copter was equipped with one or more 7.62 X L - !
millimeter machine guns whose specified o o g R 4
| (nominal) firing rates were either 2000 or 4
! 4000 SPM, A 40 millimeter grenade launcher,
and 2.75 inch rocket launchers were also
installed on two of the helicopters. Vibration : A .
measurements were made throughout the helicop- . T
ters while the various armaments were fired. . = b : . A
This paper reports the results of the analyses L . ’ i
of these measurerents and- illustrates the . T 8
spatial distribution of vibration levels, i =4
frequency spectra, and amplitude distributions. Sz L e OF o dER MO Sodli g

[ 4
»
»

HELICOPTER DESCRIPTIONS Figure 1. Armament Configuration and Trans-
ducer Locations for Helicopter No. 1
The helicopter which {s designated No. 1
(Figure 1) is an observation type in the 2500

pound gross weight class. A 7.62 millimeter

minigun was installed externally on the left . F _,‘.%"

side of the helicopter with tne gun muzzle i .

approximately 12 inches outboard of the fuse- v ea s ] L e
lage sidewall at fuselage station 70. The A i

minigun was fired at rates of 2000 or 4000 3 o "éi

shots per minute (SPM).

The No, 2 helicopter (Figure 2) is a

i .
utility type in the 9000 pound gross weight i : o
1 class, It was equipped with two 7.62 milli- : 20 . L
meter miniguns installed externally on arma- : 2 —rya E R SR
ment mounts on each side of the helicopter. ) ; /—' - .‘;‘ .
The gun muzzles were at fuselage station 105 6‘"- ] . “
3 approximately 25 inches from the fuselage side- - -
walls. Two seven-tube rocket launchers were
installed outboard of the guns on tiie armament Figure 2. Armament Locations and Transducer

Locations for Helicopter No, 2

209

N 2 Db,




o f NEE o e g Pl e et
' tol e i epler,
CRRICRHINGY SR P sl ned Tate o
. A o HL T RO (O O T
Ao B [P TS
it v et vb oo 0 Tl
! . ' Wit
'| o HECH 1 ol and Lt
0 & ' e Lo Gt e b TR e
. gl 0 o RS, Y B S S AT I
Wt sl £ Y - 8 ol o0 B RINCEIIE T el (T
HO RO SRS ULt o tes e appresd
e b L e e ontboared. T ene
SHat o ol RN C RN A Tonid et D meetaonn = iy
. o It coard lecations st tae
1ot e statsen T, lwe

oW b b rensct bauichier s were
cunted v toe cnthoard pylons, o the second
conttnastat ten, the cantgans wete temeved and
VU pec et baune er s were fnstalled at the
b and Lo ations, lao comtigurations alse
sete enploved o the nese turret, o the

Pl el ceutiguration, twe J,0l millineter

vrovute o wete anstalled ) oand ta the second
cnltearatton, the lett aun was repliced by oo
W tihimetor grenade Taunoners Muceles ot
toe minteans and eresade fauncher were at
triselge wtativn oy Mindeun conbined tiring
tates werte ! either JUU0 or 4000 sPML Rates
S1orire o ne roceels nd grenades were

i toniately SR shets pet second,

Congyrd
Toa 22 =
«AA A - S A
-~ LRPCI S —ae
‘a A - [
[ =S ¥ -
[ §
. L
R 5 o'’

‘f.‘“é%' wme - =
- it =

. .

Figure 3.  Armament Configuration and Trans-
ducer Locations for Helicopter No. 3

INSTRUMENTATION AND ANAIYSITS

[nstrumentation consisted of (1) Endeveo
2200 serien crvstal accelerometers bonded to
aireratt structure by epoxy cement, (2) a 12-
chunnel, Y9-position selector switeh, (3) a I2-
channel gignal conditioning box utilizing
operational ampliticrs with external circuitey
te obtain hish input izmpedance and variable
aain, (4 a voice microphene, and (3) a 14-
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channel, P otape recording svstem utiliziog

U ips tape speed and 54 Kllz carrier fre-
quencies,  Accelerometers were mounted in
clusters of three te o sense vibration along the
tiace major helicopter axes at locations
tiadivated in Figures T - 30 Recordings were
wade during suntive at 2000 and 4000 SPM and
duting rovket and vrenade salvo,

Flighl |'vrurdings W \‘\)pik‘d in the
Liporatory on continuous loops of tape for
periods of time that did not exceed the period
ot armament firing (one to four sceonds).
Ihese Toops were then plaved back and analyzed
on L Spectral vnamics Corporation Model Sh-
TOFA spectrum analyzer. N 10 Hz bandwideh,
oune-secead averaging time, and two Hz per
sceond sweep rate were used for I'requency
analyvses covering the range from 5 to 1000 Hz.
Fhe bandwidth and sweep rate were fvereased to
0 He and tour Hz per second, respectively,
for analyses coveriug the range from 5 to
000 ez,

Amplitwle probability density (APD)
analyses ol selected vibration recordings
were conducted using a Gulton Industries
Statistical analyzer., Controls >a this
analyzer were adjusted to obtain an amplitude
range of * 3 standard deviation units, a
smoothing time constant of three seconds, and
a scanning time of 450 seconds.

OVERALL VIBRATION LEVELS

Figure 4 illustrates overall lateral
acceleration level on Helicopter No, 1 as a
function of fuselage station during the attack
mineuver, gunfire at 2000 SPM, and gunfire at
4000 SPM. The muzzle of the single gun on
this helicopter is located at fuselage station
70. The maximum overall acceleration level of
23.4 g's was detected by an accelerometer
located at fuselage station 62, 8 inches for-
ward of the gun muzzle. Gunfire vibration
levels at fuselage stations 50 inches forward,
and aft, of the gun muzzle are less than 25%
of the maximum level. Vibration levels at
locations near the gun muzzle increase greatly
during gunfire. For example, at fuselage
station 62, the vibration level increased from
0.6 g for the attack maneuver to 23.4 g's for
punfire at 4000 SPM. Figure 4 also shows that
the overall vibration level increased approxi-
mately 20% as the firing rate was increased
from 2000 to 4000 SPM. Overall acceleration
levels, at all locations except at fuselage
station 220, are appreciably higher during
gunfire than those during the attack maneuver.

wiamh S link




,, o MZAG W AN WM
" U253 iR, wan i

li IlI. i I. l. In
" A al

Fustoiaol Jiniion |

Figure 4. Variation of tverall Lateral Acceleration Level with
Fuselage Station ov Helicopter No. 1l During Gunfire
and Attack Maneuver

The variation of overall vertical
acceleration level with fuselage station on
Helicopter No. 2, during gunfire, is presented
in Figure 5. The maximum gunfire vibration
level (10.1 g's) was measured by an accelero-
meter located at fuselage station 95, 10 inches
forward of the gun muzzles. Gunfire effects
are sowmewhat less localized than they were on
Helicopter No. 1. Gunfire vibration levels at
distances of 100 inches forward, and aft, of
the gun muzzles are nearly 507% as high as the
maximum level. Overall gunfire vibration
levels are greater than 3 g's throughout the
helicopter.
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Figure 5. Variation of Overall Vertical Acceleration Level with
Fuselage Station on Helicopter No. 2 During Gunfire f
and Attack Maneuver
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are obtained tfrom three lateral aceelero-
meters Jocated in the nose compartment.  All
three lateral accelerometers were located near
fuscelape station b0, just forward of the pun
wuzsles, but they were at ditterent lateral
distances trom the gun. The accelerometer tor
tive upper plot wvas located only 20 inches trowm
the pun muzsles This spectrum shows o peak
level o1 approsimatels 4 g's at 07 Hz, the
fundasental puntire freguency. The spectrum
then temains relatively tlat to 1000 liz except
tor winer peaks gt barmonics of the guntire
trequeney, I aveelevometer tor the center
plot was located in the center of the nose
compartment approximately 40 inches from the
put muzzle.  he lower plot is for an accelero-
meter located on the ripght side of the nose
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and Aft Acceleration Level with

Fuselage Station on belicopter No.o 3 During
cunfire and Attack Maneuver

Plaure 7 shows g conparison of the over-
all vibration data trem Helicopters Noo 1T oand
.0 this tigure illustrates major differences
i botn cuntire vibration levels and the
variation ot these levels witn distance from
e cun muszles, The distance of the gun
uezles trom the tuselage sidewalls for Heli-
copters Noo Loand 3, are 12 and 20 inches,
respectivelve This difterence certainly vould
acvount tor higher vibration levels neasured
on Helicopter Noo 1o Also, the gross weights
crothe two helicopters are 2500 pounds tor
Belicopter Noo Loand 9000 pounds for Helicopter
Lol 3. Ihis ditference o gross weights and
ditterences in ostructural rigidity could result
in lower vibration response for Heiicopter No.
b, oand al-o could affect the rate of change of
D levels with distance from the gun

Gl L

e SPHUTRA

are 8 osnows tvpictl frequeney spectra
o ocarring on Helicopter oo Dduring gunfire

oaued St The three plots in tnids figure
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compartment approximately 56 inches from the
gun muzzle. These plots show that at all
frequencies above 400 Hz, the gunfire vibration
{3 atwenuated as {t |s transmitted from the
left to the right side of the nose compartment,
At 1000 Hz, the vibration level is 1.5 g's on
the left side of the nose and oniy 0.1] g on
the right, or the level has decrvased by a
factor greater than 10 as vibration was
transmitted through 30 Inches of structure.

The overall accel ration levels for the three
locat ions werce 23.4 g's on the left side,
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Figure 8, Lateral Vibration spectra in Dese corports oo
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Figure 9 shows a comparison of vibration
spectra from Helicopter Neo 1 oat wun tirving (O O T O (AT G PSS Y
rates of 2000 and 4000 SPM. The attack e plaim | e o gt e R
manceuver spectrum also is shown in the lewer 3 I, T ES L bk

; plot to indiciate the decreased level of vibra- ¥ .3 B - oef B S
tion existing without gunfire. The twoe upper R IR e =t il
plots show the first five harsonics of the T D0 TRl = ometomt) S0 B R 30 A il
fundamental puafire froquencics (37 and o7 fon) talli Mhpe . AREER SRR R vare Hag et
rather clearly, but higher harmonics are dirti- SO CAENT SR RS o IO M -
cult to detect.  Both spectra show maxinum T B Y S O A A
levels at 600 Hz.  Spectrum levels are slichtly SO TE S & I I e ST
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Figure 9, lLateral Vibration Spectra in Nose Compartment
(F.5. 62) of Helicopter No. 1 During Gunfire at 4000 SPM,
« Gunfire at 2000 SPM, and the Attack Maneuver

levels up to 1.0 g oat frequencies between
1000 and 2000 Hz, and levels above 0.3 g up to
000 Hz.  These levels are low relative to the
1 peak of 4 p's which occurred at 600 Hz. How-
vver, the 20 Hz analvzer bandwidth may be
marrower than the response bandwidths of some
structures and cequipments at frequencies above
1000 Hz, and spectrum levels obtained from the
20 Hz analysis bandwidth could be misleading.
One-third octave spectrum levels for the 4000
SPM gunfire recording varied between 3 and 4
w's in the frequency range of 1000 to 5000 Hz.
These levels could result in malfunction of
sensitive equipment.
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Figure 10, Lateral \ibration Spectra in Nose Compartment

(F.S. 62) of Helicopter No. 1l During Gunfire
at 4000 and 2000 SPM 1
Spectra obtained from the lower nose grenade salvo, gunfire, and the attack maneuver |
compartzent (fuselage station 0) of Helicopter are shown on the upper, center, and lower plots,

No. 2 oare shown in Figure 11. Spectra for respectively.,  The gun firing rate was expected




to be 4000 SPM, but the renter spectrun
clearly shows gunfire hartonics spaced at
multiples of 45 Hz and which corresponds to
an actual pguntire rate of 2700 SPM. 0 T
spectrum for grenade salvo s sivilar to that
for gunfire except tor the lower puntire
harmonics.  Both spectra pear at 500 He and
are -‘Ip[)l‘(n’.iln.l(t'l'.‘ the satie b by
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Figure 11, Vertical Vibration Spectra on Loser shelt o Lo o
(F.S. 0) of Holicopter No, 2 Duriny Grenade solvo, nantire ot

and U Altaor TLnenver

Figure 12 conteins spectra ter the ait prehode calve are toiee 0 L T o taad
clectronics compartment (fusclage station 173 Pesngow) 3 S U] LUt e e e MR ke F
of Helicopter Noo 2 for rocket salve, pun- e st e el i tetade U Bt atly be
fire at 4000 SPM, and the attack mancuver. A ol i oar t Al e I e, w S
check on spacing of guntire narmonics shows telow 400 b Lfe Bma LT s Date WO g skl
that the machine gur was firing at an actual shews considerab s ienor Tovors st rog i fos
rate of 3500 SPM.  The spectrum for rocket aveve A0U BE. 0N Teasen Tor Thas mas e aat

launch also is similar to that {or gunfire, the Foveot st come ] g g

but the rocket salvo spectrun has bipgher Goo thae ottt cloctrenics [
levels below 50 Hz and above 500 Lz, The turret oo e
spectrum for the attack mancuver exbibits trog e i . T
peaks in the range of 100 to 300 Hz.  lhese P O T B T S S R L U S SR UK T S RO
peaks occur at harmonies of the tail roto A ST R B BT U

blade passage frequency (50 Hz).  The vibra-

tion induced by the tail rotor also contri= 1 VT TSI = ) SR T

butes to corresponding peaks in the guntire fov letimi il evigl) T g e ¥

and rochet salve spectra. Apparentiv, the ESoSR (LD TE Ot R ITRNESHE SRR (R

praks in the response at frequencies abo viviae rat thes L,

300 tlz are determined more by structural Vit 1 o R0 S

resonant frequencies than by the exortativ L R T S O T T
from armament fire, since gunfire, rocvaet tire, ol®an b Lot fnoas Lo fanat g ot L
and grenade fire produce very similar PN 150 RTINS SR S IR | R NS S SO O
spectra. ST R, ST R S ) R G ST 1515

dvove My i alkt e,

Spectrum plots for the aft electronics Ao canta 1 = M St tate,
compartment (fuselage station 310) of Heli- .i"“-" [ESKRSCO R | 114 .
copter No.o 3 during prenade salvo, rochet WO T terresgn ’.1~313--' S B B
salvo, and guntire at 4000 SPM frem the Teve s L0 Mo RS for o T g e e

. q ds v Jthon
nose turret guns are contained in Figure 13, G G

This location is 255 fncies aft of the turret eveds wi o ERREREI
gun and grenade launcher muzzles.,  Overall ECE U B g : S b

acceleration levels due to vuntire and
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Figure 13, Vertical Vibration Spectra in Aft Electronics Compartment
(F.8. 310) of Helicopter Nu., 3 vuring Grenade Salvo, Rocket Salvo,
and Gunfire from Turret Guns at 4000 SPM
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Figure 14,
(F.S. 09) of Helicopter Noe.

ACCELERATION PROBABILITY DENSITY

Amplitude probability density (APD)
analyses were conducted on filtered (10 He
vandwidti) acceleration time historice duriay
gun, rocket, and grenade firing.  oscillograe -
of the tiltered aceeleration data also wer
obtained,  The degree of randemness ot tac
vibration is illustrated by both toe AP plots
and the oscillograms.

Figure 15 illustrates APD plots g
oscillograms of 10 Hz bands of aceeleration
time histories from Helicopter Noo 3 aurin
guntire of the two nosce turret guns at o
coumbined rate of 4000 SEHM. The acocleromoter
was located at the nose turret intertace, e
63 Hz center frequencey fllustrated is tin
fundamental firing rate of the miniguns
(slightly below 4000 SPM). 1o this treguencs
band, the acceeleration is larpely sinuscival,
The APD plot and the oscillowras tor tne

204 Hz center frequency jllustrates rander
vibration with essentially Gaussian Jdistribu-
tion, Although not included herein, a lare
number of APD analvses were perforsed on

other guntire time hostories.  In peneral,
these amalvses confirm the results illustratod
by Figure 15, In frequency hands below Joo e,
gunfire vibration generally is more acarly
sinusoidal than random, and above 200 e 300
Hz gunfire vibration is predominantly
with essentially Gaussian probability densite,

Both rocket and grenade salve ocour ot
rates of four to six
corresponding vibration response is a series
or train of transient vibrations which fave
broad band frequency conteat and decay
approximately to initial conditions between
firings., Figure 1o shows APD plots and

shots per second. e
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eure 1o Acceleration Probability Density at Nose lurret Interface (F.S. 69)
Daring Firiag of Turret Guns on No.o 3 Helfcopter at 4000 SpPH

Figure lo.  Acceleration Probability Density in Nose Compartment
at F.o 8. 0 of Helicopter No. 2 During Grenade Salvo

SUMMARY

The maximum helivopter vibratjon response inches aft, of the gun muzzles, At distances
to firing of externally mounted, 7.62 milli- sreater than 100 inches aft of the gun muzzles,
meter mrchine guns vecurs within a distance punfire vibration levels generally are not
of 35 inches ferward of the gun muzzles.  High significantly greater than the levels without
level puntire vibration in excess of 5 g's is gunfire.

localized to within 100 inches torward, and 50




The maximum overall acceleration levels
during gunfire are greatly influenced by the
distance of the gun muzzles fron the fuselage
sidewalls, Maximum levels measured on Heli-
copter No.o 1 where the gun muzzle was 12
inches from the sidewall were twice as great
as the levels measured on liclicopters No.

2 and 3, where the gun muzzles were &0 and M0
inches, respectively, from the sidewalls,

Based on 16 measurements within D0 i
of the gun muzzles on three helicoptors, o
average ratio of overall acceleration Tewdd
during guntire to that during the attao
mancuver without punfire was 120500 The e
mum ratio obtained from measurerents oo three
elicopters was 39,

Based on the average ol 42 measurenont:
on two helicopters, overall acceeleration
levels during gunfire at 4000 Si% arce 360
greater than overall acceleration levels
during gunfire at 2000 SPM.  Increased
acceleratioa levels occur throughout most
of the frequency range at the higher guntice
rate, but the increase is more pronounced at
frequencies above 500 lz.

The frequency spectra of helicopter
acceleration induced by 7,62 millireter guntire
are characterized by well detined peaks at the
fundamental gunfirce frequency and the tirst
five harmonics of the fundamental. At
frequencies above 200 to 300 Hz, harmonic
peaks are less pronounced, indicating more
cont inuous spectra and more random vibration
that usually is associated with continuous
spectra. Maximum acceleration levels due
to all types of armament fire ovccur in the
frequency range of 250 to 600 Hz, but

aporeciable acceleration levels exist at
frequenc fes up to S5000 Hz,
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DISCUSSION

McCaskell (Bell Helicopter): I judge from your
conclusions that you are implying that basically the
helicopter vibrations are influenced more by muzzle
blast than by recnil of the systems.

Mr. MclIntosh: Yes sir, very definitely.

Mr. McCaskell: You covered i tremendous
amount of ground in vour work and it is going to be a
tremendous help to us, Did vou, in fact. on ship
numbcer 3 for instance do off-aungle firing?

Mr. MclIntosh: We did, however. none of that
data is included in this paper,




INFLIGHT VIBRATTON AND NOISE STUDY oF “PIRLE HELTCOITIRS

Phytlis . Belds and Jdobhn 1o Ach
Nir borce Flight bynamics Laboratory
Wright-Patterson Nir foree Buse, Ohio

The Air Force Flight Dynamics Laboratory has obtained inflight vibration
and acoustic data on a series ol helicopters for upgrading of environ-
mental design criteria and verification of dvnamic prediction technigues.
These data, acquired from several helicopters, are discussed in detail.
The individual and collective characteristics of these helicopters are
detemmined as a function of dynamic measurcment levels. These levels are .
then related to sources, i.¢., rotor, acrodynuics, and engine; and '
performance characteristics, i.c., hover, take off, and speed range.  The
spatial distribution from vehicle to vehicle are also considered.  The
measured data used in this study covers jet engine powered helicopters.
The data was examined to determine whether it is generally random (dis-
tribution of amplitudes} or sinusoidal in nature., The specifications
relating to personnel and equipment for vehicles of these general types
were examined, and changes were recommended as indicated by these data.

e o

INTE UCTTON

Human discomfort and equipment malfunction
arc coeurring in military aircraft operating
under combat conditions. This indicates
cither an inaccurate assessment of the envi-
ronment or the use of data that is not current
to prepare personnel comfort and equipment
specifications. To obtain this needed infor-
mation for current helicopters the Air Force
Flight Dynamics Laboratory and the Army
Electronics Command (AMSEL) participated in a
Joint cffort to determine helicopter dynamic
characteristics under simulated combat condi-
tions, including gunfire. This program is
part of a continuing effort by the Air Force
Flight Dynamics Laboratory to acquire com-
prehensive vibration and noisce data on all
available aircraft and missiles.

The objective of this paper is to discuss
the non-gunfire portion of these results: to
show the measured dynamic response of cach
test vehicle as a function of performance and
station; to compare these data with existing
environmentul specifications, i.c., MIL-STD-
810B(1), relating to helicopter cyuipments,
MIL-A-8806A, relating to the sound pressure
level in aircraft, and MIL-H-8501A, vibration
specifications relating to helicopter per-
sonmel.

TEST VEHICLE DESCRIPTIONS

Helicopter A, shown in Fig. 1, is a single-
engine uircraft in the 9000 pound weight class..
The aircraft missions are to transport per-
sonnel and equipment, medical evacuation, and
ambulance service. When equipped with armament,
it may be used to deliver point target and arca
fire power. Helicopter B, <hown in Fig. 2, is
a light-weight, single engine, four-place heli-
copter. Primary mission of this helicopter are
observation, target acquisition, reconnaissance,
and cormand control. When equipped with an
amament subsystem it is capable of defense
against ground based fire {rom automatic
weapons and small arms. Helicopter €, shown
in Fig. 3, is an ammed tactical vehicle with
two scats and weighs approximately 5000
pounds cmpty and grosses at 9500 pounds. The
primary mission o% Helicopter € is fire support,
General data for the three test vehicles are
listed in Table 1.

FIELD MEASUREMENT AND ANALYSIS

The flight instrumentation consisted of an
average of 01 piczoelectric accelerometers for
cach of the three surveys, 12 crystal micro-
phones, 12 low {roquency accelerometers (0 to
160 Hz), a 13-channel signal conditioning unit
containing operational amplifiers with external
circuitry for continuously adjustable gain, a
voice microphone, and a ld-channel PM magnetic {
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Figure 3. Selected Transducer Location -
Helicopter €

tape recorder utilizing 30 ips tape speed and
54 Nlz center frequency FM record amplifiers.
Figure 4 shows a block diagram of the data
acquisition system. The piezoelectric accel-
crometers were mounted usually in groups of
three and oriented to sensc vibration along
the major axes of the helicopter. Microphones
were mounted externally along the longitudinal
axis anu on the upper surface of the heli-
copter to scnse blade passage excitation, ex-
ternally on the armament mount and internally
on the pilot and co-pilot's helmets, rear
cabin, cabin bulkhead and avionics compart-
ment. lLow frequency accelerometers were
mounted on the instrument panel, right and
left side of the cabin floor, fuselage-tail
section interface and tail boom., All pickups
were calibrated in the laboratory using the
same cables, connections and mounting brackets
used during flight measurements. The accuracy
linitations of the flight measurement systems
arc a swmation of errors contributed by
transducer, signal conditioning equipment and
tape recorder.  The maximum error of any one
of these clements is unlikely to exceed +5% of
full scale output. A reasonable estimate of
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the maximum overall error is the root-mean-
square of the errors of the three contri-
butors or +8.7% of full scale output.
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Figure 4. Block Diagram of Data Acquisition

System

Measurements were taken during ground
runup, take off, climb, level flights at
various speeds and altitudes, hover, descent,
autorotation, combat approach to landing,
turns, sideward flight, and reamvurd flight.
For each flight condition, ua 12-channel data
sample of 20 seconds duration was generally
recorded for cach of the nine selector
switch positions. Recorded flight intformation
included altitude, airspeed, rate of climb
or decent, pitch angle, roll angle, engine
speed, main rotor speed, iorque pressure, tuel
weight, outside air temperature and tail pipe
temperature.

TABLE 1T

FREQUENCY ANALYSTS PARWETERS

Effective  Frequency True Scan
Banavidth Range Averaging Rate
(=) - (H=) Time (Sec) (Hz/sSed)
3 "olo0 5 (0
15 0-500 1.4 1§
35 501-1000 2.0 ol
75 1001-6000 1.0 o ot

The data reduction procedures consisted
of playing back all records on a tape record/
reproduce system and measuring overall rms
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levels on o level recorder. Bata samples ne-
coessary to establish maximoen, minimoun, and
average levels, and to indicate variation in
covironmental levels with light parameters,
were selected and analyvzed an detainl. Vst
of the selected performance characteristios
of the analyvzer are contained in Labile 11
Fable 1T presents o swmary ol the flipht ;
test conditions tor which detavted analoyg
analyses were mades The Lita resalting trom
the analog antlyvsis were proce-<el using an
TEM TO11/7000 computer svstem, The compated
data were sorted anto the dered cader and
then plotted by oan aatomat te plotter ooy
tape anput capababite, vV Block diguae oy the

ata analyses ovsten o~ shown o Dieure O, b

Figure 5.0 Block Diagram of Data \nalvsis

System
DALA PRESENTATION

Approximiately 150 of the analyvzed data is
presented in this paper. Figures 1 through 3
show transducer lTocations sclected tor presen-
tation for ilelicopters A, B, and €, respecti-
vely.,

Four piczeclectric vibration transducers
were selected from cach helicopter survey at
similar locations in cach of the following
arcas:  ta) nose section, fboinstrument pancl
tc) carge area, and (dr tail boom.  Helicopter
B has no comparable transducer in Jhe nese
section since the vehicle is small and the
instruzent panel is in the oxtreme forward
part of the fuselage (fuselage stution 30,
The vibration data were prejected onoa nomul-
ized fuselage scale as o function of the
measured overall acceleration levels n g-
units,  Data are presented for the four sclec-
ted vibration transducers which were oriented
to sense vibration in the vertical direction.
These data are presented in Vigures o through
12, In addition, data are presented for these
tour transducers in Figures 13 through 1o to
show the variation in overall acceleretion
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the manieagn doubie amplitude levels meas-
ured from all vibration transducers located in
the nose and the cargo arca are presented in
Pigures 17 through 22, These plots represent
the maximom Jevels measured in the three
orthogonal ditactions for all of the flight
conditions bisted in Table 11, Figure 23 is
A4swwmnary plot showrng the maximum double
amplitude levels measured for cach ol the
helicopters,

Freures 21 through 26 are plots of the
raxumon vibration levels obtained from two low
frequency accelerometers orientiated in the
vertical and lateral drrection and located on
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the cabin floor of cack of the three helicop-
ters for the flight conditions listed in
Table 111,

amplitude probability density curve

I f the main rotor fundamental {requency
puted for data measured in the nose

~.on of cach helicopter during a combat
approach configuration. The APD was construc-
ted from -30 to +3c using the analysis para-
meters listed in Table IV, In addition, APD's
were computed for the same flight condition
tor peaks in the spectrum which occurred
hetween 200-400 Mz and 1000-1200 Hz,  These
APD curves were superimposed on the plot for




cach helicopter and are presented in Figures
27 through 29.
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The acoustic data recorded from the
microphones attached to the pilot's helmet
in cach aircraft are shown in Figures 30 and
31.  The graphs are maximum one-third octave
data levels recorded under the flight
conditions contained in Table [11,

RESULTS
The results of this study consist of a

discussion of the figures outlined in the
Data P'resentation section of this paper.
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Figures o through 12 mdicate that the
overall ¢ levels measured n the tailboom are
S oto 10 times higher than the o Tevels meas-
ured in the nese and onter section ot the
three helicopters,

Preures 13 threach Teoandicate Tittle varr-
atton cless than booe an aerall s levels
ttrom o te SME - measarad ot e lar locatons
i ocach ot the thieo to-t vehicles tor the
saven thight condation consndered. Freure
1o, however, tndicates varratso ns of greater
teel tude osp e reasured i the tacd boor The
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overall g-levels measured in Helicopter B are
consistently higher than the overall g-levels
measured in lelicopter A or U

The vibration test curve (sinusoidal)
from Ret'. 1, MIL-STD-810B(1) Curve M for
caquipment designed tor helicopter applications
ha: been included on Figures 17-220 These
tares show that in the frequency range of
3t 500 Hz where the test curve applies, data
ceneral v fall below the test curve for all
three test vehicles, However, Pigures 17 and
In contam data trom Helicopter A which
eaveads the test cunve at frequencies between
Soand e Hoo Brgures 12 oand 20 contain data
trom delrcopter B whirch fall just below and
~Tightly above the test curve st tfrequencics
between > and 10 Hzo Frgures 21 and 22 con-
tin data from Helicopter U shich exceeds
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Helicopter Responsc to Sclected
Flight Conditions in the Nose
Section

Figure 13.

tle test curve at frequencies hetween S and
35 Hz and fall only slightly below the test
curve hetween 35 and 500 !z, It should be
noted that although the test curve does not
extend beyond 500 Hz, significant levels of
vibration exist up to at lcast 5000 Hz on all
three helicopters,  The maximum vibration
levels measured in the main body of each of
the three test vehicles is summarized in
Figure 23. A recommended sinusoidal test
curve for use in design and test of helicopter
cquipment is superimposed on Figure 23.

Typical amplitude probability density plots
are shown in Figures 27 through 29. These data
and a considerable amount of additional data
not shown in this paper indicate a definite
trend toward randomness above a frequency of
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approximately 300 Hz. The data were converted
to power spectral density (Psboand an enve-
Iope, for the maximum levels of acceleration
measured, was computed.  The data indicute
that a PSD level of approaimately 0.1 ¢ Hz,
over the frequency range ot 300 to 5,000 Hz,
would encompass the maximm levels measured,
It should be noted that within the basic
fuselage of the test vehivle, this cenve-
lope tends to roll off above a frequency

of approximately 1,000 lz.

huring linear acceleration or deceleration
from any speed to any other speed within the
design flight envelope, the maximum vibration
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TABLE 1V

APD ANALYSTS DATA - FIQURLS 27-29
Heli- '
copter Ch-Hz Bh-Hz St oSt It
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Prgure 1o, Helicopter Response te Selected
Flight Conditions an the Tatl-

boon

at personnel stations in helicopters <honld net
eaceed the level specitied in MU -H-830TY,
Para, 3.7, 01tcy, ret, 20 lhe speciticaty o
curve i< oancluded an Pigures 21 through 2eo1o
reference.  The maximm levels seasured on the
cabin floor of Heliecopter Foand U aweend the
toot curve in the frequency roe of e Lo s
and 10-50 Hz, respectively as shown in Pigures
25 oand 2o, othenase vibratin tevels tall
botow MIL-H-8301V requirerments tas rederenced,

MIL-A-8800A, Table TITA, retoreive 3,
lixts the sound pressure leved (sPEnot o be
excecded mnoarrerart where persemicl tust weas
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figure 27. Amplitude Probability Density
Analysis, Helicopter C

.14

Figure 28. Amplitude probability Density
Analysis, llelicopter B

helmets at all times and communicate by clec-
tronic means. For the purpose of comparison
with the measured data, the spccificd levels
were converted from octave band SPL to one-
third octave band SPL and arc included on
Figures 30 and 31. The measured SPL for
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Helicopters A and C generally full below the
test curve ar shown in Fieures 30 and 31, The
levels measured in Helicopter B exceed the
test curve in frequency bands 31,5 to 400 Hz
by 2 to 5 dB and as much as 12 ab in frequency
bands above 1600 Hz as shown in Figure 30.

CONCLUSTONS

1. The test tevel specified in MIL-STH-8108
{1y Helicopter Vibration Test Curve M is in-
adequate for use in desiyn and test of equip-
ment to be located in helicopters.  Measured
data from this study indicate that the test
curve should be changed both amplitude and
frequency range. The failure to design and
test heljcopter equipnient to the proper levels
of vibration in the § to 10 Hz range and a
complete lack of test and design criteria in
the 500 to 5000 Hz runge, may account for many
of the equipment failures and malfunctions
that now occur in field use. The following
envelope curve is considered to he more real-
istic for use in design and test of equipment
to be located in helicopters: 5-10 Hz, 0.40
in. Jdouble amplitude, and 10-28 Hz +2g, 28-44
Hz, 0.05 in, double amplitude, and J3-5000 [z
54

2. The increase in randomness of the vibra-
tion duta above 300 Hz indicates that in
addition to sinusoidal vibration testing of
equipment mounted in helicopters, there exists
the requirement for random vibration testing
in the 300 to 5000 Hz frequency range.  Use
of an appropriate random vibration test cri-
teria tor helicopter equipment would inprove
the service reliability of helicopter systeoms,

3. saund pressure levels in the cockpit area
of helicopters exceed levels specified in
MIL-A-880eA, Table TH, by 2 to 12 dB in
several frequency hands,  The sound pressure
levels are not considered to be of a high
cnough magnitude te cause damage to equipment
located within the helicopter tuselage.
However, ditficulty in communication by




chos Ui mease wp 1Yo e e e Tt
i Al G oo st AL Lkt gk

o eaned bt e 0 tat the toleranee
S 01 PLOCRREIN N oo ) Ol 18178 v hedroop ters
Midooosaedh b S0 b 0 e il to
i degquate, vrew ad o poesseter dscontont
Nttt g et eadpe i

b cener el the varnats oo vibratnon
lovel s o o suntrre gat o wrth it condi
Eone oate medid Lo mpaned U the vard
wron s th traenadieer Locatt o,

wor e M N

Phiehit vibratton measurenent s were
tevcerpd e hed oantle Inothe Ve Toree Plight
svinpnies Laboratory and the Mechanical bngi
neering Eranch, Tnginecring suppert Division,
Ryt Technelogy support dtivity of the 1, S,
bmy D lectronicos Camand, Fort Monzouth, New
Tersey . Many Ay personne D participated in
the thicht measarements, bt particular
achnon ledgment 15 extended to Mo AL Condouris,
Feader, Mechanical \irborne bquipment Tech-
mical Area, md to Ao JL Glurtz, the Aoy
Prooect bngneer Tor the thight vibration
sedsarement<, o Mes LoEL Vaughn also desernves
spec bl recegnition tor hes assistance in
malvong the vibration data.

REFLRENCLS

1. "™ilitary standard Environmental Test
Methods ' ML STD-810B, Notice-1, October 1909
', Military General Specification for Sowd
Pressure Levels in Nireral't,"™ MIL-A-8800A,
July oo

3.0 "Helicopter Flving and Ground Handling
dual itiesy General Requirements Cor MIL-H-
SH01\ Novepmber 196]

BT TOGRAPHY

1. lLeo L. Beranek, "Noise Reduction,”
MotGraw-Hill, New York, 1960

2. R, E. Barbicre and W. Hall, "LElectronic
Design's Shock and Vibration tuide for
Aithorne Application,' WADC Tech, Rept,
58-303, Dec. 1958

DISCUSSION

Mr, Smith (Bell Acrospace): This is o general
question aimed at the séssion rather than the last
speaker,  Tam puzzled at the need  for the apparently
Large amounts of analysis done on amplitude density
curves,  Iwould have thought that in any compound
spectrum, if you know the ratio between the local sin-
usoida! part of the signal and the spectrum level in the
local one=third octave band, then you can sketch out
the amplitude density curve without going to the
trouble of doing an analysis, In any case, is there
any physical significance in the amplitude probability
density curve of a part of a compound signal ? Per-
haps any or all of the previous speakers might like to
comment on that.

Mr. Thomas (AF Flight Dynamics Luboratory):
We feel it is essential, if you are going to look at

this data to define rather closcely its characteristics.
This must he done to devise a specification which in
some measure will reproduce the effects. not perhaps
the environment, As to the need for looking at one-
third octave data and then at narrvow band and
arriving at the conclusion that you may or may not
have random datie, [ would tend to disagree with you
there.  If you have non-phasce-correlated sinusoids
which fall within a given once-third octave, and that

is quite possible on these helicopters using one-third
octave dala, it would tend to give a random distri-
bution. The object here was to eliminate that
possibility. Doces that get to your point at all?

Mr. Smith: I think what you say is true but [
still think your can draw the answer without doing an
analysis,
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Mr. Thomas: You may be able to do this. We
do not helieve that it is quite as conclusive as
actually showing the data. The best test in my
estimation for the randomness of data is successively
narrowing the bandwidth until you get no change.
Then you know whether or not you have random data,
You may have sinusoids very closely spaced. Any
other approach to doing this would tend to indicate
randomness.

Mr. Clevenson (NASA Langley Research
Center): T would Tike to commend you, Mrs  Bolds,
on a fine paper. You gave a wealth of information
and I am sure we arc all appreciative of it. My
question pertains to the analysis in which you show
the amplitudes as a function of frequency and com-
pared them to the Mil-STD-810 specification. 1
wonder what analysis you used to get all of these
amplitudes that you have shown and whether you
showed only the peak amplitude?

Mrs. Bolds: We sampled data at every 20 cycles
in the lower frequencies and we spaced them further
apart as we go up in frequency. We also measure the
data at the difference peaks in hetween. These data
are then run through the digital computer and we
compute acceleration, double amplitude, and so forth.
We tuke these data then and plot them, combining
them in frequency bands approximating one-third
octaves, That is what you see here.
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