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VIBRATION 

srnvKv OK SPACK \I:IIICI.K VIHHATIU.N 

ANALYSIS AND TKST TKCIIM'M'KS 

\\ .  Ilciir-icks,  H.  .).   Ilcivln i-^,   li.  C.  Wiviin 
l.orklicr«! Missiles \  S|i:u*i' ( uriiiniin 

Sunm \,;ili', (':ili Ujnii.'i 

A simvv vi'hiclu imisl survivi' ;i varii,t\ of envirwuru'rils iliifiiif» ilu  latmi-h, ii.-ccni 
and orbital si'qucnces ol its tliulit.   Onr of tlif imncifial cnvironmiTUs is ihr 
(Ivnamic environment.   Its preiliction,  relatftl anahsis ami irsi IU-UC riluics, list 
philosophy,  recent expfrU'iu'e sind current resulls arc iliscusseil.   Currcnl mi-as 
of considerable interest in the industn are the iinalvtical tcchrtiijm-s lor lunh 
frequency ( ^10() Hzi random vibration imd the allciidiint curiiiu sl;il(-ul-llu—;irt 
testint; techniques.   These areas will receive particular atlenlion with s|jerial 
emphasis on recent test results.   The mission requirements of the space vehicles 
will not be discussed.   Onlv the lechnologi prohlcms ;issuciMlcil with lilc amiKsis 
and lestinn of space vehicle eonfig'Urations is surveved. 

INTRODUCTION 

This survey pap"r will discuss the dvnamic 
environments that induce hij^h frequencv ( > lOU Ilzi 
random vibration in a space vehicle and components 
thereof.    Particular emphasis will be given to 
current state-of-the-art problem aivas in both anal- 
ysis and testing.   No attempt will be made to provide 
an extensive bibliographv as an excel lent one already 
exists in the work of Lyon 111 .   The methods i 
ployed will be discussed In detail onlv when such 
detail is not a repetition of that found in Hcf. |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 be 
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 Company (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 outline form in 
sufficient depth to establish the significance of the 
various sources relative to design analysis and 
ground test planning.   Ground testing will then be 
categorized according to test objectives (e.g., 
development, qualification, acceptance, etc.), ta- 
test procedure (e.g., acoustic excitation or shaker 
excitation) and bv level of assembly (e.g., compon- 
ent, subassemblv, 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 possible bv the availabilil\ of on- 
line digital computers.    Decisions c:ui now be made 
during the lesl program rather than several weeks 
later.    Selected examples of recent  LMSC experiemi' 
are presented. 

The paper includes anahsis lechniques,  recent 
tesl corrclallon and flight data.    An explanation ol 
totally broadband random versus random sweep nui- 
doii) shaker type excitations (primarih  for equipment 
testing) will be developed.   The concept of the statis- 
tical method used for evaluating the zonal vibralional 
behavior will also be discussed.    In addition, an 
application of peak counting will be presented.    This 
technique affords a method for objeetiveh evaluating 
the cumulative random vibration exposure iln intro- 
dueing lime as a pariuiictcn thai a given piece of 
equipment experiences.   The paper concludes with 
some recent results of analysis :uid Jesting. 

I'HILOSOI'IIV OK TKSTI.NG 

Structural dynamic testing programs arc im- 
portant and frequently costK portions of the engineer- 
ing effort associated with the design and manufacture 
of spacecraft systems.   The basic intent of such 
testing is to provide the cognizant program managc- 
meni with the highest practical eonlidence that their 
spacecraft-booster system «ill not suffer flight mal- 
function due to vibraton effects indured in the 
vehicle structure and romponents.    In order for the 
testing to be effective,  it is necessmv that there lie 
minimum risk of producing lalioraton  failures 
which an' not representative of potential flight fail- 
ures.   Hence even effort nuist be made to assure 
that the proposed slructural dvnamie test is the best 
possible statc-ol-the-arl siimilation of the anticipa- 
ted flight environment. 

In an I'Hort to ohlain the lu si possible stale- 
il-lhe-ai'l snmilaliim,  the folltmitm thive test 
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■Ii ii :ifti  i'islic-i :i iv .Irsi ruhli Ai'OListic Tostinj; 

1.    I iv'|iii-ii'".   li^t nlmliim - llic vibnitlonal I'tli'lTCV 
-IMU'MI IM- .hsl nliutril in :ill  lrci|ui'lic\  li;mils uf 
Ulli nsl  in :i nuinlUT tit;ll siliHll;llt'.-i llu' st'rviii- 
' uv i iiJium-ni. 

_'.    Sp:iti;il ilisliiliulmn - llli' vlbiMl i(in;il i'ili'ri;\ 
sluiulil Uv ilisl nlmU'il llmmniunil tlu' slructun' 
m ;i niajnirr linn sinuilalfs llu' scrvici- ciivinm- 
llirllt. 

:;.    Coutnil - llu- viln ilional riu-rgv nuisl lir fun- 
Irullcl 1<> piTvcnl niiiralislirallv liiuli levels al 
am  poinl im Ihe slinetuie. 

A liriel'ilisiaission ul'shaker versus ueouslic 
leslini;,   I'or aemistualK ;uul aermK namiealU  imlneed 
ranilnm vihralion,  Inllnus; 

Shaker Kxeilaliun 

The   res|K)iise al points on a sliiicture Uial is uX- 
eiltil at one or more loealions,   liv shakers,   will 
show  la rue I'liieUialions in level between frequenev 
liaiiils.     These llnetuations w ill,  in^eni'ral, ex«.'«l 
those of Uie serviee environment.    This is eaused bv 
several I'aetors.    The excitation eannot elTieientlv 
excite noiiresoiKUit response in the stuieiure with tlie 
i-onseiiuenee that the struetnral response is domina- 
leil li\  unliviilnal modes.    If altention is restricted 
lo a single point, these ilactuations can be minimized 
li\ \ar\ ini; the lori'e delivered b\ the shaker.   How- 
ever,  this presents serious control problems be- 
cause oi the hi^h amplirications tliat are tvpical ol 
structural resommces.    11 is then necessary to 
notch the test level in the vicinitv ol' a resonance. 
However, since small dilTerenees in material prop- 
erties and assemblv procedures etui shift the 
struetnral resonant Ircquencies, the frequenev 
notches mav be so wide as to compromise general 
test eonfidenee. 

In addition lo lar^e fluctuations between the 
frequenev' bands, shaker excitation can also induce 
large differences between different points on the 
struelure.   This phenomena is also associated with 
the sinule mode response pattern of shaker testint;. 
Those points on the structure near nodal regions of 
the particular mode helm? excited can be expected to 
show verv little response relative lo those regions 
near imti-nodes.   This not only compromises lest 
confidence insofar as the nodal regions are con- 
cerned, but also presents control problems.   A 
large number of structural points must be monitored 
to insure that no large imti-nodal response regions 
are overlooked when establishing the control levels. 

Another cause of spatial variation of the vi- 
Inational energv is related to the apparent increase 
m structural damping with frequenev.    For space- 
craft l\ pe structures, it is reasonable to expect 
meat difficultv in delivering significant energy above 
rinn 11/ to areas distant from lite shaker locations 
without serioush overexciting regions near the 
shakers. 

The important difference between shaker and 
acoustic testing is the difference between the spatial 
distributions of the forcing functions.   When acous- 
tic excitation is used,  it can be shown, through 
analysis of the joint acceptance functions of the 
structure, that there is a greater diffusion of vibra- 
tory energy al a specific point as well as between 
different points on the structure.   This minimizes 
tlie dominance of individual structural modes and 
explains generally why acoustic fields arc more 
efficient at exciting tlie non-resonant response.    All 
of Ulis unlv reflects what is obvious and apparent a 
priori.   'That is, tlie acoustic excitation is in reality 
a forcing lunclion exciting each and every point on 
tlie structure (an infinite number of points) whereas 
shaker testing is limited lo ti linitc (and usually 
small) number of discrete forcing functions.   This, 
combined with the fact that acoustic testing is a much 
better simulation of tlie actual flight environment, 
explains why acoustic testing is getting more popular. 

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

HOLE OK ACOUSTIC TESTING 

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

1) development tests 
Z\ qualification tests 
3)   flight acceptance tests 

The intent of aeoustie development testing is 
to provide information on those aspects of the com- 
ponent, bracketry and structural design which eannot 
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 serves to 
verify 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 oiierational as a system.   Because of 
uncertainties in predictions of the actual flight en- 
vironment, and to cover normal variations in 
vehicle and flight fluctuating pressure characterist- 
ics, this tviH! 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 defects and 
generallv result in corrective redesign. 
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Flight acccptancü losts are inti'nüed to uncover 
system peculiar defects associatwa with mamilactur- 
ing and assembly procedures.   They are tfenerallv 
performed on the actual flight vehicles prior to 
launch.   Since these are preceded by the qualiliia- 
tion test, the vehicle design is presumablv adequate, 
and failures are normally remedied by rework of 
installations or replacement of defective components 
rather than by redesign of the svslem.   It is ex- 
tremclv important that this type of testing he can- 
fully planned and controlled, since the risk ol 
creating incipient damage ;ind tliereln degrading Ihr 
spacecraft performance alwavs exists and must be 
kept to an absolute minimum.   Acoustic acceptance- 
testing is a valuable tool for gaining confidence in 
spacecraft performance. 

The preceding discussion has dealt wiüi acous- 
tic testing of entire spacecraft systems or major 
subassemblics thereof.    For individual pieces of 
equipment, it is desirable that the levels monitored 
(during systems testingi envelope the most extreme 
flight environments in all frequency bands.    The 
actual test levels which are normally used, havever, 
are somewhat lower than this most extreme envelope. 
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 systems is very helpful 
in resolving the vibration environment at the com- 
ponent level.   High resjwnse installations c;ui 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 mountsi taken. 
As an example of the above concept,  figure 1 shows 
random vibration levels on a component installation 
which were uncovered during a system level acoustic 
development test.   The original levels subsUuitiallv 
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 OK SPACKCKAFT 
MENTS 

IT.IGHT KNVIUON- 

Atmospheric operation of space vehicles «ill 
be accompanied by fluctuating pressure sources on 
the external vehicle surfaces.    This service envir- 
onment is generated by such sources as engine 
exhaust noise, boundary layer turbulence, separated 
flow, base pressure fluctuations and oscillating 
shock waves.   The various characteristics of inter- 
est for these environments are the distributions of 
pressure levels over the vehicle surface, frequency 
distributions, impingement angles, convection 
speeds and the spatial extent of a correlated fluctua- 
ting pressure field.   These fluctuating pressure 
sources can be separated into either an acoustic, or 
an aerodynamic environment.   Hv acoustic is meant 
pressure fluctuations that propagate with the sjieed 
of sound and are appropriately described bv ordinary 
acoustic theory.   The aerodynamic pressure fluctua- 
tions encompass a broader environment that includes 
turbulent boundary layer, separated flow, oscilla- 
ting shock waves, etc.   In addition to the random 

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

The acoustic environment (fig. -i exists 
during the short interval ol lime that the space 
vehicle is in the immediate viciniu of the launch 
pad.    While it has been possible to obtain some 
analytical levdietions of ilus envirotiiaent, a sulfir- 
lenl liod\ ol measured data also exists so lint a 
rea.'-ajliaWe del mil ion ran be Wade ol this envi mnmenl. 
The imjioilanl i leirnie nslies id llns environment 

dejiend on die total |M)«cr generated In  the engine, 
efflux veUieiU et Ute cxhausl issuing from the engine 
lioz/de,   die diameter ol the ini//le exit plane,   ;ind 
die design of the launch pad llame Imckets and ex- 
haust tunnels.    The spatial distribution ol the overall 
sound pressure' level over the length ol die vehicle 
decreases as the measure mem station movi s for- 
ward of die engine exhaust. 

The lre(|uciu\ spectrum Upiealh peaks at 
approximatelv l()U-r,(Mi Hz ;uid rolls off rather 
rapidly with time.    Dm  to this external environment, 
the internal equipment of the vehicle experiences ;, 
severe acoustically induced random vibration with 
significant energy distribution over a uiite portion of 
the frequency spectrum.   The power spectral densit\ 
of the acceleration response is higliK dependent 
upon lecalized installations and small changes can 
significantly shift the distribution uf energ1' that :i 
given piece of equipment experiences. 

for upper stage space vehicles, the aerody- 
namic pressure fluctuations (Fig, ;ii over local 
external surfaces, during flight through the transon- 
ic regime, can hv in the order of JiidB higher than 
the liftoff acoustic environment.   Such excitation is 
usually associated with oscillating shock separated 
flow interactions.   This aerodynamic environment 
is very difficult to predict and miuiv features of it 
are clouded bv uncertainties.    Predictions arc 
analytically cumbersome and ;ui appropriate bod\ 
of data docs not exist to give a complctelv sufficient 
empirical definition.   There arc several approaches 
that c;ui be taken to obtain further information on 
this environment; additional Üieorclical studies, 
wind tunnel tests on models ;uid flight measurements 
on vehicles.   As a practical matter,  a comlunation 
of all three approaches is usualh used.    Thcerctical 
and windtunncl studies establish such general lea- 
lures as overall levels ;uid spectral shapes, while 
flL.'it measurements are used lo corroborate these 
features.   The intensity of die aerodx namu pressure 
fluctuations can generalh be correlated with the 
dvnamic pressure, q, of the space vehicle,  ranging 
from 0. (1 to JO percent of';.    Maximum levels will 
occur between the Mach u. - and ma.ximuni  hnamu 
pressure conditions depending on the location In hind 
the nose of the shroud, as well as on the gtometn 
of the shiiiud itself.    The Irequencv content ol the 
aerodynamic excitation depends on die t\pe ol flow 
being considered, but generalh shows more of du 
total energy concent rated at hiuher Inquencies 
when eonipared lo the aeoustir ixeitalion at litt-oll. 

It is the external  fhicUiatmg pressure somves 
described above,   rouplitm with the surfaces of till' 
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■ifiniii'l,  lh:it rtmiliin«1 uith ihr ai*miHlu- Mini nifcliaiii- 
i ;il 11 ins mi-^ KIII |>:illi< lo ■  .l:ililisli l.lu' nivi mmuciit 
ill :i shioinl iii.lnsi il sjiarn-i'iirt.    Tlu1 ui'inislic lr;uis- 
iMi   - icui p:iili luccinirs vri\  mij u) rlaiil u lu'ii consiilcr- 
.n.-; Ih'   arruih iiaiinr imtllrcil cm i i-oiiiiu'lll shlrc it is 
kiinv'. n In In- |M iiiiai,il\  aiirni lunrlinn uC ilnisiK uf 
Ihr .-pai-r riirlosinn ihi' siiarirrall.     I'tu' iin|iliralic)n 
llfiv is ilial liit;li ixlrrnal ar i'i"l\ namic in'rssui'f 
riiulualions ilo not luvrssa i iU   iv.sull in a liigh 
spaiTiiall acouslir I'lni I'Diinu'lU,     I'ti cslaliiish thr 
inlrinal iiu ininnunl ul'Üic shi-ciiiil ami spacrri-an, 
a \r\-\ rari'l'ul slmK  inusl be inailr nl ihr booslrr ainl 
launrh jiail hi In- usnl,  iiu1 IfaK't'ttim  ami [\\te uf 
shnuhl In In' llimn,  ami Ihc iluiainii' iharai'U'i'islirs 
n| ihr s|i:ir, rl all  llsill'. 

Mrrluuiiral i'Nialatioii inrhuli'S  a   rajuioin  vt- 
liialinn i in i inninrnl liiai is I lansaiillril from thr 
rii'^inr ami its assoriaU'il |iiini|iinn marhinriA tht'ous'll 
llu- piiniaiv ami si-etnularv vrhii'li' si riicluri'S anil 
skins In llir ri|ui|iiiuau.     Tlu' rrspimsr sprrlrnm of 
Ihr ri|iii|iMiriU is liroail ami ihr i-xcilatioii exists 
ilunni; ihr I'lUiiv rnniiu' luirn stmui'llfe ajul as such 
us rffrrl musi br nmsnliTi'il uilh ttv liftoff ami 
1 lansonii' rnvi I'linnu'iits. 

ANAI.VncAI. PUOCKDCKKS I'DK 1)1-: TKHMINATION 
UF SIIUC rruAi, KKSIIINSK  TO ACOrSTIfS 

Thi' ajiaKliral pi'ori'ikii'cs ini'Si'iUlv available 
for Ihr lalrulalion of riut'tuating pri'ssiirr fk'Ul in- 
iliirnl slnn'tural ri'S|KJiisi' anil noisr ri'iliii'tion fall 
inlo two broail eatt'Soru'S:    Iht'  llrrrt moilal supcr- 
poslliiin Irrhniiiur anil Ihr mrthoils of slatislirnl 
rni'i'iix anahsis. 

Dirci't Moilal Supri'iiusiliun Approach 

This nu'thoil is onh  prartiral in thr louor fittjuftti'v 
banils svhi'rt' Ihr slrucUiral-acoustk' sysloni has a 
small minibrr of moilal l'ivi|iii'iU'U'S.   A \vitk< rango 
of ninilom response problems havu bcon attacked by 
this method.   The basic approach has developed 
dirocth  from the conventional methods of structural 
vibration imalvsis.   The normal modes of the struc- 
ture are generated bv finite element, fin iU? difference, 
imahlical methods, or bv a ground vibration survey. 
The response is then taken as a superposition of 
these modes and linear ramlom process theorv is 
utilized to develop HMS values and power spectra for 
response quantities of interest.   The response ex- 
pressions are usuallv specified in terms of modal 
transfer functions and the excitation field cross- 
power spectral densitv.   This latter quantitv is diffi- 
cult to obtain for certain pressure fields of interest 
le.g., oscillating shock ami separated flow.especial- 
lv in the higher frequencv bandst.   Other difficulties 
arise in the higher frequencv bands (i.e. , these 
bands usuallv contain large numbers of modes each of 
which «ill lie more cosllv to define either by numeri- 
cal calculation or bv measurement).   As a result of 
these difficulties considerable effort has been expan- 
ded on the development of the alternate procedures of 
statistical energy anahsis. 

Matislical Energy Anahsis 

This method of attack was motivated in part bv the 
statistical anahsis of room acoustics and, in like 

fashion, generates a response power spectrum 
which is an average over a portion of the acoustic- 
structural system.   Such averages best characterize 
the response when the fields of itructural vibration 
and acoustic pressure can be considered  reverber- 
ant.   In ;ui application of statistical energy analysis, 
the modes of the acoustic-structural system are 
divided into groups in which each 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 modi's of a shroud in a specified frequency 
band might be divided Into the group of acoustically 
fast modes (well coupled to the modes of the internal 
sound field) and a group of acoustically slow modes 
(pom-lv coupled to the internal sound field).    Each 
modal group is characterized bv an energy variable, 
ihr average energv |)er mode, which can be directly 
related to the aforementioned space and frequency 
band averaged response power spectra.   A power 
balance equation, involving the energy variables, 
may be written foreach moilal group.   The result is 
a set of linear nonhomogeneous algebraic equations 
in the energv variables, where the average (for a 
frequency band) resonant and nonresonant power in- 
puts to the system constitute the inhomogeneous or 
forcing terms.   TKis method, originally applied to 
reverberant acoustic field excited structures, may 
be extended to general random pressure field excita- 
tion (e.g., a turbulent boundary layer pressure 
fleldi.   The elements of the matrix of coefficients of 
the energv variables in the set of power balance 
equations 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 statistical energy analysis 
is dial expressions for averaged system parameters 
such as group modal densities and inter-group coup- 
ling loss factors calculated for simple systems may 
be applied in some cases to more complex systems. 
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 spacecraft mechanical path excitation due to un- 
certainties in the coupling loss factors between 
groups of structural modes. 

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

LABOllATOUY ACOUSTIC TESTING TECHNOLOGY 

Failures and techniques for the laboratory 
acoustic testing of full size spacecraft have evolved 
rapidly during the past ten years.   Although this 
tvpe of testing is a relative newcomer to the aero- 
space testing field, it has established itself as a u--'j- 
ful and piTctical engineering tool. 

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

1.    Ueverberant 
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2. Direction railiaüon 

3. Progressive wave 

These are illustrated in simplified fashion in 
Figure 4. 

Reverberant field testing consists of mlroduc- 
ing acoustic energy into a room possessing highh 
reflective walls.   The field developed is inlcadcd to 
be diffuse in thai the spectral content is approxi- 
mately equal at any location within tin- room.    The 
actual acoustic fields generated in reverber:»))! 
chambers can be considered diffuse onl\  above a 
chamber peculiar lower frequencv liinilalion.    The 
larger the room, the lower this frc(|uciic\ bi-comes. 
This is an important consideration when planning 
acoustic tests in reverberant c'hainbers.    This tvpe 
of testing is the one most commonlv used for testing 
spacecraft. 

In specifying a reverberant acoustic lest, the 
random nature of the acoustic field over space las 
.veil as over limel must be considered.    Thus for 
example it is somewhat ambiguous to specifv thai 
the acoustic spectra should be 150 ■ UdH llirougliom 
the test chamber.   The random naluiv of the sound 
field makes it necessary to consider the probable 
deviations in sound intensity throughout the chamber 
volume.    It would be more realistic to specifv either: 
ll a permissible spatial standard deviation of the 
sound level, or 2) a requirement thai the nu;ui 
sound level fall within some interval with a given 
confidence level.   The spatial uniformilv of Ute 
acoustic field generated in I.MSr's 2lJl),(Jl)li (V* re- 
verberant cell is shown in ligure '>. 

Two methods for varving the space-lime 
correlation of the test acoustic field have been in- 
vestigated and arc in limited use.    These arc local 
rcinforcemont of the reverberant field by use of 
direct radiation of the noise generator on the test 
specimen, and development of a progressive wave 
field over the specimen surface.    Roth leehniques 
make possible limited duplication of the convicting 
and decaying fluctuating pressure fields encounlcred 
in flight.   The spatial correlation functions in each 
case differ from flight.    Direct radiation fields have 
greater correlation over the specimen surface than 
flight in the region of high intensity, and they are 
noneonvecting.   The progressive wave environment 
does possess a conveeting characteristic, however 
the speed of convection and decav of the field differ 
from those of flight. 

Progressive wave testing consists of develop- 
ing a field of plane wave acoustics 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 ;ui ■uicchoic termina- 
tion.   Although this type of testing has certain 
attractive advantages, such as minimum power re- 
quirements, it is highlv specialized in its applica- 
tion to spacecraft systems. 

Direct radiation testing, hew ever, shows 
distinct potential advantages over purelv reverber- 
ant testing and LMSC has incorporated the capabiliu 
for direct radiation testing in its acoustic taciliu. 

The general concept of direct radiation testing is 
illustrated on Figure (i.    The intent is to develop an 
acoustic field Uiat varies in spatial intensity over 
the test specimen surface and therebv more nearlv 
simulales the nonunilorm flight environment associa- 
ted with shock/boumIan laver interaction.    This 
approach has been studied in detail ami the capability 
now exists lor such tcsling. 

STATISIICAI. DATA KVA ITATION TKCHNIqLTvS 
I'OK DKHIVATION n|   CI )M l'( iNKNT TKST 
SI'KCmCATIONS iCUiliKNT MKTIKiDi 

A stalisiiral trcatniiiU ol vilnalion response 
data provides the onh  viable  approach when dealing 
with an cxeilailon phenomenon that is not onh   ran- 
iloin in nature,  lull whieli also excites a complex 
structural assembh  that exhibits such a variation in 
its local dvnamie properties that a precise descrip- 
tion of the overall structural response characteris- 
tics ettnnot be made.    Such stalislies are exlivmelv 
useful for :uialvzing tile response ol equipment 
sections lor a given u pc excitation, and lor estab- 
lishing significant trends. 

Tvpicallv,  a statistical derivation begins with 
assembling acceleration spectra tor equipment or 
structural installations thai arc considered to have 
similar d\ namic eharaclc rislics.    The appropriate 
selection of data from these zones is important for 
establishing meamnglul data trends.    Kach zonal 
areeli ration spectrum is divided into narrow  Ire- 
quenex bands, such as one-third octaves,  and a 
weighted average vibration level  rccoided tor each 
bami.    The values obtained lor a given zonal Ire- 
i|ucnc\ biUld arc then fitted into a statistical model. 
The statistical model used c;m be that of ;ui assumed 
distribution.    A log-normal distribution seems to 
provide ;ui adequate lit of the vibration data obtained 
from complex structures under a wide variel\  of 
circumstances.   Other distributions c;ui also be 
assumed if thev appear to give a better description 
of tile data.   Also, when sufficient data exists,  the 
data c;ui be used directh  as the appropriate statisti- 
cal model,   A percentile estimate is then selected 
and the value ol this estimate lor i ach Irequencv 
band is used to construct a sta'istieal spectrum. 
The above desenbed derivatum is illnst rat'M in 
ligu re 7. 

The pi lei ntile estimate of the distribution 
that is selected depends upon the l\pc of analvsis 
being made.     The median spectrum is usualh  used 
to establish trends based on the tail that main  data 
points influence the shape ol this spectrum.    Higher 
percentile estimates ol the distribution c:m be influ- 
enced signifieimlh b\ onh a lew extremeh high or 
low values; how ever,  if the median  ;peclrumhas 
high values tor certain livquenc\ bands it is reason- 
able to expeet that   ' disproportionate amount of 
cncrgA  is centered llu re.     Tins must also be con- 
sidered when a determination is being made as to 
whether to use a broadband random test,  a random 
swept  nuidom,  or a  random swept sine test.     The 
manipulation ol the data to olnain these1 l\pes ol test 
speci bcations is shown in liguie -. 

The broadband lest level is Hpicalh  obtained 
b\   eoii-1 rueliiiL, a weighle«! envelope el (he !»."ilh 
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I'm Tiuilr «iji'L-lrji ;IIH1 Uli' yn-Sk in'ft'U'ration iovuls. 
Ilk' hwailUiuul lovi'l, fur rantlom swept rantlom tcst- 
mn, is tvpicallv obtainoil liv taking the encrgj- 
ilisi'-ilmtidii of tJu,' r>(ilh iKTCfiitili.' spi'etru appropri- 
atrK  i-.Uiot'il to ohtain ;ui I'IU-I'K'V Irvi'l t'OiTcspomJing 
In iJir ITjlJi pci'ci'llli k' DVci'all Cii'llW Icwl.    The 
lamloiu sui'pl siiu' liafkgi'uniul levi'l is obtainotl in a 
sinular nnuuifr.    I'tu' surop U'wl is oi)tainod from 
Ihi' '.(."iUi jK'ftvnlili' of ÜK' slatislical »pwtra.   The 
i);uulttiillh of llic rantlom sweep is adjusleil to atie- 
qualeK aeeount lor the width of Lite energy spikes 
that protnide above die adjusted haekground level. 
SormalK the sweep hamlwidlh is öl) Hz, 

For resixmse speetra having only a discrete 
number of narrow peaks, tile random swept sine or 
the nuidom swept random tests have an overall 
energy level nuieh lower than the broadband random 
lest,   llenee, the swept sine ;ind swept random eon- 
rept has a nuieh lower ehanee of causing an unreal- 
istic failure to occur.    These eonslderations may be 
overweighed, however, If the manufacturer does not 
have the testing eapabllitv to conduct sweep type 
testing.   Then the eost of shipping the component to 
a better equipped test faeilitv must be weighed 
against a higher level test and greater probability of 
an unrealistieal failure. 

The acceleration response spectra for the 
liftoff, transonic and engine burn conditions arc 
compiled from data taken during acoustic testing, 
engine hot fire testing, prior tests on similar sti-uc- 
lures,  flight test results, etc. 

STATISTIC AI. DATA EVALUATION TECHNIQUES 
VOW DEIUVATION Of COMPONENT TEST 
SPECIFICATIONS (NEW METHOD) 

The method for deriving test specifications 
discussed in the previous section does not explicitly 
account for the time historv differences in the 
various environments encountered by the spacecraft. 
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 
tlie utilization of a technique referred to as peak 
counting.   While this technique is certainly not now, 
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 
objectivelv evaluating the cumulative random vibra- 
tion exposure.   It Implicitly assumes that equipment 
damage potential is linearly related to the cumula- 
tive peak distribution.   The peak count method 
expliclllv Introduces time as a parameter.   It accu- 
mulates the total random vibration exposure that a 
qualification unit experiences (e.g., development, 
qualification,  rellabllltv testlngi and compares it to 
what a flight unit experiences (e.g., box acceptance, 
svstem level acoustic acceptance, worst case flight 
envlronmenti.   If a given box possesses a sufficient 
positive margin (demonstrated capability exceeds 
exposure of flight unltsi, the unit is considered 
flightworthv.    [fnot,  remedial matters must be 

considered. 

Two basic assumptions are made In the devel- 
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- 
lyzed can be describjd 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 Hayleigh distributed.   A review of 
recent flight data indicates the validity of the 
assumptions employed (e.g.,Pig.  9).   Some scat- 
tering of the data in this figure is noted at the high 
slgma values for the liftoff environment.   This is 
probably due to the rapid change in the overall 
levels for tills 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 illustrated 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 anechole 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 
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excitation representative of the flight fluctnat'mg 
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 «an known 
that the acoustic environment generated ;it lift-off 
would be the most significant Service cinironiiienl 
over the aft section of the shroud; and lor the lor- 
ward section, aerodynamic fluctuating pressure 
fields generated by a terminal shucli «;ive inlcnu— 
ting with the boundary layer beneath   l would duitii- 
nate.   While the lift-off environment i-mild be ih Unci! 
from actual launch pad measurements, it \v;is nm- 
sidered necessary to further define me iieroihnamie 
environment through wind tunnel testing. 

Wind tujinel tests were conducted in the I'l-lool 
Propulsion V/ind Tunnel at tile Ainokl Kngineering 
Development Center, Tullalioma, Tenn.   As part of 
this test, aerodynamic pressure lluctuations ;ind 
static pressure measurements were obtained on 
three nose-cylinder combinations; a blunted 15 
nose-cylinder, a 25 -10   biconic nose-cylinder, 
and a 25 -10   biconic nose with a forrugated cylin- 
der.    These configurations are illustrated In figure 
14.   While the biconic corrugated model was tliecon- 
figuration of pi-imary concern, the I")   cune-e\ linder 
served as a simple baseline configuration !o which 
the data from the more complicated biconic configui- 
ation could be compared.    The biconic smooth model 
was used to evaluate the effect of the external corru- 
gations on the aerodynamic fluctiialingpressure Held. 
The diameter of the wind tunnel models was 1. ■< feel, 
representing an is',' modeling of the full scale con- 
figuration and a 1'T blockage of the lest seetian.   The 
models were extensively instrumented with fluctuat- 
ing pressure pickups utilizing some fiftv-fivc l/l(i 
inch diameter Kulite and seventy 1 As inch diameter 
Kistler microphones. 

Wind tunnel test runs were made at discrete 
Mach numbers between 0. (i ;ind 1.1, and the angle 
of attack,was varied between 0 and i 10 degrees. 
Because of die large model size, it was possible to 
keep the Reynolds number ;md associated wing tunnel 
dynamic pressure fairly typical of the actual flight 
condition at most Mach numbers.   The most severe 
shock induced fluctuating pressure levels occurred 
at M     0.M with an angle of attack of .'i degrees 
(Figure 15).   Vortices generated upstream by the 
shock wave on the nose cone caused the terminal 
normal shock at the cone-cylinder intersection to 
ripple (Figure Kb.     The longitudinal range of the 
terminal shock, which corresponds to the masiminu 
noise peaks,, is shown in Figure 17.   Tvpical spectra 
in the vicinity of the terminal normal shock arc pre- 
sented in Figure In.   Under the local separation 
bubble, the shock dominates the spectra which con- 
sequently shows more low frequeiicv content.    In 
the turbulent boundary laver behind the shock gener- 
ated noise peaks, the fluctuating pressure levels did 
not exceed 1-15 dH. 

The effect of the nose configuration and corru- 
gations is illustrated in Figures 1!) and Jti. The U.i- 
10   biconic nose causes a significant reduction in 
the terminal normal shock pressure fluctuations 

o relative to the 15   cone cvlinder, but adds a region 

of high excitation aft of the cone-cone shoulder.   The 
corrugated skin configuration considerably alters 
both the level ;ind the shape of the fluctuating pres- 
sure distributions.    The terminal normal shock 
stands farther all on the corrugated model, and not 
onlv is the shock noise greater for the corrugated 
configuration, but an additional Huctuating pressure 
peak occurs near the leading edges of the eoi ruga- 
linns. 

figure J.\  presents the most significant  lea- 
lures tif the Imal ascent service e/ivi ronment.    Kx- 
cept tiver die nose eciiH  and in the immediate 
vieimlv of the nose cone - shroud ex linder intersec- 
tion, the liftoff acoustic field is dominanl.    figure 
J.: presents tvpical speelta for liftoff mid transonic 
flight.    The iillolT speelm «as obliiined from a !)5th 
pereenlile estimale ol the actual launch pad meas- 
urements.    The transonic speetni was obtained In 
Strouhai scaling of a worst ras ■ envelope of the 
wind tunnel lesl results. 

At present much effort is being expended b\ 
the Aerospace industn  in establishing criteria for 
simulating the flight fluctuating pressure fields in 
;ui acoustic test cell.    To establish an equivalence 
for ;i given flight \-ehiele system, consideration 
must be given to the frequcnev content,  spatial 
correlation and spatial sound-pressure level dis- 
tribution of the «'Sternal fluctuating pressure field. 
In most instances, the spatial correlation and 
sound-pressure level distribution of the test envir- 
onment is fixed bv the nature ol the test chamber; 
equivalence between flight and test conditions must 
then be established through control of the frequcnev 
content of the acoustic environment generated.   The 
problem of establishing complete equivalence will 
be greatlv simplified if die local sound-pressure 
level variations in the flight environment can be 
reproduced in die test chamber; for then onlv one 
uncontrolled acoustic function remains, die spatial 
correlation,    flight data indicates that this function 
can to some extent be accounted for in the frequency 
domain be increasing the high Ircqucnev content of 
tile acoustic test environment.   This increase can 
then be catered to as facilitv capabilitv permits. 

for the reasons given abuveadi ivct radiation- 
reverbenuit test modi1 was chosen as a means for 
improving the shmilation of the flight fluctuating 
pressure fields 111 the test labo/atorv,   refer to 
figure li.    The Im al  reinforcement given bv  the 
direct field is utili/ed to simulate the shock dis- 
turbed pressure fluctuations,  and the associated 
reverberant field simulates the pressure fluctua- 
tions aft of this area.    In theon it would be possible 
to conduct two tests to simulate die flight environ- 
ment, one to simulate the li ItolT condition and the 
other' to simulate rtiat of transonic night.    However, 
for practical reasons testing is carried out lor the 
liftoff and transonic environments simulianeousK . 
In figures -'.< and -I the acoustic field of a direct 
radiation - ivverbenuil u si i« compared to the 
flight fluctuating pressure field;- it «as intended to 
simulate.    A eomparativeh goon simulation was 
obtained of die desired sped rums but the area of 
reinforcement provided bv  the duvet  field was 
broader than that e\pected in flight.   This differ- 
ence in the area of ivillloreemenl encounteii i in 
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i!,,;lii  ni'l in flif ii si i-IiaitiliiT run in' [wrliullv iinn- 
|iriisuii'<l im- ii\ iilin-inn ilic ii'si rtoimil-pressun1 

liwl  in surli a \s:i\   thai thv lori'i' ilflivcr«! to llu' 
\rlih !i   : . i-i|Ual   hir linth rasrs.    It sluiulil lit' IVI'OJ;'- 

in •. .1 that llus arniistir u slm;; tcclmiiHK' Ls ounipara- 
Inch  ni'H  .in.l stall iicrils \ i lain aliun Ihroan'li actual 
Ih.'hl .AinMuairr. 

in ii:.\ r liisi i is ! nil DiiKi'UAi. MKI'IIODS 
\Mi KXI'LKIMKN IAI, \ Kläl 1 U'.VI'U )X| 

I Ins s.'.-timi 'A ill ri'vif« soine rrsults of 
lln-uivliral approaclu's that help <U'filit' thr inlt'cnul 
illisuli' slunllili   ariillslu- rlivi I'OllllU'lll  Ullil tilt' spui'l'- 
nall ii|iii|iiiu'iit  iisiionsc.     Tlu'si' tlu'urclU'ul 
in. Iluuls arc invalualilr in hrlpinn to ascaTluin ihc 
oM-rall 'ii n.ls.    A knciM, Ic'ii^r nl'these tnuids,  when 
rnniliiiie.l u Uli a\ ai I able expe rlineiUal data,  provides 
the lirsl .ipprciaeh ler the ileterminulkm of the 
aeouslie lau i rnnineiits ami euuipmeiU  lVH|)CJJlSeS. 

Uesulls «ill lie pivsenled usinn two llieoretieul 
appi'oaehes; Slalislieal  KIHM'.HA  AUUUSIS ;uid Modal 
Superposillon.    'fhe results from the statistical 
eiieri;\  anaKsis uill lie discussed first. 

Tile statistical encrjAA approach for calculatiiij;' 
structural response to a diffuse acoustic field was 
first developed In   I,von ajid other workers at Bolt 
Heranck and Neum;in.    L'sillg Ulis method,   lAISC' 
derived a set of equations which predict the noise 
reduction and response of concentric cylinders. 
The |Hir|K)sc of adopting the concenlric-cvliiuler 
model was to simulate a space vehicle enclosed In 
a shroud.    The model used for the derivation of the 
equations is shown in l-'igure 2;").   Here ill is the 
external acoustic field, (Ji L-. the outer cyllmler, 
i:ii is the internal acoustic field, (li is the inner 
cvlinder and (öi is the volume of the inner cylinder. 
To examine how well the derived environmental 
estimates compared to experimental data, two 
cvlinders with the following phvsical properties 
were tested.    The outer cvlinder was five feet in 
diameter,  five feet in length, and had a skin thick- 
ness of .PI inch.    The inner cvlinder was lu inches 
in diameter,   15 inches in length, ;UK1 had a skin 
thickness of . us inch.    Both ends of the cvlinders 
«ere covered.    Figure Jii is typical of the results 
ohlained   ;md shows the resulting noise reduction of 
the outer cvlinder versus l/.'l octave band center 
frequencv.   The squares and triangles represent the 
experiment noise reduction data of the two micro- 
phones that are located hctwecn the cylinders.   As 
expected, ill the low frequency range the sound field 
inside the cylinder will vary with position.   At high- 
er frequencies, the sound field will approach a 
uniform condition.    The black circles are the pre- 
dicted noise reduction values,    for this calculation 
the internal structural loss factor for the cylinders 
used was .UU3.    The acoustic absorption coefficients 
assumed were ID-'   for the cylinder walls and 0.5 
lor the ends.    The overall external sound pressure 
level was 15.'! dB. 

The results of this study were taken as evi- 
dence that with appropriate modeling of a space 
vehicle structure, the statistical energy method 
vi ill provide useful response and noise reduction 
csiimatrs.    A noise reduction calculation was then 

made to establish the internal acoustic environment 
for :ui actual space vehicle equipment section.   This 
prediction was required to support an acoustic test 
program for the equipment modules within this 
stmcture.    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 tin' predicted level doesn't quite envelope the 
measured data, as one generally likes to see in a 
test specification, it did follow the general data 
trends and gave a reasonable estimate of the total 
internal acoustic energy level. 

The direct modal superposition approach was 
used to predict the low frequency environment in- 
duced in an equipment seotion by random pressure 
fields.   This prediction was required in support of 
a guidance error analysis that was being performed. 
The modes of the equipment section were generated 
using a finite element analysis and the required 
response obtained using classical linear random 
process theory,   A finite element skeleton diagram 
of the equipment section under consideration is 
shown in Figure 2S.   The response required was 
that of the gyro mounting platform located at the 
inertia sensor node.    Figures 29 and 30 compare 
the predictions made with measurements obtained 
during two subsequent system level reverberant 
acoustic tests of the equipment section.   Again the 
predictions are following general data trends and 
provide reasonable estimates of the total energy 
level. 

Most current random vibration prediction pro- 
cedures, whether the procedures have been developed 
empirically or analytically, assume that the induced 
environment is directly proportional to the pressure 
level of the excitation.   Figures 31 and 32 are pre- 
sented in support of this assumption.   Figure 31 
presents in one-third octave frequency bands the 
function 10 log <G2>/<P:i>for two levels of acous- 
tic excitationt one at 1J2. 5 dB and the other at 
150. 5dB. <G'2>is the mean square spatial-temporal 
average of approximately 45 vibration measurements 
obtained within 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 eguipment section, 
of the function 10 log<Pe2>/<Pi2> where<Pe2> 
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 rndictotes that for 
this equipment section at least, the assumption of a 
linear relationship seems to be reasonable. 

CONC LUSIONS 

This paper has presented an approach and 
recent results related to the analysis and testing of 
spacecraft and spacecraft equipment, 

ICxact simulation of the service environment is 
not within the state-of-the-art.   This paper has dis- 
cussed the tests that are believed to best simulate 
the service environment. 
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The rather recent availability of large ncoustie 
chamters makes it possible to expose large space- 
craft systems to sound pressure levels similar to 
those generated by the inflight pressure fluctuations. 
However, criteria tor establishing the appropriate 
test spectrum level, spatial distribution and direc- 
tivity of the sound is still in early stages of develop- 
ment.   Also, requirements for the spacecraft test 
specimen itself and its precise manner of installa- 
tion in the chamber requires further work. 

Acoustic lest criteria, gvnerullv acceptable to 
all of the Aerospace industrv, Hill gnuluallv evolve 
as this imiuslrv becomes more familiar with ihe 
fluctuating pressure environment that the testing is 
to simulate.   This lamillariu will be obtained from 
a carefullv planned integration of flighl and ground 
measuremenls. 
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f.    Itichard II.   I.von,  Uandom Noise and Vibration 
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Voice;   How did you determine sweep rate? 

Dr. Wrenn:  We partially used the peak 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 seem to be 
saying that the swept random was better than broad 
band random because it did not create as many fiul- 
ures and, of course, you have still fewer failures if 
they were not tested at all. 

Dr. Wrenn;  That is right.   I wish we could do 
that and still fly it and have it work. 

Mr. Galef:   I have to admit that the only reason 
the swept random provides a more realistic repre- 
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 t;ikes 
away some of the conservatism by providing a dif- 
ferent type of, I would say, unrealistic test. 

Mr. Wrenn:   That is true.   There are lots of 
arguments for this swept random as contrasted to 
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.   I 
suggest that the means that are used to produce the 
correct overall noise levels and spatial distribution 
do not reproduce more detailed characteristics of ihv 
aerodynamic sources.   Those aerodynamic sources 
are probably less efficient in exciting structural 
response than your test sources. 

Dr.  Wrenn:   Perfectly true.    All that I am trying 
to go over today is \vli:il we leel is the best engineer- 
ing siniulation tnriiiy lor these emir'mmeiits.    Per- 
haps in Ihe future other tcchniqi       will evolve,  and 
we grant that it is not the actual service environment. 
You just cannot sinudale that now within the slate of 
the art.    We try to come tip with the best test that 
gives us some engineering information NO that we can 
fly these systems with high confidence that they are 
going to work. 

Mi\ Smith;   T think I missed one point when you 
talked about your peak accuniulation test approach. 
You had on a slide a narrow band filter which ob- 
viously gave a single degree-of-frcedom type re- 
sponse, :ind then yoa went through the usual Kay- 
leigh business.   What determines the frequency of 
that filter or arc vou somehow using a number of 
these? 

Dr. Wrenn;  We do it for the entire frequency 
band.    We treat each narrow band and then we go 
over the entire spectrum.    We treat on a narrow band 
basis but we look at every narrow band. 

Mr.  Smith:   So you are rloing a number of sum- 
mations both across distribution in some narrow 
band and then across narrow bands as well. 

Dr. Wrenn:  We arc doing it for the entire 
spectrum, that is correct.   The proven c;ipability 
of a piece of equipment or its positive margin is not 
positive or negative overall but it is positive or 
negative in a given frequency band.    Then,  if it is 
positive in all frcque'icy b;inds, it gives you the nice 
warm feeling that it is going to work, 

Mr.  Smith:   Does not this mean again that you 
may be in effect counting a lot of that energy twice? 
You are putting a number of filters into the system 
and coming up with a whole number of peak dis- 
tributions which you arc then summing.    If 1 h;id a 
broadb;ind system and I 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.  I would 
think I was overdoing things.   This might be .uiothcr 
reason why your test turned out rather worse than 
you had hoped. 

Dr. Wrenn;   The flight data corroborates it if 
you recall that one figure.   We have measurements 
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n nr ...v li mils latrr nn as \u  t;, t mir acoustic data 
ii nr.   r. tin. .1. 

Dr.   lioii,   Hcllconim;   Acronliiif; In ihr sliilcs, 
Ihr peak ilistrilnitinn of the liltolf dors not fit well 
In thr Kaylriuh ilistrilinlimi, lint for the transonic 
lest il Ills vwll.    Does the author have any e.\pl;uia- 
lion alimil this? 

Dr. Wiviin:   I think the liasic assiimpUiins aif 
perleelly valiil.    It is inilecil the £ mis value of K at 
any particular mrasnrenient that is a function of 
lime.    Durini; liftoff it gocM up, then it decays and 
a- we Imilil up into the transonic flight region it 
builds up main.    We ^o through max alpha (j and it 
dreavs again,     the £ mis value is fhimKlliK as a 
liiin limi ot lime.    As a conse(|iicnce we have a non- 
.-lal iniiarv pmrrss with which we could not operate. 
Wr In-nk,   thr pmcess up into .small numher of delta 
I's and each nl these we treated as a stationary pro- 
erss.    We feel that it is guml cllullgh to he used as a 
tool and it ran help us in coinparinn' distributions that 
have a wide differences in their spectral shapes and 
levels.    In the past we did not have that cajjahility. 
All we could do was to look at the levels and not the 
time.    This is an effort to try to use this peak count- 
ing trchnhiue to help us in the selection of the system 
spreifications for all the components, not just one 
hn\, 

Mr.  /ell (IMcatinny Arsenal]:   Is it true that 
actually in the handwidth that you chose to analyze 
the data, you were effectively detcrniininfj; the effect 
iifq or the assumed q of the resonators of the struc- 
UnvV   A h:uidpass filter effectively says that it 
ignores the contrihutions of the low freciuencius to 
Ihr peaks because it assumes that the all of the q is 
so high that all of the peaks are essentially due to the 
frequencies within a defined bandwidth.    Perhaps the 
analog type of single degree of freedom analyzers 
used for shock analysis might be useful for this. 

\h\ Wrenn:   Yes that is a Rood comment.   We 
have treated it in one-third octave bands just for 
convenience.   We have taken a look ul 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 Krt (Aerospace Corporation):   It seems 
that some of the discussion regarding one-third oc- 
tave hand analysis might be a little bit misleading. 
It is my understanding that much of this data was 
analyzed in narrow baud analysis, 10 or 20 Hz 
imalysis bandwidth, and then just looked at in the 
one-third octave hand. 

Dr. Wrenn:   That is true. 

Mr.  Vjin Krt:   So some of these problems that 
are associated with clipping of peaks due to one- 
third octave band imalysis would not be a problem in 
this case. 

Dr. Wrenn:   That is a good point. 

Mr. Viin_Krt:   The second thing I would mention 
is that the peak count analysis would permit compari- 
son of a straight swept random with an all random. 
In other words, if I chose to run a test which was a 
10 11/ random sweep, to simulate a broadband ran- 
dom environment,   I could do so with a peak count 
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:m;ily.s,is. Thi; onu thinR that I guess wv would tend 
to overlook is the simultaneity of the two environ- 
ments. 

Dr. Wrenn:   lii^ht.    Multiple rimdom pu.-iks that 
p) afxive the backgrouml for example.   There is a 
little tfray area there now with regard to the mul- 
tiple peaks.    Uight now we are elnstngrntr eyes and 
floins it hopefully as a tool t'> help us. 
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SantJhi  I.ahoratfjrn-.-.,   AlljU'jui-niui',   Xf-vv Mf.<ii-»j 

L 

({(.■alistic lahoraiui'v simulation of .1 .'-■ystcm's 1'ictil vihration 
environment has hrcn of major i-un.'-i'ii to tin- |i;-l cnyinciTs at Sandia 
Laboratories for the past ä years.    As ,1 result,   new test . apahüities 
and test techniques,   as well as procedures for deriving input test 
levels,   have been developed and applied.    This paper discus.-.e.s the 
progress at Sandia by (1) summari/ini; and referenciny past work 
which has been reported,  and (2) detailiny 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 arc based upon field vibration data and the apparent weiiihtt 
characteristics of the test unit.    Both sinusoidal and random test 
specifications will be considered. 

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 of the test item's field foundation 
during force testing 

(4) Reproduction of field response using field recordings 

(5) Repetitive and single-shock pulse reproduction on shakers 

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

(7) Multipoint and multishaker input control 

(8) Multiaxes (simu llaneoiisly) testing 

LNTRODUCTION 

One phase of vibration testing is con- 
cerned with evaluating the structural and/or 
functional integrity of a system.    The success 

of this type test is a function of realistic and 
accurate simulation of the field environment 
the system will experience during its service 
life.    In addition,   the test should be conserva- 
tive,   but no' to the extent that unrealistic prob- 
lems are encountered. 

This work was supported by the United States Atomic  Knergy Commission. 

'Apparent Weight,  W^,  is the complex ratio of force and acceleration and is related to mechanical 
impedance,   Z,  by W^ = Z/ju. 
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wnti pri-sctitfil as plols of peak and riii.s ar- 
.flrration vs.  fivqiH-ih-y.    This data resullfd 
fi'oni a statistiral i-nvi'ldpin^ in hni.iur.    More 
i-i'irnllv,  Ihr VIHRAN syslrm has hern usrd. 
l-'ulfy |j| di'sn-ihcs this systi'in whirl] pi-cscnts 
the data in the form uf arrcli'ration level vs. 
1/i oitavr hands.    In addition,  the VIHKAN (1) 
displays the pm-riilaHi' of samplr peaks whirh 
exii'rd various a.'i'eleration levels within earh 
hand,  (li) ^ives the rnis level within each hand, 
and (i) yives the overall rnis level between (I 
and lIHlii 11/. 

I'lili/ation of V1MHAN is demonstrated 
m reports hy Murfin (•)) and Otts. [5] 

M il Hi  I ~ I SI I) 1\ DKh'lVI.V; 'VEST 
r \i; wn i II;.S 

lll.l 11,1   s; 11 i.atlons 

\li..-!   -I.mil.ir,I .-pe.'il'ii'.n ions,   siu-h as 
Mil     sll)   iile.   .all ulil   moiloll .unlroi  of the 
:ii|r.'.     lii.   mp.ii amplitude-,   ire essentially 
iiii-.'.inl  a, ni.,- the iVe.iueii.'V test  rantje.   with 

'lie   allipii: ll.le  lleilly derived from enveloped 
fl.'id mi-asuremeiits.      The le.-.t  levels de.serihed 
in 'he >'aiid.ir.l.-- are not to he interpreted as 
.m .'\.i. t ni' ,oii. lu.-ive representation of aetual 
.-i'i\i. r operainin.    As >iated m Mil. STU 
tlleli.    "'li.'  .iivironme.lt.ll  levels speeifieil 

p-houid In- modifiid when it is known that the 
te.-l item will eiiiounter .onditions more se- 
ver.• or I.'.-.-, severe. '    In other words,  the 

■ tandard -pe. il'ieation is no   realisiie in most 
, ase.-.  Inn is di.-i^ned to provide assuranee 
that the test item eould survive its serviee 
life. 

It is indeed unfortunate that many test 
lal'oratone.-. are restrieted to following the 
.-tandard .--pei ifii ation even when aeeiirate data 
.-nur. .■.-,   dire.-tly applieahle to the system, 
are aval laliii . 

S.md;a I.ahora'ories Ijivironniental Data Bank 

I'he primary souree of vibration data for 
il. saiidia te.-t firoyrams is the ' Knvironmental 
HIM li ink" (KUH).    Koii'.v (1, _'! and (lens [.i] 
have firevimisly de.serihed the h'.DU which is 
•he re.-il.'' of If year.- of data .olleetion,  data 
anai'.-i.- .   and dal a storage. 

I'he  l''l)H loiitains , omputeri/.e I re. ords 
if inia.-.'- of ■.•itiration envirunments : ueh as 

-■iir.it;!'.  • iMii-p. iri.  utilisation,  ete.    Kaeh 
iiii.i.-e i- f'ir':.. r divided into input and re 
.-p..il-.   informa'ioti.    Da'a from the KMH is 
a..11.ale.' :ii ■ A 11 forms.     Prior to I'd.i the data 

V'IMUAN data is available' for either an 
ai eumulalion of similar systems or for spe- 
eifie systems.    When data for a speeifie .sys- 
tem is not available,  the standard procedure 
is to pull data accumulated for systems similar 
in design and which have experienced similar 
environments.    In this situation,  the data pro- 
vides a fairly conservative estimate of prob- 
able field responses. 

Ueeorded Field Data 

In addition to using recorded field data 
for tl.e analyses desct ibed in B above, these 
reeordinys are also used to provide a direct 
input source for the shaker. This technique 
will he described in Section II below. 

L'nless otherwise specified, the EDB 
stores all field recordings for a period of 5 
years. 

Apparent Weight (Wa) 

Apparent weight (Wa) is the ratio of 
vibratory input force to vibratory input ac- 
celeration as a function of frequency; i.e. 
Wa(f) = [FM/lxlM,  where F is the force in 
pounds,  x is the acceleration in g units,  and ui 
is the circular frequency.    Apparent weight, 
which has dimensions of pounds,   is related to 
mechanical impedance by a factor of ju,   ^here 
,1 -  /"T.    Measurement of apparent weight for 
sinusoidal and random inputs i.'; considered by 
Otts [ä] and Otts and Hunter [fi) respectively. 

The use of apparent weight in calculating 
vibration input specifications for the various 
test techniques will be considered in Section II. 
This system characteristic is measured on 
nearly all test items at Sandia.    In fact,  this 
data is being added to the Environmental Data 
Rank to he used in conjunction with field data 
as discussed hy Murfin.[4) 
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TK.HT 'l'l-:('llMQri:s ollu-r hand,  there is no esiahlished terhniciue 
für automalir limiting rluriii^ random testing. 

Motion Contfol Manual adju.sl nienl of the random input spec- 
trum,  to prevent the rms level in each hand 

Motion  i ontrolled vibration leM-    where from eseeediuy a speeified level,   is eonsid- 
Ihe input in mainlamed ron,s'atit.   i an I«   < lassi i-reil hy Witte and Kodemari. |il)    The amount 
fled as infinite apparent weijjhJ le-tiiu1, suiee nf adju  trient is dirived from the transfer 
ilie lest item is not allowed lo al'fe, t  its en fum lion between the input and response points 
vironment as it doe.-  in the field.    The disarl on the test item, 
vantages of this type lest,   a-  uiiliiiied Its 
Otts, [ä] ineludi- both overlestiny and   urlei Kofie  Limiting the Input to the Test Item 
testing of the test item. 

foi-i e Itmitiug |)reveiits the input fori e 
The problem of overle.sting i-  lurlher u> i he lest item from exeeeding spi'iified 

exaggerated by the speiifiealion of flat inpT level.-.    Should the speeified foive  level be 
levels derived I'rcjm enveloped field resjjim.se reaehed during mcjiic;ii-i'onlrolletl testing,   the 
data such as desei   bed in I. A.   and I. 1) above, input eontrol swit. lies to the force- input. 
The speeifiealion |)roblem is eonsidi-red by 
V'igm .-.s.  [7) Motion limning is normally used in pref- 

ereiiee to föne limiting due to the relative 
rnfortunately,   most vibration labora- simplicity cjf mounting aeeeli-rometers.    Mow- 

lories are eompelled to run motion  «ontrolled ever,   both teehniques aeeompli.sh the same 
tests,    'I'his situation sieins from (1) laek of effect,  that being lo cause a dip in the founda- 
more realistic sources of data,  (^) reluctance lion motion as described above, 
to change test procedures,   and (.i) compulsory 
lest specifications imposed by the contractor. Since the derivation of force limit values 
Sanclia Laboratories is minimizing use of this has not been considered previously,  the neces- 
lest technique and substiuiting more realistic sary calculations are included below.    Force 
techniques as described herein. limits can be derived as a function of field ac- 

celeration data and lest item apparent weight 
Motion Limiting the Response data.    For sinusoidal testing, 

Motion limiting is a technique whieh F(«) = W  (u) G(u) 
prevents the vibratory response at various 
points on the test item from exceeding speci- Where F(L') = force limit amplitude- at each 
fied levels.    Basically,  the input is reduced frequency (lbs) 
by switching the control to the response trans- 
ducer whenever the motion exceeds the speci- W'  (w) = apparent weight 
fied limit. 

CKo.') - field acceleration (g) 
Motion limiting,  applied to motion input 

control tests,  causes the input motion to dip. It is customary to smooth the curves by taking 
This reduces the chances of overlest since the an average apparent weight over as wide a 
technique allows the test item lo affect its own frequency band as possible,  and encompassing 
environment.    This is further considered by acceleration data over the same range, 
Olts.[5l 

For random testing, 
Murfin (-!) derives motion limits for si- 

nusoidal tests.    These limiting values are a . 2 
function of field data.    Witte and Hodeman [H]                                             F(y) = W', (W)     CUC) 

derive limits for random tests,  which are 
again a function of field response data.    For 
cases where there is no applicable field data, Where Fd^') = force spectral density within a 
it has been a Sandia practice lo limit the re- frequency band (lbs-/Hz) 
sponse at critical points to 120. 0 g.    This con- 
servative level was derived from the fact that W   (u') = band averaged apparent weight 
field data seldom reflects responses any 
higher than 14.(1 g. (KL') = field acceleration spectral den- 

sity within a frequency band 
Sinusoidal tests can bo limited using {p,"/\]y.) 

commercially available electronics.   On the 
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Kur jut 

If   im: [i.i'  '.'' >v '!■ rivur.; random 
.III;I! I>I   !<i , >iii.-i.|.-r Ihr rm.s forf«' 
■ r.il n HI .'. illnn ■i. h li,nid,   .mil us«' 
ir   - im.   niW.u lor. ■■  iimi' ni;1 L;IVC-II 

I|'   ih.     [llplll 

I'lii'   M'^miU'iit.-. hu' fur  •     iiiilru. ■.■i'r.-iis 
ItUi! lull      i in' ru.   il r. ■'  lii'i'll  lil'i'.-i'll'i'illi'.   ( H I > , |.i| 
ilnl '.'H'l'il'i H'I'   .■. i; i   Ih i'   in-   n'i'I ll(ill.i.-.l.'i'.I  .1'   tl.l - 

[iiilill  .ipparrlU »»'ifihl  uf llli'  test sprrimcn as 
slunvn lu'linv. 

|-(L>)      U   (U-)      IHu) 
I     a      I 

wiii'i'r l''(^) and Cl(u') arc lln- input lorrr spcr- 
ir.il di'iisii\ and field cnvi'lopi'd ai'i'i'lcration 
..-prrtral density,  rcspiTtividv.    'I'lu' magtutiKK' 
ul' \\ ., is ai>;iiji luasi'd towards the minimum in 
i'.iih test hand. 

j-'ur   i-   .■. nr nil led  .■ ilir.i; lull tr'j..(iiy falls 
uiii. :«'i) liasi.' .a'.'t;. u'li's:   (1) .-«mtrul uf furn' 
input Indira  the ii'.^l  ili'in.   and (_') .'onirul uf 
fur. ■' input liriuw   tin' list svs'i'in,  tt'tliTc llli' 
>\s|i'iii in. ludi'.- tin' test item and us foiinda 
tunj.     Until ti'.lini.| in'.-- .ire I'linsidi'i'i'd Ufitivv. 

I.    For. i' Input He low  Tesi Itmi 

Ciiiistant  l''i)r. •' Input        When the foive 
inpul helnvv the test item is maintained at a 
. uiistant  level,   the apparent iveijjhl eharaeter- 
isties of til.   fi Hind.il Kin lia\e no influeiii e ail 
the fiiive input uf iiuiticm response of the test 
item.    Therefore,   this is referred to as a 
.■ei'o apparent weiitln test. 

Althouyli foi'i'e eontrol lestiny of this 
type is not reahslie,   i! is preferred to motion 
control sinee the dvnamie eliaraeterisl ies of 
the te.'-t  item are allmved to affeet its out) 
motion response. 

Derived Kotve Input (Sinusoidal) -      A 
realisfic approach to sinusoidal fori e control 
is desfrihed hy Murfin. M)   Basically,  Murfm 
derives tlie input force speetrum as a function 
of field acceleration data and the apparent 
weight characteristics of the test item. 

K(u') = «'  (^') t'<M 
a 

Where the apparent w.'itjht,  \\ .^u),  is meas- 
ured in the laboratory and the field accelera- 
tion for the specific system,  Cl(u'),  is taken 
from VIHH.'W.    The apparent «-eight used for 
each data freipieney hand of \TH1TA.\ is biased, 
towards the minimum value,  thus providing a 
conservative estimate within each band. 
Murfin also considers the derivation of ac- 
celeration response limits to be imposed dur- 
ing this type test. 

Derived Force Input (Kandom)    - Witte 
and Kodeman (,'i) describe the procedure used 
in deriving random force specifications.     The 
teclini.|ue utih.'es enveloped field data from 
the Knvironmenta! Data Hank and the driving 

Kandom acceleration response limiting, 
with the present eiiuipmenl,   requires that the 
input spectrum be modified by calculated 
amounts.    The use of transfer functions be- 
iwecn the input and response points,  as de- 
scribed by Witte and Kodeman,  [fi] was discus- 
sed previously. 

In summary,  the eontrol of a constant 
force 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 affeet 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 jsponse,  which in turn is 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 Bellow Test System (Foundation 
and Test Item) 

Force control of the input below both the 
foundation and the test item is classified as 
controlled apparent weight testing sinee the 
dynamic characteristics of the foundation,  as 
seen 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 force spectrum to be applied. 
Xuckolls (y) and Otts and Hunter [6, 11] have 
developed.techniques whereby the dynamic 
characteristics of the foundation can be elec- 
tronically simulated for both sinusoidal and 
raneom testing,    Electronic 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 tfrhniquc is describeti 
in several repor'ts [ill, 12, Hi] where hloekeii 
force measurements were made to determine 
the vibratory force input from a rocket motor 
to the pay load.    The apparent weight of the 
rocket motor- was measured and electronically 
simulated during a force  controlled vibration 
test on the pay load. 

Unfortunately, it is dilTicult for one to 
determine the apparent weight of most founda 
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 Pt^uduct 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 between 
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 Field 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 [18] describe an analog technique 

while I.eHrun and Favour [l 7] describe a 
digital technique which allows laboratory re- 
production of fii Id data.    The computerized 
technique is more accurate and efficient. 

Hasically,   both techniques equalize the 
transl'ei   function between the signal source 
and Hie shaker output (or point  (in lest item) to 
unity over lite frcquciii v d-si  raune.     Phase 
preservation :s also i mporl ant.    The field data, 
recorded on magnetic tape,   is then used as the 
input to the shaker tc-t system. 

This procedure has been used to repro- 
duce component and system field response to 
short  hurst vibration such as that experienced 
during rocket ignition,  payload separation,  and 
payload ejecfion from a bomb rack.    To dale, 
long duration responses have not been repro- 
duced in the laboralors.    However,   there is no 
technical limuation 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 [lli) 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 to supply the vibratory- 
input to the system.    Fach shaker is individ- 
ually controlled,  usually to different input 
specifications.    The technique is finding in- 
creased usage on test systems which utilize 
multipoint mounts in the field.    Individual input 
specifications for each point are derived from 
fit-Id 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 (U'l consider this problem,   as well as 
propose a manual adjustment which solves the 
problem.    However,   there is not an automatic, 
electronic solution available to date. 

A report in this technique,   as applied to 
several test programs,   is forthcoming. 
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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 sinusoidal 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 ofthat? 

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 
havi; your excitation? 

Mr. Otts:   Twenty to 2000 Hz. 

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

Mr. Otts:  Quite a few.   As a matter of fact, as 
it turns out, the first major 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. 
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SIMULATION OF COMPLEX-WAVE 

PERIODIC VIBRATION 

A..).  Curtis. 11. T.  Alistfin. .Ir. . and N. (i. 
Hu^tu's AircraJl Cumiwny 
Culver City, Calilnrnia 

Thili 

A vibration test method that has general applicability lui 
simulation of complex-wave periodic environments is deHrnb.-d.   I !:• 
method, which was developed to simulate the effects of aurr.iii . ibr.i- 
tion induced by rapid fire (Catling) guns, makes use of a repemivc 
pulse as an excitation signal for conventional eleclru-dyn.unu: vibra- 
tion systems.    The method is a modification and extension ol a Kimiiar 
method described in a paper by J. A. Hutchinson and R. N.  liauc. k ,ii 
the 40th S and V Symposium. 

The paper includes a description of the rather simple ancillary 
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 metlind 
for rapid analysis of the line spectrum of the resultant vibration u.sing 
an existing comb-filter analog/digital vibration analysis system is 
included. 

Results of the use of this test method during testing of an airborm- 
weapon control system are described.   The economy of test and supe- 
rior simulation characteristics of the method, compared to alternative 
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 a modification and extension of that 

method together with a clesi-nplitni n! equip- 
ment for general test miplf-niciitatiun ;M,I1 data 
analvsis. 

DESCRIPTION OF ENVIRONMENT 

Of all the sources tor couiplex-wavi' 
periodic vibration, the mu of muM micicsi. 
recently,  is high speed "GaLuu;" iruns m air- 
craft.    These guns lypti alls luv .ii tali s ot 20 
to 100 rounds per scoiml and i icaic pi rtmlu 
high blast pressures around the uun muzzle in 
addition to periodic ivaclion lorccs at the mm 
mount.    The read inn lurccs can tie isolated 
from the aircraft fitructia'c ill but r.u mcthud 
has been found t" cllectivcly riituce tin  hiusl 
pressures impingim', 'm Hie i MM :   r tusrlai:.! 
panels.   An ideall/id wav> (nrni .-i tlu  prcs 
sure acting on (he cxtt IMM  skin '■  shi'Wii m 
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Fig.  1 121,    The prfssuri' pulsi' luis n shurl 
duration with ri*«iK'Ct In tho ptTincl nf the pulso 
rcpi'tmn livqut'iiry (PRF).    Kxpansinn of this 
w.ivi'lnrin in a Fourier stTics ol the Inrm 

F(t)     a    •   > a   sin(w t • «i ) n     —   n i\ n 

results in tlie iMclTirients slmwn in Fw.  2. 

Fig.   1 - kiealizecl pressure waveform of 
Galling gun, time normalized by firing 

frequ-nry (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 
excila'iiii will possess the same characteris- 
tics as the excitation.   It will consist of line 
spectra at the harmonic frequencies with 
amplitudes and phase angles dependent on the 
dynamic transfer characteristics of the 
structure. 

In a report on the measurement and analy- 
sis of gunfire vibration on the F-5A aircraft 
[31 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 Tiring rate and pressure waveform. 
During any one burst, i. e. , a series of rounds, 
the pressure and PRF will vary because of 

0   12   3   4   5 8   9   10  11  12  13  14  15  16  17  IB  18  30 

COEFFICIENT NUMBER 

fig. 2 - Fourier series coefficients of waveform shown in Fig. 1. 
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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 occurrancc winch is not 
observed in measured data.   On the other hand. 
variations in pressure waveform, even il 
slight, may result in significant variation in 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 f' equency, the random- 
ness in signal output will 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 ±5 percent 

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.   It is 
likely that the PRF is also variable for these 
situations and the techniques 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:- 

1. Sinusoidal 

2. Broadband Random Noise 

3. Narrowband Random Noise 

4. Pulsed 

5. Pulsed and Broadband Random 

T  1 
i 

i 

i 

n ifiipi 

T0IM HMlVljMi 
Annw 

HACMCtMC NUVHl - 

Fig. 3 - Excitation frequencies of complex periodic 
./aveform with iS'r variation of PRF. 

39 



Km' i .h 11 P. pc, a luinilu'f ul npiiuns rxist 
in drl iiuiii1. ihr in'.inilur.il ili'l.nls.    Howcvrr, 
sch rlli.n  "1   (tic   .V.url' Till r.lll  he pursuiHl 'J,vn~ 
l-f.jlh    lUltfjH'lllll'lU   ut   lllrsr  clrl.llls. 

1.      I sc ul SIIIUSMUI.II cxrilat inn has sunic 
appiMl Miiu-i' .i piTi.nlu-, ur .il least, alnmsl 
priiuilu- wavi'li »rtn is lu Uv siiiuilali'il aiul tlius 
rarh ha i niiiini- ul llic \\a\ rlmiii ran lir sunu- 
lalnl in luni.     llic wrakiu'ss ul llus appruacli 
Is llial  llic I rial luiislnp luUvi'cli lilt' rlli'c'ts ul 
appK uu', räch ha iniuiiic iiuli\ uluallv ami all 
harinunus siiiiullancuuslv is ilillicull.   il' nut 
impussililf tu assess, paiiicularlv with respiift 
lu luiuliuiial priluriiiaiu'c' ut till' t'quipim'nt. 
Thf rallirr uh\ imis pussilnl Uy ul LISHIL; till' sum 
ul tin' uutputs ut a nunibt'f uf nscillalui-s, oiu' 
I'nr each harmuiur,  ran he quirkly disracd«! 
when the prubliir.s ul aniplituclc ami li't'qucni'v 
runt nil arc runsiilcrcd. 

-'.      Isc ul liruatlliaiul random cxritalion 
immcilialcly pci'iinls sniuillancuus cxi'itatinn 
ul all harmuiiu's ul the t'luirumiicnt.  HUWOVIT, 

it is i-lcar. as discussed later, that a bnnut- 
liand lcvi'1 which, m sume undeliiu'd way,  is 
eiiuiwilcnt tu the level ut' the harmunics. must 
he wry ciinservatue in the Irequcncy bands 
lictwcen the harmunics.    Inirthcr, havinsA i'or 
sume time resisted uppurtunitles to simulate 
raiulum vibrutiun enviruiiments by sinusoids, 
it seemed a little nu'imsistenl lor the authors 
to artiiu1 striiiu;ly lur the simulation of a peri- 
odic envirunmenl by a random excitation. 

;).     Narrowband random excitation is, of 
course, no more deterministic than broadband 
random excitation.    Compared to broadband 
random excitation, narrowband excitation does 
offer the adv,int,u;e of avuiduii; the previously 
mentioned cunservatism and, with appropriate 
selectiun ul bandwidth and center frequencv, 
pi'uvidiiu; exciiatiun which covers the known 
variation in repetition rates.    Reference [41 
describes an existing, programmable narrow- 
band random Vibration excitation system which 
can generate and control three simultaneous, 
tuneable narrowband excitations.    Use of this 
system would permit the sinuiltancous simula- 
tion ul up to three harmonies.   With incorpora- 
tion ul additional servo loops, as many har- 
monics as desired could be generated, but with 
ubviuus increase m procedural complexity and 
lacililv cust. 

Rc'-M rdnu; the use of random excitation to 
simulate a cumples-wave periodic,   i. e. . 
delerai mist ic , excitation, twu points are of 
interest.    First, the phase relationships 
between the harmumes are undefined in any 
cMsinu; data and will certainly vary from |xiinl 

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.   Secondly, as part of the development 
of the test method, the response of a single 
dei;ree-of-freedoni system to recorded gunfire 
vibration was examined, using an analog shock 
spectrum computer.   It was interesting to note 
lhat the pseudo shock-spectra obtained for 
several damping factors (Q's) indicated that the 
spectra varied more as V/'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 excitation 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 
parts and then mix them back together.   With 
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- 
filled.    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.    Fourth, variation of 
the [Äilse-repetition rate would tune all har- 
monics correctly.   Fifth, the test duration is 
Immediately determined since "realtime" test- 
ing is achieved.   In addition, it became appar- 
ent that the use of a variable-PRF pulse gen- 
erator 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 anddevelop a 
test method, it appeared that even during 
ground 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 iinulysi.s cquipniont.   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 be able t« simulate the 
combination of pulsed and broadband randum 
excitation.    This is achieved by the test method 
described below. 

DESCRIPTION OP' SIMULATION METHOD 

A functional block diagram nl ,i vi'nralinii 
system which can be used to gcneralc and con- 
trol the pulsed and bnadband 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 be 
deleted at will.   However the shape of the 
spectrum cannot be chosen completely inde- 
pendently of the pulsed excitation. 

The pulsed waveform is obtained Irmu 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- 
etition period (duty cycle) is determined by the 
number of harmonics to be generated. For ease 
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 Ü. 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 

harmonic amplitudes required for adequate 
excitation; for a given equalizer, there will be 
a nuLximum input pulse amplitude which cannot 
be exceeded without causing saturation or 
clipping. 

The pulse is fed to the input of a standard 
random vibration equalizer, switched to the 
manual mode, in order tu adjust the relative 
amplitudes ol the individual harmonic compo- 
nents In the desired values.     Since the relative 
amplitudes of the luiriinmics nl the pulse are 
known, either theoretirally or by measurement 
of the pulse generator output, the relative 
amplitudes ol the desired lesi spectrum can be 
obtained by adjusting the gain of each equalizer 
filter which contains a harntoiüc to the appro- 
priate value.    For example, if tin desired har- 
monics are all equal, the transfer function 
through the equalizer should be the inverse of 
the envelope of the line spectnim of the pulse 
generator.    For frequencies above the highest 
harmonics to be generated, the equalizer 
filters are set to maximum attenuation.   The 
output of the equalizer which contains all the 
desired harmonics adjusted to the desired 
relative amplitudes is then fed to the power 
amplifier through the normal control console. 

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

Superposition of random excitation on the 
pulsed excitation is quite straightforward as 
shown in Fig. 4.   In order to easily adjust 
gains, and to enable both combined and sepa- 
rate random and pulsed excitation during test 
set-up. it is necessary to use a random noise 
generator external to the equalizer system. The 
signal from the noise generator is fed to the 
equalizer through a gain setting potentiometer. 

VASIABll 
Put i 

pui'ji r 
GFN1I1AIO« I 

RANDOM 
NOISI 

OINIBAKJ« 

PUCl 
GAIN 
AD I 

RANDOM 
GAIN 
ATI 

BAG: -. ■■• 
. IBRATir •. 
ica -  .■[« 

'AAGUA,  v.'-; 
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' GTRO, 

6«4 ION 
■1> 

Fig. 4 - Functional block diagram cf pulsed vibration 
excitation system. 
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I'tlr slupr ill  lllf S|irilruill  uv»'!'  must nt  Ihl' 
ll'fqUtiu'V  I'.ini.r is (liirniimcil liv Ihr piH'Vi- 
IUSI', il;siussril rcquurmfnis I'ttr .uiuisiinu ihr 
rcLitv\.f lurmiinic amplituili^s.   HUWCVIT, w.ih 
jiniju-r sclrrlinii nl lUilV evrlr,  .in rsscntially 
white iimsr sptTtruni sh.ijH' t'.m lu- .irhirwil. 

Ihr i'HUUh/l'r  sllii'.vn   in   I-h'.     -I   scrws twn 
pu lliMSi-S.     Tllflirsl,   .hllusl lllrlll  ul   thr   rrla 
l:vr liaiUl'iJUf .lllipl llvulis .   lias lircl; dlSi'Ussrd. 
I'hc srriiiiil is lur rqu.il I/ir,>, Ihr viblMlliin 
rXfUi-l    liMuri'   Icsl ,1 it ulr iK ii.iinu   s\slriii. 
F.qUaU/.aliuil nl   tl'.r  S', sir 111  In lull .11  tllrsr pu r ■ 
puses is aci'miipl ishfil li\  usiii;', rand.mi iiuisr 
(■xrital inn m Ihr usual lashmn tur niannal 
equuh/.ul 1*111 usm.', llu- spniinin lalrulalril I" 
pruvulf Ihc ilfsinil ri'latiVf hanuumr anipli 
Uuhs,    'I'hr t'quuli/.atnui ran lu- lUTl'iiniU'd at 
a Invv aiiaUiutinii U'Vc'i with Ihr list arliflr m 
plai-r,    Altrnuit i\ rlv .  tin,  authors lirlirvr [irrt ■ 
rrablv fm* ivpiral "black bnM's".  thr rquali 
/.atmn can lir iirrh'i r..r(l at a Irvrl cuiisistcnt 
witlt thr Irst Irvrl ami With an rnipty lixlurr. 
'I'hr hiatimi.; nl ihr lixlurr hv tin1 unit as ihr 
l'KF is rhan^eil will Ihrn m-rur nalurally and 
anahiLniusly in thr situaliun ill ihr airrrall 
inslallatimi.     This alsn avnuis rxi-css vil)ra- 
linn cxpnsurr nl' thr Irst arlu'lr SHUT rquali- 
/.atmn m thr niannal nnulc may hv Icn^lhy. 

At'tcr rqualizatum.  it is lu'ri'ssary to scp- 
uratcly set thi' t.'.ains lur the raudnm and pulsed 
exeitiitunvs.    With the master t>;iin (see Fig. 4\ 
set tn a desired nperatini; point, and the ran- 
dmii gain at zew, and using the initial lest 
1'HF, the imlsed gain is increased and the gain 
setting noted.   Next, with the master gain at 
the same setting and the pulsed gain set to 
zero, the random gam is increased until the 
desired mis acceleration is achieved and the 
gain sotting noted.    The test can then be com- 
menced with these gams set lor the individual 
excitations and by increasing the master gain 
until the overall mis acceleration is achieved. 
As the PHF changes, either continuously or 
preferably stepwisc. the overall rms accelera- 
tion is maintained by either manual or servo 
control of the master gam setting. 

Fig. 4 shows an accelerometer signal 
averager, sometime« known as a time division 
multiplexer m the control system.    It is desir- 
able to use the average of several accelerom- 
eter signals fur test level control for the same 
reasons as for any other type of excitation. 
Some of the problems associated with the use 
of averagers arc discussed in a companion 
paper and will not be repeated here since they 
are not peculiar to the use of pulsed excitation. 

The need to generate pulsed excitation 
over a range of PHF's has been mentioned 
previously.   To obtain the most comprehensive 
test, it would lie desirable to vary the PRF 
loniinuously over the appropriate range.   How- 
r\er, the range involved is usually a small 
percent of the nominal PRF and is of the same 
order as typical resonant bandwidths.    Thus a 
practical compromise is to step the PRF 
through the range in a suitable number of steps 
with small enough increments to excite any 
resonances within the range to essentially 
maximum 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- 
fits accrue 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 mm-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 
adjust the test level as the PRF steps from one 
value to the next is considered to be better and 
more consistent than his ability to continuously 
adjust 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 
transfer function for a resonance with an 
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. 5 using the PRF variation for 
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Fi^.  5 - Minimum response to stepped PRF 

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

USE OF METHOD 

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

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. 

z 
o 
< o. 

< 

5.0 

3.5 

2.5   - 

lb) 

la)     4000 RPM 
6?.3< I < 74.3 

(b)   6000 UPM 
95.6 < ( < 107.6 

I 21 31 4f 5( 61 7( 81 9f 101 

FRtQUtNCY IFUNDAMENTAL AND HARMONICS) 

  —    —   
\h ak Acceleration. ^ Peak 

Pari Fundamental 2nd Hannomc 3rd lOlh 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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auluinalu- Sfciut'iuui;', nl VUV ilwt'll nnu's.  This 
was acliicvril by tlu> usr ut a simplt1 rinj; 
ruuiUiT tur swiliiiint', I'UF's.    Two pulse tnnn 
'Hilpuis werf iJi-iuulcil;   line, with vanabU' 
ampUtvuU'.  is used I'm' lest cxcilation; tlw otlici-, 
with rnnstaut anipliUuli1.  is rccurded DU llu' 
irsi data tapi1 tur latin' use in analysis.    A 1'RF 
ruilr signal runsistini; nf ten iiu'rwneutal DC 
xiiliai'.rs (pusitivr fur hu;h firing rate PRF's 
and iit'^utivi' fur luw lirinu rate PRF's) is also 
pnivuU-d and rrrurdini dnrmi; test fur later 
analvsis usr. 
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The ilenvaliun ul the eiiualtzaliun settings 
fur ihr line spectra ul Fin.  15 is shuwn in Fig. 7. 
Since a cunstanl duty cycle is maintained, the 
eiiuali/.atiun setting fur a particular harmonic 
is cunstanl as the FRF is varied, assuming the 
desired amplitude uf the harmunic is cunstanl. 
The ideal equali/.aliun then becumes a stair- 
rase lunctiun.   In Fig,  7. a pair of cuulinuous 
curves within which the staircase function must 
lie,  is shuwn fur both the high and low PRF's. 
ll shuuld be nuted that a reference value of 
0. 1 g^ 11/ was chusen arbitrarily as a matter 
uf cunvemence.   To avoid the necessity tur re- 
equalization between high and low PRF tests, 
compromise equalization settings are shown by 
the single curve between the pairs of ideal 
curves.   The maximum difference between the 
ideal and compromise settings is less than 
1 db.   During lest the high firing rate PRF's 
were run first and only a brief test shutdown 
was required to re-set to minimum those 
equalizer channels applicable only to the high 
PRF's, before proceeding with the low firing 
rate tests. 

Test Control 

As has been described in a preceding 
section. 11 was necessary to pre-adjust the 
relative amplitudes of the pulsed excitation and 
the random excitation.   To avoid the necessity 

ii',.  7 - F.qualizatiun settings 
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for logging and re-setting of eueh gain 
adjustment (see Fig. 4), a "noise only" spring- 
loaded switch was provided.    This permitted 
setting the pulsed exeitation amplitude (with 
noise gain set to zero) and then setting the 
noise exeitalion amplitude without disturbing 
the pulse gain setting.    The control signal was 
passed thru a 1500 Hz low-pass filter ami 
monitored on a true-mis VTVM. 

The control signal was derived Irum tin- 
output of a multiplexing averager (TDM) with 
the number of input accelcrometer signals 
varying from two to six, depending on the test 
article.   There are several potentially serious 
problems inherent in the use of a TDM which 
arc beyond the scope of tiiis paper.   It should 
be noted, however, that significant errors in 
both test control and data 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 180r. 

Data Reduction 

As has been noted, the maximum time 
duration at each PRF was 60 seconds.   If the 
taped test data were looped, it would have been 
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 firing rate PRF's, for 
each of three axes), and since the resulting 
mass ctf data would have required further pro- 
cessing for easy correlation with test phenom- 
ena, the above analysis approach was deemed 
impractical. 

In seeking alternatives, a digital analysis 
technique was particularly attractive because 
of an already existing system [5| using a comb- 
filter array of 52, 10-percent bandwidth chan- 
nels in conjunction with a multiplexer and 
analog-to-digital converter under the control 
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. 

For each PRF an array of ten filler chan- 
nels was selected based upon the joint criteria 
of maximizing the desired harmonic response 
and minimizing the effect of adjacent harmonic 
response in each filter chosen,   A self- 
calibration mode was devised, taking advantage 
of the fact that, since the duty cycle of the 

excitation pulse train was controlled carefully, 
the ratios between harmonic amplitudes and 
pulse tram amplitude were measurable con- 
stants.    Thus, a single pass of any given data 
sequence (1(1 successive PliF's) permitted tiie 
calculation uf Üu> gain factors lor each channel 
for all ten filter arrays, by tin- simple expe- 
dient ol adjusting the rnis input amplitude of 
the recorded pulse train hi a pre-delermined 
constant, measuring each channel output and 
dividing it by the product of the correspmuling 
hurmoHif aniplitiule ratio and the pulse ampli- 
tude.   The lime-saving factor of this approach 
is obvious but an additional advantage accrued 
in the elimination of potential errors due to 
minor variations in tape recorder speed con- 
trol during data recording and playback which 
are, of course, reflected in apparent data 
frequency variations.   The gain 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 each array of 10 filter chan- 
nels plus a broadband channel (the latter is 
used for measuring the broadband rnis ampli- 
tude of the signal being analyzed).   Tims, 10 K 
samples are accumulated for each channel 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 comparison table which is used for 
PRF identification. 

During analysis runs, successive samples 
from the multiplexed filter channels are digi- 
tized, squared and stored using a simple algo- 
rithm of Simpson's Rule for estimating the 
mean square for each harmonic.   Tiie peak 
values are then calculated, scaled to engineer- 
ing units (taking account of variable system 
gains and transducer sensitivity) and digital 
magnetic tape records written for subsequent 
output via teletypewriter. A typical end result 
is shown in Fig,  Ö.    Presentation of both the 
measured broadband and calculated (for the 10 
harmonics only) nns values is doubly useful. 
Since the calculated value should be only 
slightly less than the test level, it serves as a 
rough check of the adequacy of test perlor- 
mance.   At the same ti'.ic, since the unfiltered 
measured value should be somewhat greater 
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GUNFIiU   VIBRATIkJN  DATA   ANALYSIS 

HIGH   O.K.   KAU 

HARMONICS:      Pt-AK   Ü'S 

RLC.   m.   ÜÜ07 YtAR   1970 

BROADBAND:     RMS   G'S 

PRF'S 

107.6 106.2 104.8 13*.A 

100.8 99.S 

PR F 'S 

98.2 96.9 

102.1 

FUND .374J9t; + 01 .5ii93L+01 .i248it+ül .3180i£+01 .31162t+01 
2ND .4688it+Ül .41317E+01 .4i838E+01 .43282E+01 .4il32t+Ül 
iHD .W177t+OI .i)8210E + 0l .!3l7i9E+01 .46422L+01 .67101E+01 
4TH .Il6i2t+Ül .47il9t+01 .51665L+01 .54363t+01 .4982lt+0l 
'JTH .54872t.+Ül .b0767L+01 .41il9t+ül .54Ü51i+01 .67 704h+Ül 
61H .4442lt+01 .6il02t+01 .!>7ül3t+01 .50672E+01 .55145t+01 
71 H .57074E+01 ./1479ÜC. + J1 .6S728t+01 .61666t+01 .65275E+01 
8TH .47Ü14E+01 .5229 7L+Ü1 .396Ü3E+Ü1 .53894L+01 .408071+01 
9TH .4i23U-t01 ,51582t+01 .46977E+01 .47744E+Üi .t)7323E + 01 
lOIH .22116t+01 .43733t. + 01 .50869E+01 .41717L+01 .53J5i5t+01 

BB-M .1175itE + 02 .11964E+02 .1 1898E+02 .11639E+02 .12Ü10E+02 

BB-C .1079ÜL+02 .11 li4E + 02 .10993F+02 .1I016t+Ü2 .12163L+Ü2 

95.6 

FUND .3I295E+01 .33707E+01 .49369t. + 0l .33736h+0) .3b633t+ül 
2ND .45751E+01 .52720L+Ü1 .62474t+01 .607051+01 .75473E+01 
3RD .46374E+01 .49595E+01 .56385t+01 .51689E+01 .49195E+01 
41H .44018E+01 .47284E+01 .53575t+01 .47494E+ÜI .46126E+Ü1 
5TH .39756E+01 .32007E+01 .2218 7E+01 .27295L+ÜI .3906OE+01 
6TH .53231E+01 .45995E+01 .54202E+01 .52404t+01 .435V4t+ül 
7TH .63548L+01 .53397E+01 .50061E+0I .56445t+0l .44980E+01 
8TH .61143E+01 .:.98 15E+01 .51427t+0l .45023E+01 .41045t+01 
9TH .55936E+01 .Ü0247E+01 .36982t+01 .41561E+01 .3S283E+Ü1 
IOTH .48659E+01 .596-i7E+01 .5l751t+Ul .51351E+0I .52159E+01 

DB-M .11641E+02 .11653E+02 .11501E+02 .11769t+02 .11638t+02 

BB-C .11148E+02 .11264L+02 .11 1S5E+02 .1068 4t.+Ü2 .10721E+02 

BB-M:     MEASURED  BROADBAND   (ALL   HARMONICS   PLüS  BASt   NlilSE) 
BB-C:     RMS   0F  LINE  SFECTHUM   (10  HARMONICS   ONLY) 

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

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

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- 

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 
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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 Method 519. Gun- 
fire Vibration, Aircraft.   As this is the only 
military specification (known to the authors) 
applicable to gunfire vibration, it is appro- 
priate to compare some of the features of the 
method described here to Method 519. 

Method 519 is a random vibration test with 
the test spectrum shown in Fig. 9.   If facility 
limitations dictate, an alternate spectrum, 
shown in Fig.  10, which employs swept nar- 
rowband on broadband random is permitted. 
The maximum spectral density, Gmiix, 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 
gun 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 
firing rates of the gun.    For several typical 

dB-10 log,0  

I I I 

FriQu«nc»    (HI 1 

Fig. 9 - Random vibration test curve. 
Fig.  519-5 of MIL-STD-810B. 

29 September 1969 
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3      4    9   8     t , 
;,,000 

Fig.  10 - Swept random vibration test curve. 
Fig.  519-7 of MIL-STD-810B. 

29 September 1969 
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ijunfii't' rales, v.-g. . 25 Hz. üT H/. and 1Ü0 Hz, 
llu' '.IJWCI- liai'inoiucs arc (lutsido the iost ranne. 
II is su^nested that Mi'llmd 519 should bo modi- 
fied to ensure that the apiiropnate frequency 
ran^e of exeilatioH is eoverwl.   It is believed 
that the pulsed exntation method has the ad- 
vantage of automatically cxcitmi; the appropri- 
ate frequency ranges. 

It is not the purpose of this paper to dis- 
cuss gunfire vibration levels.    However it is 
appropriate to illustrate the previously men- 
tioned conservatism of broadband random 
excitation due to "filling in" the valleys of the 
spectrum between harmonics.    Method 519 was 
applied to a typical installation of avionics and 
the test levels shown in Table II obtained.   It 
is anticipated that some difficulty would be 
experienced in testing even some of the lighter 
weight units to the required mis accelerations. 

Even the alternative narrowband sweep, 
which employs a 1ÜÜ Hz bandwidth would be 
difficult to achieve at the tabulated spectral 

density values.    Further, published gunfire 
vibration data from an installation not dissim- 
ilar to that used for Table II does not indicate 
rms accelerations approaching those listed. 

Thus it is concluded that, compared to use 
of a pulsed excitation, the use uf 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 those 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 II 
Method 519 Gunfire Vibration Levels for Typical Aircraft Installation 

Weight 
(lbs.) 

135.0 

142.0 

39.0 

39.0 

34.0 

28.0 

25.7 

71.0 

65.0 

G3.0 

41.8 

17.4 

39. 5 

158. 5' 

171.0' 

179.0' 

Zone D 
(in.) 

36.3 

35. 1 

35.6 

31.3 

27.7 

31.7 

28.2 

25.9 

14.6 

95. 1 

107.5 

91.7 

43.5 

131.4 

170.8 

174.6 

"max 
(g2 Hz) 

3,6 

3.8 

3.7 

4. 9 

4.3 

4.9 

5.8 

6.4 

9.2 

0.095 

0.076 

0. 105 

2.0 

0.055 

0,041 

0.040 

pi u max 
(g2/Hz) 

1.33 

1,29 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0.015 

0.011 

0,011 

Grins 

39.3 

38.7 

65.6 

75.5 

70.7 

75,5 

82, 1 

86.3 

103.4 

10,5 

9,4 

11,0 

48,2 

4,2 

3.5 

3.5 

No test required since G'max less than 0.04 
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30 black boxes has shown the test method to be 2.     .1. E.  Gross and H.  Piltnian. "(;uii Finiii» 
extremely cost-effective.   Barring lailures in Eiu'ii-onment and its Rvlaliuii to Sii-uciural 
the unit, three axes of gunfire excitation dc- and Equijmu-ii; lntci',ii'   ", Shuck ami 
scribed earlier can be acconiplished in ajiprox- Vibration Built'tui Nu,  ,i-l    Part 2.       ?.u] 
iniately four houi'S.    Final proof of the adc- 269. Dec.   1904. 
quacy of the simulation must await exposure ol 
this equipment to ac'.ual gunfii'e excitation. 3.     H. F.   Carmichacl ami i;.   IN !k( .  "Mi., 

sureincnt   Analysi?» .tad iuii i pi'clali'.i.    ' 
The inadequacy of sinusoidal excitation F-TiA 2ü-itii;i UuMim   ij\ i,jitt;c E;.', n   •. 

and the conservatism of broadband randun, incut". .Shurk ami Vil'iatinn Bulletin 
excitation have been indicated.    It is recum N'H.  34. pan 4. pp 191   '.'-i>4 .   Ml),   li)'!;'.'. 
mended that a pulsed excitation be included in 
Method 519, Gunfire Vibration. Aircraft, ol 4,     A..I.  Curtis. .I.G.  llcrrcra and 
M1L-STD-81ÜB. R. F.  Witters.  "Combined Bnnidliand and 

Stepped Narrowband Randum Vibration''. 
Shock and Vibration Bulletin No.  3:'). 
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RATIONALES APPLYING TO 

VIBRATION KÜR MAINTENANCE 

A.ll. CniTvly 

Caiwulirin Kortc Hwidquartt-rs 

Ottawa, dnatia 

The parameters associat jd with tl e mt ■asure- 
rncnt of vibration as an Indicator of wear 
and the need for maintenance are discussed. 
It 1 H concluded tliat ve locily Is the most 
appropriate parametiT. Examples are ^iven. 

INTRODUCTION 

In practice there are no perfect bearings 
perfect shafts, perfect gears, or perfect bladed 
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 item 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 is 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 

mathematically lo convert from one parameter 
to another if sufficient information is known, 
there are some parameters which reduce work, 
effort, and thought, and yet tell all the 
answers required. 

Traditionally, it is the engineers hand and 
ear which plans maintenance before failures 
occur.  Though the ruler, micrometer, and dis- 
placement vibration gauge are the earliest 
forms of r.easuremenl they are far from being the 
best.  It is a I'.no'.Ti fact that frequency of 
vibration must be taken inlo account in the 
measurement of movement (vibration) In order to 
assess Its importance. 

For Instance if you move fl little boy's 
shoulders backwards and forwards six inches 
taking two or three seconds in each direction 
he will probably not object too much, if, how- 
ever, the frequency 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 it 
because of the high "g" forces Involved. 
Frequency is vital. 

Figure 1 shows the logarithmic com- 
parisons of the t^ree vibration parameters, 
acceleration, velocity, and displacement 
Tgainst 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 fixes 
the results in the other two parameters.  How- 
ever, there are several considerable advantages 
in choosing "clocity, which will be shown later. 
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VELOCITY    Vdb  reftrme«   10       em./|te 

Fig. 1   Velocity, Frequency, Displacement  Relations 
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KATIONALE 

Movement, l.o, dlsplacümcnl, obviously Is 
Important as a factor in wear,  (no movement, 

no wear).  Frequency Is also Important, (see 
above). Therefore a parameter combining both, 
could be an advantage I.e. velocity (dlspl. X 
t'rot]«) or accel oration (dlspl . X freq. X freq.) 
if they contain the right proportions. 

Force per unit area ul relatively moving 
surface is also important In wear.  However, 

when we are considering a particular equipment 
we are considering a fi;:ed design, and then- 
fore this element of the parameter is propor- 
tional to force.  Force Is a mass acceleration, 
and as we are considering a particular item, 
the mass Is a "constant", and therefore ac- 
celeration Is 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 second and 
above, a shaft feels: slippery not rough, and 
has very little friction at very high frequency. 
That Is, the friction with oscillatory accelera- 
tion In Inversely proportional to frequency. 
Dividing acceleration by frequency gives 
VELOCITY as the correct parameter. 

This Is in line with another consideration 
which is that the above formula, "force = mass 
acceleration". Is true at very low frequencies, 
but as frequency increases the impedance 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: 

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

It now appears that we have a single para- 
mi tet, velocity, which is crudely proportional 
to wear, (or condition of the equipment). 

The above is borne out firstly by vibration 
tests on a helicopter.  The problems were (a) 
shaking of the instrument panel (and pilot's 
seating, etc.) and (b) failure of a centrifugal 
clutch.  The lormer was caused by the rotor im- 
bcilance, ami the latter by a high frequency 
chatter {21)00 cps) t roir, cpicyclic gearing. 
Logarithmic scaled graphs ol the following 
shapes were plotted,  fig« 2 

Am litudej 

Frequency 

Fig. 2 

(Actual Ship gearbox vibration measurements (at 
the end ol this paper) and also helicopter trans- 
mission vibrations are plotted In the three 

different parameters for comparison in Appendix 
A). 

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

Energy = work = force X distance, i.e. 
acceleration X distance = 
= distance X acceleration = cms x cms/ 
(sec X sec) = 

= (cms/sec)  = (velocity ), i.e. 2 log 

veloci ty 
= 2 x hels of velocity or decibels for 
convenience. 

If the straight lines are the equivalent 
limits then it is theoretically posslcle to 
diagnose problems with each type of vibration, 
but, In fact Displacement is too Insensitive to 
discriminate high frequency and Acceleration is 

poor at low frequency. 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 

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 to get a para 
meter for wear, which indicates velocity. 
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which  again  slmpliftos   to 

Duplacement r"Ve70~lty"1 Acceleration 

Fig. ^ 

By uslns velocity w« have a single number 
which can bo set for different types of machine, 
obviating the necul for discrete analysis every 
time for every component, as frequency Is auto- 
matically taken Into account. 

Klg. 5 shows the linear spacing of vibra- 
tion subjective effects and Fig. 6 shows the 
logarithmic spacing.  It Is obvious from the 
even spacing of the logarithmic curves that 
subjective feeling Is logarithmically pro- 
portional . 

Kor 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 
Inherently 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 
dlesel 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 .arlatlon 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 Is worn out. 

This also br 
for having new, 
as low a level a 
to Indicate that 

vibration level 
few hundred hour 
machine starting 
can last for 10, 
fore, not only t 

to fall, but may 
many times. 

ings us to an important reason 
and refurbished equipment to 
s possible. There are figures 
an Item which starts out at a 

of say 115 vdb may last only a 
s before overhaul, whereas a 
at a level of say 80 to 90 vdb 

000 hours. Vibration ca:i there- 
ell us when a machine is ready 
be used to lengthen its life 

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 impulses (from 

underwater explosions) permanently 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 (if it will operate). 

A further 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 Is proportional to accele- 
latlon, and that above 20 cps, It is directly 
proportional to velocity Including the thousands 
of cycles per second range.  Further, wnen the 

whole range of feeling vibration Is split Into 
just perceptible, perceptible, very noticeable, 
unpleasant and very unpleasant, (5 limits). It 
is found that they are evenly spaced on a log- 
aritlmlc scale, and very unevenly spaced on a 
linear scale.  (Fig. 5) Thus human feelings 
over almost the whole of the vthratton range Is 
proportional to velocity, and logarithmic 
ampl i tutle. 

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 
Instead 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 
above, higher levels give the impression of 
"more" vibration so that diagnosis of a problem 
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In thf .«ctrlnix 1 r om it'aiUns Fig. ' ■■.ivs lliiil Uv 

•'l.i'Ui.l cor.t "-nt rat c on tin- 1 > vv I r 1 rtnjufjic^, 

take fiat v o; tKi' H1 cvv-lr I ifi;i.U'iu: v, ami ignoi't' 

ihv   tt'sl .is not •-1 y,ni : 1 c.tnl , 

Wf could plot I hf s.tiiu- y.rafbox measvite- 

mi'nts ualns aco'U-r.it Ion, ihlnkinn that accelu- 

ratK»n is a complfU1 mfisuri- ol lorcu.  This Is 

plotted tor us In FSK- ^ •  H catt bo set-n that. 

tin1 hi^h It'Vfls ol vibration art- now at '2\ 

klloluTt.- with a si'ioiuiary intenst at 700 

heft?..  1'lu' oni' ami t fn cvt'tf ri'stslls. are (jull« 

Ins ignlf1 cant. 

1'he third alternative Is to plot velocity 

measurements, and this is shown in FiK. 9. 

riils shows the highest vibration levels, and 

thereiore the problem areas to be at 2l> kilo- 

hert,', with 700 cycles another Important item. 

I'he one and ten cycle effects are secondary, 

but not insl^nilleant. 

The above theorising Is borne out in prac- 

tice, indicating that velocity measurements 

are the important ones, with acceleration a 

secondary importance, to be interpreted with 

caution.  Displacement is definitely a ter- 

tiary consideration. 

It is well known to anyone making measure- 

ments in vibration Cor 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 

is 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 

picture 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 Interference as vibration Is 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. 

When there is 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, gearbox or blade and 
even which it is. 

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.  However, 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- 
finition  is paramount, and in fact to suit all 
normal circumstances a frequency bandwidth of 
a lew cycles, or a few parent bandwidth at the 
most, is required. 

The a'.;ove 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 its vibration funda- 
mental together with harmonics 2-2, 2-3, and 
2-4, are Indicated at the bottom of the graph. 

Slmularly the primary meshing frequency 
with Its 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 
is not a compromise between octave and discrete 

analysis.  It is very hard to compare with 
standards where the octave Is 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" 

Hellcopte- Transmlaslon Vibration 

Measurements of the vibration of the transmission 
of a Hlller Helicopter which were recorded In displacement, 
velocity and acceleration are shown for comparison purposes 
In Figure 11, 12 and 13. 
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Appendix  "ß" 

Practixaj  Appliciilion of  Vihrni-ion Analysis 

JUSTJFICATIÜN   :'t)K  SEiECTIW;  VEKÜCAL  DIRECIIÜK 
OF MEASUKEMEKT ÜKLY 

80 sets of mcflningful readings were 
selected. 

(definition of meaningful: - solid 
positions located close to main bearings 
of major components with so many 
readings tak ■. ttiat 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 in vibration levels for the same 
amount of wear.) 

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

567. - no change whether V, A, or L 
selected, and similar sensitivity 
between new, average, and worn; 

287. - no change of decision, whether 
V, A or L selected, but different 

sensitivity between directions of 
measurement; 

167. - no difference whether V, A or L 
selected, but different character 
of curves. 

In the 28"l. figure above, 75"., ol 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 were radial 30". 
longitudinal. 

In the 16% figure above, 57''. of the 
most sensitive direction possible were 
vertical, the others longitudinal when 11 
was radial to the shaft.  85". if the sensi- 
tive one were radial 15". longitudinal. 

56% - (757, of 28%) - (5 7% of 16%) = 06%. 
Therefore vertical measurements five 867. most 
sensitive results, with no change of decision 
In the other 14% of cases. 

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 :7iost of 
the main shafts in the machine are vertical, 
and most of the machine is above the feet or 
securing lungs,  (e.g.  Sharpies Puriller) 

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

md Mi-asurina  IH'lails 

label I,..! 
it   thf üKuliim-ry 

t h"'   toll .tvi in', in.i^tL-r : 

Shn;.   i--el .m.v'.ul at    tilocks   i tt   111«' 
position--   ri'tjui rt-il  t)tt  Uu» macUiiti* 
•o)     • .■■.! i Hi;. 

SfU-i'l Ha- major bratirm positions 
to iiulK-ato tin' comlllion ol' the 
inachitic,  Labfl t hrif nitmi't'' CMI 1 y. 

St'lfct tit«' minor lu'aring or othi'r 
positions to imlicalf local 
conditions and label them 

a!phabet i cal1y. 

Compare the readings obtained on an 
equipment with the criteria on the machinery 
sketch, and mark on a new record sheet the 
date of the next set of measurements to be 
taken.  For Instance, If the limits are 
V20/125 VdB and overall vibration levels 
are at 110 VdB then readings are due in a 
month's time. If the maximum overall 
reading is 122 VdB, measurements are due 
next week.  It also helps to enter this 
latter machine on a "Caution" list. 

Figure 14 shows a convenient vibration 
data analysis form. 

d.  Divide the sketches with a wavy 
line to separate parts ol a 
composite machine (so that slightly 

different limits may apply e.g. 
ilectric motor and relrlg. com- 
pressor on same base), 

Mark on the sketches, the criteria 
lor ve,ir (.there may be more than one, for 
composite machines) in the form Worn 120/125 
VdB.  Ibis means at 120 Vd'J 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.CS . 

REFRIGERATION COMPRESSORS 

Oh 

VIEW A 

.' .'. cd 

^ct 
ELEC* M IIO/IIBVdB 

MEASURE 
VERTICALLY 

COMPR.  IJO/IZBVdB 

NOTES 

SCHEDULE 
E2003R3/4 

UNIT LOCATION GUIDE LIST NO. 
£2003 

Fig.   14    Typical Vibration Analysis  Data Sheet 
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SPECIFICATION OK SINK VIBRATION TKST LKVKLS 

USING A KOHCK-ACC:Kl.l-:HATION  HHOUUCT TKCnNIgUK:: 

A.   I«'.  Witte 
Vilirnlion ami Acouslu s  Ti.'st Divisiim, 

Snndia Laljoratnni.'.s,   Albuquurqui;,   \'fn\  Mi.-xico 

A technique ha.s been propoHed where the lahnralorv lest le\i;ls 
are defined by the product of input force and input ac-ecleralion.     This 
technique offers savernl advantages over both motion and forte eontrol 
when little is known about the field environment.    It can be classified 
as a force technique since it allows the test item to affect the labora- 
tory vibration environment.    The technique is a comproiuise 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 specifying the control level by 
using an envelope of the relative minimum values of the test specimen 
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 
for the use of the technique. 

INTRODUCTION 

Because of contributions by Otts, 
Nuckolls,  Hunter and Murfin [l-ii] 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 sophi'sticated 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 a central "data bank,"   envel- 
oped field data obtained from a group of 
dynamically similar specimens subjected to 
similar environments.    The resulting environ- 
ment is generally the envelope of all peak ac- 
celerations experienced by the group of field 
specimens.    The test engineer often then sub- 
jects the test unit to sinusoidal acceleration 
inputs whose peak values are those specified by 
tin1 enveloped field environment.    The draw- 
backs of this method are obvious; the engineer 
has resorted to motion control techniques,  the 
dynamic characteristics of the test specimen 
are not allowed to affect the input vibration 

This work was supported by the United States Atomic Knergy Commission. 
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'■ir. 11' wii:.<'ii:.   .Uni 'Ih- p. ).-.si!.ilil'. DI' .i si'ridiis 
ir.frl<'s! i-Mr-tH.     I'lu' rimiii.vi- ran urfi' arful- 
'■f.i'hin nr I'ni'ff limitliit' ti'tlmiijut's tu n.'ilut'ü 
ili.' iir a», li.u-ks nl' IMUI inn i . im r"l I mi f In1 limits 
s«'l   ,i|-'' oil.MI iirlut rai's   an.I ha'."  lillli' basis fuf 
' hi'i i' us.'. 

\ rmitrol t«'(iiilüjiu' has In'i'ii I'I'V .'lopiMl 
'Aliicli allows tin' iHiiariiifs id' tin' li'.st  ripi-'finii'Il 
tu al'r.'rt tiu1 '. ilirat inn i.-iu irnnn a-nt ,   a.ul knoul- 
i'ili.M- .if tin- ilvnaniir iharaiti'i'ist it's of tin.' rii.'ltl 
.ilii'ati.m s.mfia' is mil  r«'i|uirt'il for its us.'.   (7) 
I'lif trclmiciin' allnus tin' li.'st i'ii^i'H'i'f to ciiii- 
tfnl tin' |irmliut ill'tin.' lahoratnry iiunit tu'ft'l- 
I'l-aticin ami input I'otTi' at Mpocil'ied levels     It 
is a ccHiipi-iiniise betwi'i'n ac tele rat lull and 
force contnil.    Both input force ami input ae- 
i't.'lei'atinn levels vary but are limited to finite 
values by [he dynamic characteristics of the 
test .specimen.     This results in a laboratory 
source impedance beins neither infinite nor 
zero. 

The purpose of this paper is to expand on 
this technique and to discuss a method of spec- 
ify inn vibration control levels which results in 
a "logical 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. 

KM 

W  M 
a 

VV   (W) 
a 

ui 

BASIC THEORY 

C'oiarol level of input vibratory 
excitation,  F.A. ,  (Ib-g) 

it 

Test specimen apparent weight, 
l-'./A. (Ib/g) 

l'    i 

lOnvelope of minimum values of 
W    characteristics,   (Ib/g) 

Phase angle,  (rad) 

Phase angle,  (rad) 

Circular frequency,   (rad/sec) 

The input laboratory acceleration and 
force to a test specimen (vhich has linear 
dynamic characteristics) will be defined as 
A: sinwt and F^ sin (wt I <t>),   respectively, 
where A: and F. aie 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, 
AjM,  will be controlled at some specified 
value KM.    One can write the following equa- 
tion: 

F.MA.M  =   KM    . (1) 
i        i 

NOMKNCLATUKK 

A.M Peak amplitude of laboratory 
sinusoidal input acceleration, 
(g) 

The test specimen's apparent weight, W M,  is 
defined as the complex ratio 

W  M a i-.M/A.M''' (2) 

.-/.M Laboratory input spectral 
density,   (g2/H7.) 

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

Af(o) 

A  M r 

F.M 

AM 

Knveloped maximum field 
acceleration levels (g) 

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

Peak amplitude of laboratory 
sinusoidal input force,   (lb) 

Knveloped field acceleration 
spectral density,   (g"/H7.) 

Using Eqs.  (1) and (2), one can obtain 
relationships for peak acceleration and force 
as functions of the test specimen apparent 
weight: 

[F.M/A.(Cü)J   TF.MA.MJ  = KM |WaM|   ; 

FTM =  KM W M 
i I    a      i 

therefore 

MM      "    Frequency response function, 
A  /A.,   (dimensionless) 

F.M =   K1/2M|W M|1/2 

i I    a      1 
(3) 

Apparent Weight,   WnM,  the complex ratio of 
impedance,   KM,  by VV.,M  -   7.(CJ)/JOJ   where j 

force and acceleration and is related to mechanical 
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iml 

[A.(to)/K.(u))l rF.(w)A.(üj)l  = K(u) 1 
W   (a))| 

A. (w) = K(u) ...    ,   ., 

theri'ftjri 

A.((j) = K '  (w), —nrm (i) 
W  {u)\ 

I    :i 

One can see thnt peak input force,   Kj(u>), 
is a function of the square root of the spec inien 
apparent weight,   |w  (u), .    It attains a relative 
maximum value whenever the apparent weight 
exhibits a relative maximum and becomes min- 
imum whenever the apparent weight becomes 
minimum.    However,  the peak acceleration, 
Ajtw).   is a function of l/|WaM| ]/2 .    It ex- 
hibits a relative; minimum \aiu? whenever the 
apparent weight roaches a relative maximum 
and a relative maximum at relative minimum 
apparent weight values. 

These characteristics appeal to one's in- 
tuition since greater force 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.e fre- 
quencies.    The reader should note that this is a 
compromise between acceleration control and 
force control techniques.   [?] 

SPECIFYING A CONTROL LKVKL 

The problem becomes one of specifying 
the frequency dependent control level,   K{UJ). 

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."    [a] 

{2)   The dynamic characteristics of the 
test specimen which includes appar- 
ent weight and frequency response 
characteristics.    This information 
tan usually be obtained from a pre- 
liminary low  level sinusoidal survey. 

riii'se tttfi pieces of information will be 
used to define the control level K(u').    In defin- 
ing tin; (mitrol levH several conditions will be 
fulfill.-il. 

1. Spec ifieo input acceleration levels are 
t'requency dependent cur', es that en- 
velope expet tecs maximum field ac- 
celeration levels; therefore labora- 
tory input acceleration levels should 
not exceed enveloped field levels. 

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

.'i.   Minimum field acceleration levels 
occur 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,  KM,  by 
the following relationship: 

KM = W M AIM, a f 

w here 

(5) 

W  M is the frequency dependent envelope of 
the minimum values of the test specimen 
apparent weight,     W^Ml 

A.M   is the frequency dependent envelope of 
expected maximum field acceleration 
levels. 

The validity of conditions 2 and 'A can be questioned since the effect of the dynamic characteristics 
of field vibration source on input acceleration levels have been neglected.    However,   these peak- 
notch relationships appeal to one's intuition. 
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ii!    ■]:■■ r''l..M.iii.--ln|.s l'innul in Kq«.   (:i),  (4), 
iiui ( 'I,  .Hi'" i :iii 'Aril'.1 lli>' follow inn miunUons: 

i 

1 

\ (^) 

V.   Ui   VA..) \\\   U) 
it/: 

w   U'l   \\  U) A.U-) , (ii) 

V    (..)   V.U) 
1/2 1 

|UaM| 
1/-. 

VM \\   (u,')/   W   (^) 
l/-i 

\((^)   . (7) 

Xiii«' from Ki|.   (7) ami Aj-   \f Hhmiuvur 
\'.   • \\    .     Siiui' W   (,:.)  is thi; trnveloiH; of thu 

■ i       a a 
iiilriimuin alisoluir sahu.'s of ihc icsl speciniuu 
a[»[nirt'iil 'Ai.'inlit thf relationship A^'Af will al- 
.'.ass hold.     I'luis,  oiii; can uffurtivclv linül in- 
jnii .u ii'h'i'ation levels to niaximum values 
Sjwu ifieil lis   tin1  field i.'iivelope,   .Af(w).     Thu 
rel:;U\e niaximum v:ikti;s of A; octur at fro- 
((uenfies where  |\V;, I exhibits a relative mini- 
mum.    Ilelalive nuninium values of Aj occur at 
frequencies where  | W ., |  exhibits a relative 
in.iximuni.     The three initially specified condi- 
tions lune been satisfied. 

KXAMI'l.K CASK 

Consider for the purpose of this discus- 
sion,  the test specimen shown in Kifitire 1. 
The specimen is complex and can be thought of 
as a combined "lumped" mass and distributed 
System.     The apparent weiuht characteristics of 
of the test specimen (shown in Fiyure 2) reflect 
its complexity.    The input vibratorv motion and 
force at the specimen base are Aj sin uit and 
Kj sin (a.t  ' ib) respectively.    The response ac- 
celeration of an integral componoiil within the 
specimen is A,, sin (uit  ' 10.    The frequency 
response function IKu;) for this location is de- 
fined bv the complex ratio 

H((J) 
A  U 

r 
ATM 

I 

(a) 

and the magnitude of its characteristics is 
shown in l-'iiiure A. 

The envelope W.^o;) of the minimum ab- 
solu'e \alues of VV-Ju.-) is shown in Kigure Ü, 

Note that the envelope consists of straight lines 
and does not have gross "discontinuities."   In 
making these envelopes,  one should avoid "dis- 
continuities" ill 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 Kcj.   (ä) and plotted as shown in 
Figure 5.    It is a series of straight lines with 
no gross "discontinuities" and its level can 
easily 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 Fq.   (7) that 
the laboratory input acceleration level Aj can 
be obtained using 

A.(w) 
i 

Tvv M/IW^U)!!1'2 Af(w) 

One can calculate the frequency dependent 
apparent weight ratio. 

W t(w)/|wa(w)j 1/2 

and plot it as shown in Figure (i.    This ratio is 
always loss than or equal to unity.    The result- 
ing laboratory input acceleration level is shown 
in Figure 4.    Notice that Ai(u))<Af(w),   and that 
t\[{w) does in fact notch when |Wa('i,)| exhibits 
a relative maximum and peaks when |Wa(w)| 
exhibits a relative minimum. 

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

A (w) 
r 

lH(u)|[\Va{tü)/|Wa(w)|j 1/2 Af(w) (9) 

A plot of response acceleration is shown in 
Figure 7.    Notice that the response accelera- 
tion AJ^OJ) has a tendency to be "limited" to 
some value since the apparent weight ratio 
tends to notch at frequencies whore H(w) peaks 
and peaks where H(cij) notches.    However this 
limit level is a function of the systems dynamic 
characteristics and the engineer has no real 
control over it.    One can see from this example 
that response accelerations of resonant compo- 
nents which 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 usin^ Eq.   Hi) and is shown in 
Fi/Mire 8.    The force is not conslanl but tias u 
tendency to peak with peaks in    W, | and notch 
with notches in |wn( . 

TEST EQUIPMENT 

The equipment necessary tu implement 
this technique is not excessive.    Most lestuiK 
laboratories would have all equipruenl; Kitajfe 
9 shows a block diagram of necessary equip- 
ment.     Notice the only additional equipment re- 
quired over the normal oscillator,  power am 
plifier,   shaker system are two lo« converters 
and an operational amplifier,  which are 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 Ajiui) or 
Fj(a)).    The resulting output of the operational 
amplifier is a d. c.   signal proportional to the 
log of the product,   FJ(OJ)AJ(U)).    This signal can 
be fed directly to the servocontioiler variable 
gain stage by bypassing the rectifying circuits. 
Level programming must be done by operating 
on the d. c.   signal proportional to log FJ(W)AJ(W) 

before it enters the servocontroller.    Pro- 
gramming may be done manually by having the 
operator follow a plotted curve of log F|<a!>A}(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 
Wa(u)) characteristics.    Additional in- 
formation,  such as frequency response 
functions HM, can also be obtained 
but are not necessary for the per- 
formance of the test. 

2. Draw the envelope,  Wa(tj),  of the min: 
iiVium values of |W  Ml . 

3. Obtain an envelope,   Afto),  of expected 
field acceleration levels 

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

FjMAjlu) = K(«) = Wa(w) Ajr M 

and plot the value of KM . 

j.   I.'se this value of K',IJO) as the labora 
lory input control le%el. 

RANDOM CONSIDERATIONS 

Theoretically the technitjue can be ex- 
tended to control random vibration teKts.    Thu 
can be done if one controls the product of rms 
input force and rms input at celnration for nar 
roK frequency hands.    Thv randotii control 
level KM can bi' defined bv 

KM -   W   M /,M (in) 

where .',M i.s the envelope of expected maxi- 
mum field input acceleration spectra! density 
levels.    Mathematically the results are similar 
to those; experienced in the sinusoidal case, 
and the laboratory input acceleration spectral 
density, •■/!,   is related to the   Mn eloped field 
acceleration spectral density by 

./M = [W^M/IW^MII.'-M . (11) 

Practically speaking,   a technique has not 
yet been devised to shape a narrow band rms 
force-acceleration product using presently 
available equipment. 

CONCLUSIONS AND COMMENTS 

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

1.    The dynamic characteristics of the 
test specimen are allowed to logically 
affect the vibration environment and 
both F-M and AjM are dependent on 
the test specimen apparent weight 
characteristics. 

'J.   Input acceleration levels are limited 
to maximum values specified by 
enveloped field data. 

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

•1.   The control level is phase insensitive 
since it is a product of peak values of 
the sinusoidal input force and acceler- 
ation.    This advantage may make the 
technique attractive when testing with 
multiple shakers. 
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DISCUSSION 

Voice:   I would first of all like to congratulate' 
Mr.  Witte on a most interustinj; paper which goes 
some way towards solving one of the problems of 
overtcstinf;.   Instead of using the product of force 
and acceleration as control, which has not got a 
physical significance. you should look at the product 
of force and velocity at the input point which has got 
a physical significance in terms of power.   I wonder 

how your results would have come out If you hafl used 
that concept Instead. 

Mr. Witte:   In my original paper, I did consider 
this.   One of the reasons that we have gore to accel- 
eration is the fact that it is measured in the field 
easily and most of our field data comes back in ttrms 
of acceleration. 
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'xmi. an.crv. or I/JJALIZATIIJ:; >;:T:i ,\ 

A;I i:LA;.,Tir ;:Y:-.TLM U:. A'.'-.!:Li,.K.vr!.'.j:i, 

In order  to pruvM<-    .otw.-   i it i   ^;,   ';,<'   ,■]•■   • !   i, ..:■.•: s 
ühoulü  he   ion*-   irj   J  r-iijiioii;  vi: rat ! ..n   ',•■. ' ,   tt. •■: '.'■■:,   : ' :■'..•■,   ••    ■ - 

article  :;■/,.t<-i:i  i.a:    :,i-i.-t!  •J!i-jl7;;>."'  -i ,   .   !f.'.-::.i 
liave  Leen   con:: i'lerej :      fir: t   wlt:i   Lh-   i:-: I    ,1 • '. i ■     : ■ ; t •   . I; ' ■ ■   :       i           1 

5-ttidss elastic  ..yctein,  and second wilh  t.'.i   i'-,i IJ-! i ■!•     1 ■, : ■    ■ i.  ■ ■ .    i 

a single mass.     Co&j.arisons  have  sc-c-s iwde  ,d   i: . t' '.   :. 

responses  of  the  i;,asses   in   the   full   system,   Mui of   I:.,    is c.'   i •■ .: -i....-. 

of  the spring;   in  the   lull  systein,   for var; ,u .  ( ■ pj.tih: ,: i ,i.  ;   iii;i.. 

under the  two conditions.     RIC  responses   t-< ram OBi  v i; rat on   inpui., 
have  also Leen  compares,   :.oth  rms  acceh-r.it ;o::s u)   ::,-■: :>■:. iti !   i"1::, 

forces  in  springs.     The  differences   in  sotl.  eta  . inst i .•!,.. ii:d   ::; : ing 
stresses are as      ich  as  a  factor of   20  at  any  s, ■eci: 1 L  fi ■ ..i'-ncy.     The 
differences  in  kHS  response   to  random vihra'ion are  face '.,:    ;  • .    : t 
would  seem prudent   to reconsider  the  desiral iii y  '.!   as .' n ■  a    iead  n.ass 
to equalize a random vibration setup. 

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. 
Ba-gs 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 tue 
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-raass 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 distinct and fairly well spaced in 
the range from k6  to 318 cps. 

In a system such ^s 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 associated 
with fatigue damage accumulation and eventual 
fracture.  In random vibration, the best tool 

lor comparang :ttot;wl..". atu :: ti (-•.::.•■.. .;: i;i<3 j'--t ol 
trariSBiis'jÜuIit Nt; a., a function oi fro-jiKTicy. 

To calcuiat'-; lrjn:,;ril.;-,l:.ii i t ie::,, toe COE- 
;.l'-->: impedalicfc matrix wa£ formed ana inverted 
to get the Bol ility matrix for '.•ac.'. of '•  fr».— 
quencif:::.  Tl.f: range !-etw*crn :;ucc<iS>;ive natural 
frequencies was divided so t.Vit there uere t:hr"'; 

additional frequencies betwo'-n each pair to giv» 
more detailed data than iut.t K fre juencies 
would give.  In addition, each eigenvalue wa-i 
reduced to insure that the impedance matrix 
would be non-singular; thus: 

;(1-;2) (1) 

in which 

* ' = eigenvalue from undamped system 

L,  = damping coeff iciet;t, taken as 0.03 

= reduced frequency r ' 

The set of f re pueiic ies ui-'ed for Calculation 
are listed in Table 1, 

The stiffness, K, and tiie mass, .'■!, 3.atrices 
were formed in the usual way, and the damping 
matrix, C, was calculated as: 

C = ?.', [l-r i.  M5] (2) 

where the square roots are term-ly-term.  Hext 
the complex impedance, SSiui), was defined as 
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i'      in   ' ;.<■   lowT   fruquBiicy  range, 
in»-.!«'   '.■ .'Ui.ti.'   irdiiüinitiüLbility 
1'i.'..   • ,    lit«!   it   raiu;,'.';;   I rom O.^'i 

. ill.- it i.n  .it   nia-;:;   1 ,   t rum O.O'i 
u il ; .Mt '.on    it   m.if.s   'J ,   and   1 IMIII 

•v ■■ jua . i .'..it ion  at   Miai.i.-;  '. .     I'rom 
. !■■   I ii.it .,   at   any  a',"^ if u:   fra- 
<'.fvtu''-   :»>twoeii  finialixiiV)» with 

..!  wit:;  an  •■lar.tic  syati'in can well 

i:   iii-,. .   '(  an.!  ''  are eompdi'eJ, 
.  .'i   .! i! : erence.;   ai'j>ear   in   Hie 
a' i m    i'    peak.;   a;;   liefore.     The 

eu-:.   tre|UiMicv  are   the  aame   lur spring 
: a- "ia::,; raatiaii;;,   as   tliey  should be. 

I'«; ;■■  'i   .'i.'U-.,   the  KM;.; g';;  at  mass   J  for a 
:ral  .i«-:u;itv  excitation  of   lg-/cps  for  the 
■ren'   ca.;»»:'..     The  Jit'lerence  between e>iual- 
ion  witu  an elastic  system  and a  single mass 

: act a- 1 Dim J to ••. 

.a: ! 
1  '. e 

e 'i  hewn t:ie SHÜ pounds in spring 8-9 

ctral density excitation of lg2/cps 
itlerenc case;;,.  Again tlie difference 
h" two kinds of equalization is a 
en .' to h. 

ince l;.e niaases and springs used in the 
ilculition .system are within the range of real 

•,•■;'. /.stems, it wcuid seem prudent to recon- 
i ler the desirability of using a dead mass to 

Cjuali-ce a random vibration setup.  The penalty 
for the dead mass equalization could well be a 
factor ot 20 at any specific frequency, or a 
tact or of 5 on RMS of random responses. These 
:actors are too large to risk. 

■ >■ i- .:•■■   ■■••■   t • i    •■.■     :   e , ;a.:.:ing, 
i: .■■   . \     •:.■■:   i   •■   : ■■ .■:'.: ■  '.   t'.   :aa ■..,   1   to 

: . 1 ..-■   :.■    i-   •" i     •■;,■,    n. i  •,   tor   t:.e   10- 
i        I •  ; i   ". i.- I i;.,:   ' :«■   —.a .     i    i:.f,'.- I    ; f.''.      ; t 
I,"  ; •■        .-'i v- '.   •:, i'   ■■ , i i. i.: it i ;n a*  ma-;.;   1 

'.:.,■.■,   -'X,■■■;••   :   ;    • :.•■   1  W-M:   .   .-r  J   fre tiiencies. 

,-;  ••; •   :   r   • :.•■   ;   w-1   ■   .   :r" ju-nciea.     i. juaii.ta- 
i   :.    i-   -. i;     • ,   :.  W-V-T,   .'lid not   :e  done   for 

:.'.,':.'"r   ::•■,.■:.   ',••■,   '■•   u.J a; ,   i ;  well  as 

■ :.■■   rM     ; .an Is   : ji-"e   re ;u i I'-d 
•■    i    a.-'-nl   tensity   of 

:•■ ; i-".. ;y   i*   na ; ■••.;   1 ,   '■,   and 
•■ ; . i i i .tat i   ti with  elas' is 

. ii'. s. t* i ai.     T;.»'   .in,;!''  nass. 
: •■   ■    • i-i" .  .'.rejter  t han   the 

.:   ;;.■,   .   .     mi'   j; •■   sjri; ired,   the   two   set? 
■■/•■;   tilt":    i, ; : ■■ ■; i: lv   in  the  height   and 
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Ifl (.q S4 42 51 156 3 29 
19 H6 87 57 61 290 520 
JO 224 141 49 49 327 5 17 
71 70 S3 27 ?7 226 355 
J? 14 13 11 11 105 IM 
?3 14 14 11 12 114 173 
?« 15 IS 13 13 133 2"2 
2S 17 17 15 15 159 239 
2ft 19 19 17 18 187 ; ' J 
2 7 30 i 1 28 27 344 i..-, 

2fl 41 .'i 32 28 428 Sr-3 
29 47 86 28 19 411 4C3 
3C 30 7 25 4 412 9ft 
T 1 29 26 54 43 995 1112 
■?? 3S 34 95 RC 1955 23C4 
1 1 39 43 123 80 2780 2536 
3* 37 10 162 8 4007 270 
l e; 36 24 200 ■=6 5C96 1991 
3ft 36 29 260 129 6819 47Cü 
i ^ 36 31 345 22 3 S2S9 Q)29 
?P 36 34 457 340 12642 in37 
39 37 3S 598 4P3 1M66 19CC9 
40 37 36 771 656 22407 ;ft44') 
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A MKTHOU FCJH  PR i;i)K;'I INT, .S'l IH'CTUK AI. H l-.Sl'ONS I S 
FROM   l.OWl-.H   l.l-.Vi.l, AfXX'STlr TI..S'1S: 

1).   U.   Si. ,,11'..,   ,.,', 

C'.-nt ritut'i'.   Viljralinn,   Ai"iist.is |i:v.-iti 

S-'fiuiia   I .abo riit < i r i t-s ,   Al-AuqiH-rtju* .   .".'f.1.   N'.i 

Many   limes   it   is   'lesin-d   ti>   In;.'.   Ihi    n-sjjunsfs   nl   .1   strut luri    al 
actjustic  levels aljove the ( apalji 1 it us  tit  the labural'.ry.     A Id biiKjitc 
which does  licit assun.e  systcn.  linearity  has  been 'ieveluped  (Mr . >.- 
trapolatinK lower U-vel test data tci hmhi-r sdtmd [.ressu n- levels.     I IM 

tet hnique cons ist s of plot t inn I he RM^ si rue in n- ai J ele rat. .u res|i-.i,si 
as   a   function of the  input  RMS sound   pressure level   in a  ireqin u. \ 
band   (usually  l'3oitaves).     l-.>.pe r 111 eni.i 1  results   have   shown 1I1.1I 
many   structures   exhibit   responsi    c ha rai I e list u s   v. Im h   iib.i   .,- 
st raiyht  lines on a log - lojj  plot   mriu at mg  response 1 hai at leristn - 
of the form g  = apn where  g   is  the   response,   p  is  the    niiul   jressuri . 
and a and n are tonstants.     Fretjuently n  is  some nun.bt i- i/llver than 
one  indicating a partuular torn, on nonl inear respons e.    Iwperiti.enta 
results  from several test  prograirs  an' presented.     A theoreln ^,1     n. 
(leg ri'e-of-I'reedoni system  .vilb nonlinear flan.piFig  is  also d.-iussed 
tcj   il lust rate the  results.     The us elul Ines s   ol 1 he I ei hnique  lies    nnl 
only  in the increased accuracy of the predicted  responses  but   m an 
increased underslandlnt; of the nonlim anlies ,,f the system. 

NOMFNCI.ATUKK 

A = A i onstant 

.  a  - A constant 

B   "-  The   rate of increase ol ar. eX] o- 
nential  function (dB   sec) 

(.' -   C'a))ai itance 

d "   I) is placemenl 

■: ■   Frror 

g -  Acceleration structural   respons 

1I(<'0    -  The system frequency domain 
t ransfer func t ion 

1    ■ Cu r rent 

K   -  A constant 

In  -   l.oganthn. to the base e 

1'  -  Sound prt s in ri   aulo  spei t ral 
di ns .1 v 

p -   Si und i) res sn r*' 

H -   n> s.-l,.ü. , 

SIM. -  S. nr.d i.r.-.s,ti m    :,■..] 

1        1 in., 

V       V dl.oj. 

(.. -   Fr. •■<:. r:, ■, 

11    ;   I In   nndan jw-d tu«!'! i'a!  : r« e.111 iii v n 
-1 a    to - «it 1:10 <      ;  rri in. r   s v^ten 

\   -  Si mi tu rai   n sj>. use 

' Innear \i s i 1 n ^ 0.11' inn L' o 1 t - 

I'u letil the : r.i. 1 . 1 ; . r.l .. .,1 
dar n 1 n'_■ 

This  work was supported by the I'niled Slates  Atomic   Fnercv C 
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iNTHulirt;] ION 

Many (mifS  it   i^  (it-sirrd to ktmw the  rt1- 
sjiiMISi- «it a strmtvirrat  ainustu   U'X'rlri aisuvt* 
tin- i apalu 1 it ii-s i»i ilir lalj'irtiturv.    Tht" rrsults 
nl  thi'.si' ii'sts i an Ihi'ii Ijt- uscil In  lustily a high 
levi'l  ti'Hl  (which can l)i' c uns uli1 ralily nuirr rs- 
pi'nsivr) nr tt> use as a basis  lur a vibration 
Irst   to sinmlatc thf aioiislir  rns'i ronmrnt. 

SiViTal authors [1.^. il liavi> sunufsli'tl 
thf use o| a vibration test as a subslituli' lor an 
aioustic tfst assummii a linear   system.     It   is 
wrll  known.   hoAcvcr,   tlial  many  real  systems 
are not  linear.    For  example,   it   is acknowl- 
edged that structural damping is usually a 
function of the ampl itude [-1, S'J. 

In an effort  to study the linearity 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. 

could be used.     They are typically used for the 
following reasons.    They are:    I) commonly 
available in an acoustic facility,   Z) of a rea- 
sonable narrow bandwidth    while 3) the total 
number of curves which must be plotted for 
each response is kepi 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- 
low thi' 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 acceptable 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 

TEST METHOD 

The test method is in reality a vi'ry simple 
procedure as  shown  in Figure  I.    The test item 
is subjected to a broad-band random acoustic 
excitation whose amplitude varies monuloni- 
cally with lime.     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 high level 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 givi n bandwidth.    This procedure 
is then  repeated for each bandwidth of interest. 
Third octave fillers  are not the only filte r which 

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 
seen   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 
observation makes extrapolation to higher 
levels a relatively easy 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 

KAND0M »C0USIIC 
INPUT WHERt KMS 
*MPUIU0[ VAKItS 

[XPONENTIAUV 
ÄIIH TIME 

i£L. 

ACC , 

"fflW 
OCTAVE 

THIRD 
OCTAVE am. 

—TO— 
CONVERTER 

i mm 
>       10G 

C0NVERTIR 
* AVERAGER 

X-AXIS, 
INPUT 

l^-AXIS, 
INPUT ' 

x-v 
PtOTTER 

Fig. I  - Test  setup 
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I'll-   it   ■]■   n,.-,   ,i;ll  I.i,.! I..   i-lli.A    .ir.i;i.'hl  lnu'H 

.11  ill.    I    'J    '.   .1.   III..I   .  •> . 11   1 ll. iilL'll  b.ah  Ihr   l.-vrls 

iti'l  -.l.-tn -*  .if.   i.rli '!.■!..■in!.-lit.      llus    ■injih.i 

■.1 ■. s  1 li.ii   1. .1   , h K   n 1. - t   I h.    ^ in.i I ni 11,  shaiir in- 

'!ii;.|i. .it.-.!   111 tin-   l.ili.ir.il.. i-\ .   1ml   Ihr tyj»' .>)' 

.1. . .1; -.1 1.    1.. I-! 1 nu-^ 1   .t 1 >.. In-  k . .11-; .ill- rril. 

140 ISO 

IMPbT SPl IdBI 

Ki^.   ^  -   Luiranty  rt'Spmisc 
Test   iti'm C 

Kxicpliims In thi- abuvr behavior havi1 

lu-i'ii  l'numl but  thi-v an-  i-asily  ft'cugniziid an<l 
ext rapulal mn i all  st ill I rcqiu-ntly l)c dune.    Alsu 
I'm- rxpt'ntnrnlal   resulls  havi-mil boi'n i-xU'iulufl 
b.-ymul IM) dB (n- .0004 clyiu's/rn/). 

Thi- ali.ivi'  results  siitj(><rst that nonlincar- 
ilu-s .>!' thi' form 1*  - apn arr intnniun. 

AN KXPKIUMENTAL KXAMPLK 

An i'xpfritiu-ntal i-xarnpli' will illustrate 
the type uf nonlmeant les  which can give   results 
similar tu those shi-wn.     A voice cuil from an 
elei 1 i-i.dynamic speaker was   excited with a 
progressive ainustu   waw and the  resulting 
i oil  displacements were rr.i-asn red.     The  re- 
sults  are shown  in  Fimire 7.     Notice that as 

2    is 
■a 

1 r 

P     PkOGKtSSIVt 
H ■ KEVERBtKANT 

J L 

Fig. 

140 150 
INPUT SPl 

6 - Linearity response 
Test item C 

l« 

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 = p^- ' (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 characteristics. 

Assume that the damping ratio (C) is a 
function of the input pressure,   but that at any 
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"1 1—I   I   I I I 

LINEAR PROJECTION Of 
80 OB TO 110 dB- 

zone 

ix de 

80 dB 

J 1    J,    I    I   I   I  1^ 1 1 I       I     I    M|| 
100 

fREOUENCV IHZI 

500        1000 

IOC SOUND PRESSURE 

Fig.   7 - Displacement of a voice coil 
as a function of frequency 

Kig.   8  -  Displaconu'iU uf a voice coil 
as a function of the input SPL 

pressure the system transfer function can he 
represented by an equivalent linear function 

/       \212      r -l^ 

\   n / L        n. 

(1) 

where £ = f(p). 

then 

xaT (■!■) 

(P) 

at any frequency near wn. 

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

W 2C S   « 
/      \2 

\   n/ 
(i. e.   small damping, 
not near the reso- 
nant frequency) 

or if J = constant,  then x will be a linear 
function of D. 

Cap' 

Eq.   (2) then becomes 

(3) 

x oc  p" 1-n 
(-4) 

"2C^   » 
/       \2 

(i. e. OJ  is near ü; 
such that n 

—        a 0) 

Several authors [4,6] indicate that this form of 
damping is not unreasonable. 
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i   i .jt.'l •!:     .r.ii .1   I !i.    .   . i.i-< li .1 valm       1 

. . >      ''.    i   1 .il . ,i i-    - \  •! . t:    .n  I h.-   :  ■(■ 

Ml  ! • ,   I   >    . .   1   .  .i   ; i ]■■ '.I-1  'M in i   rami' 'li. 

'. .1;    111, 

in ,ir IIM .mil ,ii Ihrsr l n (luciu ics  Kq.   (-1) IH 

v.»lttl. 

( oxci.rsiuNs 

/. 
1' 111 .) I I 

I-'  i r   I In-   I r.ul-i I •   I'   IKI.. I .. ii.   .■ . ■. ■  r;   in   I  i|      (t)     .mil 
|i.f  1'       . • .11 -it ,inl .   I h.-  •inlul ;••!■.  HI   ! (].   (■■)  i-i 
L', ;■. in In   t' r.iiul.il 1   .■.   \,,,i ri   [ .']. 

l-'.ii-  .■v.in ill.-,    il   'A i'   |i-l  ,.,u       ' i"1  11.-  411(1 
jili it ih.' r.-.|i"ii-ir ,ii ihr   'in1 ■ ' Ui H.' Ih. nl >•. ■ 
l.i1. >■   l-'i^iir.'  '*   r.'-ulls.     l-'runt  KiiiUJ'.'   ' it  is 
-..■in  lh.il  .in   im r.'.is mi;  iLittipuii» . ".-I I u nnl   [',) 
.. ;th |ir.'-.su !■.■   A ill   r.'suII   in a  rcrtpniist' vv ith 4 
sl'ip.'   i|  l.'ss  ih.ui imilv-     Il  llir ilaiiipuiL; il.'- 
i ri'.i-.rH  with .'in  im i-ras.-  in (»rrsuni"«' llu- -;l.i|n' 
.I   Ih.-   rr ,1. 'ii-..     A ill   I..'   i; riMl.-r   ih.m   mnty. 

i nrv.s  plullril i.ir ullirr lhir.1 ... I.iv.-s  will 
■ih.i'A   siii;ilar   r.'sulls   i'sit-pl   lh.il  ihr ilvvm- 
lnui-i   Ir.ni: a  linear   r.-spmis i- will h.inni.'  l.'S.s 
^.'iisitivf I.. ihanii.'S   m Ih.' ilanipun:. 

A siniplr l.sl pr.n ..In re has bi'.'n prt»- 
rfi'iiti'il I.T . .iiitln. liui* a  lin.'.inty   stinh'   nl   a 
. "inpl.x si riu In IT.     Il   is  sri'ii that   ill ,i largi" 
nniiilii'i' nl  i.is.'S  the   rrsnlt intL   iH'Hpnnsis will 
Ii.' nl  Ih.' lunn i;      a p" where 11  is  mil  IKHTS- 

-i.irily  i'C|ual In nni- (1).     When this  .nnlilmn is 
I nir   Ih.'   r.'sntluii;   i'i-spnnsrs   will   pint   as 
itrainht   lines  mi a  lug-hij; plul  laiilitalinn ex- 
I rapnlal inn.     Il  has been shnwn with nne ersaniple 
that  a (»umher nt imnlmear eliaraeterisl ies ean 
result   in the alinse heliavin r.     It was also shnwn 
that   Inr the .äse nl' a sinyle decree nf freedom 
sysleni lUimping of the form  t, a: p    will result 
in the almve behavui r. 

The usefulness of the technique lies not 
only   in the  uureased aecuraey of the predicted 
responses but  in the  inc reased understanding 
of the nonl inea rit les of the system. 

RKKKRKNCKS 

t        !    V 

ISI'I I  ',.« W  I'UlVi   kl  S'.i »"IP 'P ■ 

Fie.   '!  -   K.spnnse nl a nne-dei;re 
..f  f;-.'ednni  systeir. 

It  we assume  the  dampilli;  is  nl' the  for:- 
m   Kq.   ( 1)  the   respnnse . an be plolletl for vari- 
ous values  nf n.     (See  Kiijure   '.)   Akjaui we can 
see thai   the  straight   line   relal mnship oil a  log- 
Unj plot   holds   reasnnabls   well.      This   resull 
. .mid be  expei leu as  'he limit   smiufuant  .mi- 
tributlnll   to   the    response    is   ' rnlil   1 re(|llelU i e s 
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RC AVKRAGING  KHROH I hen 

Whi'n an RC: avci-anmg tirtuil   is used In 
measure Hie Irvcl uf a signal whosi   RMS [evil 
changes  nuinolonu ally with time a biasccl es- 
timate (if the level will   result. 

An RC averayin^ einuil can In'  repri- 
se riled Ijy the  fulluvving  ei n uit (Figure A - 1 ). 

(iV 

.mil fnun   f-.q.   (A- 1) 

.. ,,  L'i^_       '',       r     ■'   Rf 
H '      <>      a   ■   I    RC ''       ' ' 

11  al  I  = ..    V     -   V        I). 

a •   l/RC 

anrl 

Fig.   Al   -  RC Averaging circuit 

The differential equation governing this 
circuit is 

V     -  V 
g i 

aA 
a  •   1/ 

T at -l/RC"! , .    , . 

/' Ri + -^   /      idt - V (A-l) 

For large t,   e '  -   0.     Using  Fqs.   (A-5) and 
(A-6) for large t 

The general solution of Eq.   (A-l)  is 

V    -  V 
_i5 L R Ca 

a i   I /RC      RCa 4   1   ' 

■ t/Rc r t/ 
J   e 

RC 
dV 

dt 
dt 

+ K e 
■t/RC (A-2) 

If w<' let  B be the increase in level  in dB/sec 

then a =  B     ,.,        and the error for large values 

of t will be 

Since 

V    -  V    =  iR 
g 0 

The solution becomes 

(A-3) 

V    - V 
_J5  o _      RCa 

RCa   ■   1 
(A- 

where  V     "  A 
g 

t/RC    r    t/RC 
/ 

dV 
V    - V    = e /   c '       -JT« dt 

g        " dt 

,  ..    -t/RC 
f K e (A-4) 

Therefore,   fur an exponential  change  in 
the input,   the error is constant for a given RC 
averaging lime and a given  rati   of increase (a) 
and can be calculated from  Kq.   (A-7).     For 
example let 

B       I / 3 dB/sec and \\C      1  set- 

Let 

V    = A c 
g 

at 
(A-5) 

then 

0 38S) 

I   I   l(. 0i*b) 
v;, . 
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SWIM1   SU 1 |]   I Mills   l.\   Rl.snNAM   MSI J.MS 

l-ii'.AI li V.  'Ill I 
1 I t        '"..\l 

I'Mlth lest Squad I'fiJl 
Iviulal I All'., 1 lor id;] 

Tlie   perfnnn; ince   characterist ics   of  all   systems   and   system 
coinpoiu'iils   ; ire   functions   of frequency The   determi nat ion 
of   froqucnc) ■   response curves usually issumes   steady-state 
coiuii tions . When   the charac t e r i s 11 c s are   determined 
under  sweep excitation,   they will,   in general ,   d i ffer 
from the  steady-state ciiarac t c r i s t i c s This   difference 
is   known   as the   SWI-.hl' Sl'lihU I.MI;CT.    ' he  solution  prc- 
sented  here assumes   a 1 inear increasc or  decrease   in 
frequenev. This   solution  lias   been  ch Dcked  experimentally 
and does  accurately  p rodi ct the   response  of  a   resonant 
system  to  a 1 inearly swept   excitation 

INTRODUCTION 

The performance characteristics 
for all systems and system components 
are functions of frequency.  The 
characteristics determined from swept 
excitation will, in (leneral , differ 
from steady state characteristics. 
This difference is known as the SKT.P.l' 
SPBEIl l-PI-nCT, which like all other 
effects may he advantageous or detri- 
mental.  The effect occurs in systems 
of all kinds; electrical, mechanical, 
acoustical, or any other system which 
exhibits an underdamped resonance and 
an excitation for which the frequency 
is time dependent. 

The solution to the response equa- 
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 he found. 
If this response is plotted versus 
frequency, a curve, similar to curve 
(a) in figure one, will he produced. 
This is the steady state response 
curve.  The determination of such fre- 
quency response curve, experimentally , 
can only be done by dwelling at each 
test frequency an indefinite length of 
time until all transient 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 sweep speed, 
angular acceleration, or frequency 
velocity, and represents the general 
case of a system under frequency 
modulated excitation.  A curve, 
such as curve (a) in figure (jne, 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 steady 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 reach its 
steady state level.  If the time spent 
at each 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; 
(al is the extremely slow sweep 
curve, (b) shows the decrease of 
amplitude and the change of resonance 
with a low frequency velocity, and 
[c]   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, 
erroneous "properties" or calibration 
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SWEEP SPEED EFFECTS  (a) 

^5 - 

0 so- 

oss - h = 0 I 
(a) Q = I0.000 

(b) Q= 1,000 

(c) Q^IOO 

-I— 
1.4 0.6       0.8        1.0        1.2 

lig. 1 - Sweep Speed liffects 

curves" will result from the frequency 
response test.  Thus "ciuick" vibration 
tests may reveal resonances much 
higher than intended operating frequen- 
cy with peaks which appear acceptably 
low.  Steady state operation can then 
result in system destruction.  However, 
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.  Tlii« 
procedure is common practice in rota- 
tion machinery such as turbines, where 
the effects of sever;ii critical speeds 
can be minimized by accelerating 
through them fast enough.  The sever- 
ity of the sweep speed effect depends 
on system undamped natural frequency, 
the damping ratio at that frequency, 
and the frequency velocity of the 
exci tat ion. 

1'ast theoretical studies attempt- 
ing closed form mathematical solutions 
include Lewis [41, i'imentberg (.3), and 
I'ronin 1,2).  Lewis presents a graphi- 
cal and nomographical solution to the 

problem; 
required 
not rcadi 
formulati 
prob lern, 
t i on w i th 
for which 
are not r 
added to 
tion, mak 
Cronin's 
and, thou 
The solut 
based on 
Lrror l-'un 
over past 
it fits t 
tion form 
involved 
tabulated 
form of a 
which dig 
wri tten, 
which in 
the time 
f i rs t res 

furthermore, the input data 
for use of the solution are 
ly available from the normal 
on of any real, physical 
Dimentberg formed his solu- 
the use of Fresnel Integrals 
tables with complex arguments 

cadily available. This fact, 
the complexity of the solu- 
es it very difficult to use. 
solution uses Error Functions 
gh complicated, is usable, 
ion proposed in this study is 
the Auxiliary Function of the 
ction and has many advantages 
solutions.  It is simple, 

he standard vibration solu- 
at, and the functions 
are readily accessible in 
form.  The solution is in the 
steady state FM response for 

ital computer program was 
and a transient FM response 
most cases has died out by 
the system passes through its 
onance. 
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The   response.of  a  linear  single- 
degree-of-freedom system to  a   forcing 
function   is   given by   the   following 
equation: 

J  +2h^1^  +uJ,.zx = FCtJ fi) 

where  x   is   the   response,   I-(t J   is   the 
forcing   function,   t   is   time,   h   is   the 
damping  ratio,   and wn   is   the  undamped 
resonant   frequency   in  radians   per 
second.     The   forcing   function   for  a 
linearly  changing   frequency   is: 

the   auxiliary   function  uf  the   error 
function.      In   the   equations   above,   the 
symbol   Q   is   the  non-dimensionalized 
sweep  parameter  given  by: 

6? = JV (in 

The transient IM response tunlaitis 
only three tine dependent functions 
which are the sine and cus i ne ul tile 
damped resonant frequency and the 
exponental decay function.  The tran- 
sient IM response (Tl'Ml is given by: 

Fie)-  pSin(^ct t vtz) tn 

where P is an amplitude constant, wü is 
the starting frequency and v is the 
frequency velocity in radians/second/ 
second.  The response of a system 
to a linearly increasing frequency is 
given by the equation: 

P 5 i n C W>-T: -•- v t2,) C3) 

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

Q.-f-'- Af?crM\ B) i<o) 

A  - ffeXMa.)* Wfi^J tr; 

B  "-   ^MLW(2,)  + W(i0J CoJ 

Z r e *ff Cr4 ^7^hF-ih)     CHJ 

Ifliere  X0   is   the  static  response,   r   is 
the   instantaneous   Frequency  divided by 
the     resonant   frequency,   and W(z)   is 

-r-r- '     /TU        ' ~hu.;,tt     häsL. 
TFM, - tfiC^] G.       KG.  ^ s.nuj^^ü* 

+ € Cos V^o   CuS^J (II) 

0t = ? * iair^jrv)"-^*] 

03) 

Cm) 

^ -- r *■ faLc^^rr*)1'^]    o s) 
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The particular solution to this equa- 
tion is : 

where 

^Z (IS) 
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steady state IM response was jiro- 
imiied into a digital computer to 
diet the amplitude oT a system given 
values of the damping ratio, the 

ep factor, and the ratio of the 
tantaneous frequency divided by the 
amped resonant frequency.  The 
ues given by the computer were then 
ified by comparing them with the 
ues obtained experimentally.  Two 
erimental systems were used to chock 
theoretical values.  One was an 

ctrical resonant circuit and the 
er was a galvanometer.  Both systems 
be modeled by the response equation 
both have easily adjustable damp- 

Values were checked in the damp- 
range of t'.OO? to 0.3 at sweep 

tors of 10Ü to 1U,ÜÜÜ.  Good agree- 
t was found in all points compared, 
s solution, not only fits a 
tulard vibration solution format, 
is also simple enough to use.  The 

nsient IM response was neglected 
n the computer program was written 
did not cause the data taken to 
iate more than the tolerances on the 
erimental apparatus.  It was found 
l the first additional peak began 
appear when 

both theoretically and experimentally, 
lo reproduce the steady state curve 
with a swept excitation requires that 
one specifies the tolerance expected. 
Kith a swept excitation there will 
be some depression of the amplitude at 
the damped resona.ice. 
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■iKE ::;:;^::v: hK,;t'ai."K 'JF A •.::m:i KYMIAH CH/'.UJ .;u,:i'ni.-i.'jii hki:/;!- 

OVKR TJK OHIO hlVKH TO VAi-IQ'J.: I.rrLIV.], KXCTA'; IQi:.' 

•■■i^v.i :;;.:h.v!.v •■. ^■.:j.:strut:-,:, 

,-,'!mii3ni:to{.,  r..f.'. 

The oyebar chaiii suspension br'.<ipfi ojtir tk'i  Ohio h'.v-r  at .'t. !vir;,s, 
West Virginia is almost Mertic-il to tht bri'Jpo 'it • ^i.-.t il^asant, 
West Virginia v/hich collapsed nudd^i.l;/ '.i. .'-r--ce:.ber, I'/.-J  v/itn a trvi.0 
loss of U6 lives.  Following this failure, it aas defjw.-i advisable 
to maJ^e a study of the dynamic stress amplifications and vibration 
responses of the fit. Marys bridge to provide further insight into 
the possible causes of the Point Pleasant bridge failure if any 
unusual behavior were observed. A cooperative field study of the 
dynamic behavior of the fit. Marys bridge was injr.ed iately undertaker, 
by the Federal Highway Administration and the West Virginia fitate 
Road Commission. 

Dynamic responses of the bridge were induced in two ways.  The bridge 
was first excited by the use of an improvised harmonic vibration 
generator (located on the riverbank beneath the structure) which 
exerted a direct vertical cyclic pull on the underside of the mid- 
spar, point of one of the end spans through a steel wire rope. 
Resonant vibrations were induced in the structure in the first four 
normal modes.  The measured frequencies and the corresponding mode 
shapes compared favorably with predicted -mines. 

A second type of bridge excitation was provided by the passage of a 
three-axle truck weighing hU,YJ'''  pounds crossing the bridge at low 
speeds.  Strain, displacement and acceleration transducers were 
installed on the bridge at critical points suggested by local failures 
noted in the Point pleasant bridge wreckage.  Mean live load stress 
levels determined at various points tliroughout the bridge during the 
vehicle passage were not excessive. Vibrations induced by the vehicle 
passage were generally of much higher frequency than induced by the 
vibration generators and represented various modes of individual 
structural member vibrations 

niTROD'ICTION 

Following the failure of the eyebar 
chain suspension bridge over the Ohio River 
at Point Pleasant, West Virginia in 
December, 196?) with a loss of hC  lives, it 
was deemed advisable to make a study of the 
dynamic stress amplifications and vibration 
responses of a similar eyebar chain suspension 
bridge which carries Alternate U. 3. Route Lj 3 
over the Ohio River at Pt. Marys, West Virginia 

(Fig. 1). 

The St.  Marys bridge is located 90 miles 
upstream, from the site of the icint Pleasant 
bridge and is part of the West Virginia State 
Highway System. A full-scale model is thus 
available for a variety of tests which may 

shed additional light on the cause of the 
Point Pleasant bridge failure if any unusual 
behavior is observed. 

With the concurrence of 
■'täte Road Commission, the 
Administration's Structures 
Mechanics Division promptly 
research program to instrume: 
conduct a study of the stati 
responres to various live lo 
group and the West Virginia 
Commission cooperated in the 
latter organization providir 
support for the conduct of t 
study by the Federal H ighway 

the West Virginia 
ederal Highway 
and Applied 
initiated a 
-.t the bridge and 
c and dynamic 
a dings.  Tills 
State Road 

endeavor with the 
g  on-site logistic 
le experimental 
Administration. 

.lie iual objectives  of the test  program 
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I   r 
Lv 

•tr 
■L  ; . 

.In   In- 
:■:;>■:. ti ;.■„»■■ 

>'i-i.t"r apsin.     i'ltL' ot i 1'tV:.'. U(,  Li'UBii Mienbcrs 
jLaui-v; i:■,!.' coi.sist  of stoel built  up St-'Ctions. 
..'hoi-i; the  stlffei.uig truss and the eyebar 
c:i;i;i.  tu'c not coi.L ignous,   vortical stool 
u'u.r.frs o.n.nocL  tlio trusses  to the oycbar 
ciKiiiiS  :it  enoti panel  point.     Knell clmin  passes 
over  vortical end  posts  at  each end of the 
strieUin- which deflect  the chains downward 
to t!u.' anchorages.     The existing bridge road- 
wa;,   Is a replacement of the Original floor 
syst-'::. and   is   :üiiiposed  of a  network  of string- 
ers  and  floor beams  support ins; a  3" inch deep 
ooncreLe-filled steel Krid  dock. 

ilenLat-' ni.'ih'r.'aii'A'rioH 

'..l!. I'C 
.vn:l" t:i- ; r -.:■■■ ■„• 
Lraffie. ■•iK'nlat 
:.a!-.rii :.. !■ snane 
:-.)   in I .'at- 1  ' nal 

ts •■:.!,; i-  1.   fr---   ■;' ■. ■hic.lar 
ionr.  .'I' Ui"  lite »rot ical 
■   :ui I   '.'i-''ni ■:..: :■ s   (.•■ I'.uen i i x 
ttte first,  f.iur  ..•rtieal ü.L.dei' 

w.'iii ■'■■ if.lh'.n  Ui-'  cini'i; .<:' fro j.r.nicioa 
available   fro::,  the  v i brat i .'n .-oiierators.      Low- 
fr-1 ; :e:.i-;.   resonant  vibrati.'ns   in  ■<   saspotision 
nr; i,--' :■:■.::   in tioate jusceytib ilit;.- to 
,n l-'i'i rab le 'i-.i'..! lyna.: ic excitation. 

in-'  :-'•■ i-.-i'-'l ;:i.-",:iwa;,' A fc.Lnistration bridge 
r-seaivn  test  ■.-•■iiiclo   (:■"..'.  .ü)  v.-is ased  to 
pro-, !!•■ -i ''i'l,-'''  -I'o'in!,   'i-axle ••.ovir-t";   hiad  for 
-bt-tininr  the   live  load  response  ,if tjie bri-l^e 
.;. ! ■!•  •■   L;, pi."il  i.e-iv;,-   Lracf.. 

riie leseription -e. ! iiistory of the i'oint 
■ Lea;ei:.t !>r: I'e iia/e "li'-.','..i,v n--':. ■••jell locn- 
r.ente.l as a i-ar.lt of its ! :.-ja;:tro>iS fail-.re.jl] 
'.:.•• .'t. l-iarys i-ri.U'o superstr ;et ire was 
!'-si.-n.'d ■•.: ! b'.iilt cone iri--:.tly witii the 
i'eint i'ieaivint briire 'ibeut i> " y-"irs ■'..% and is 

-■scent iully identical except for n.inor 
iifferet.ccs in ttie approaches dictated by the 
lifferei.ee in the .;ites. The .it, i'.arys bridtje 
consists of a two-lane ."!7-foot truss-stiffened 
roadway suspended fron, two parallel steel 
"y.'bar chains space 1 at iC-> "  centers.  i'iio 
-'.vebar chains arc anciiorod at each bank of the 
.'hio Kiver an 1 pass over two intern.ed iate 
pier towers.  i'iio center spar, is 7."  feet Ion,: 
an 1 tiie two anchor spans are each. V-  foot 
l.'i.i.1;.  .'.iiort approach spans connect to the 
bri If'" at each en.I.  nach eyebar chain consists 
.if closely spaced parallel pairs af eyebars 
linke I to.--"tiiei- an.t to ad.'acon.t pairs in. the 
chain by a conn«, connect in.* pin join-':,: four 
eya-bars at ■'■icii joir.t.  i'i.o eyebars vary in 
le:.,'lii fror. 2-- feet to V. feet an i viiry in 
;.:iicr.n--s3 in proportion to iesion loalir.g, 
av-^ra.--in.-: abo-it 2 inches.  i'iio sh.'UÄ between 
ey.-s is 12 inches wide.  ;'he bri 1:0 iesi^. live 
loaii:.t: consists of a mifoi-i. loa i of lU: ' 
p-.rinls per lin-ar foot of roa !way and 1'2, 
pO'.u.J concentrated loa.i. 

The suspension chains forr. the upper 
chords of the stiffenin..: trusses in those 
panels where the cin'n anJ the tr-iss upper 
chord are cor.ti^-.'.ous in the er.;i spai.s an! 

i'ne  dyntusic responses were monitored 
through tlie use of strain gages, deflectometers, 
and vertical and horizontal aoceleroraeters. 
.itrain i'jiges on tlie vertical faces of 
upper chord members In the center span were 
oriented along the longitudinal axis of each 
member. These gages were located midway 
between truss panel points at approximately 
the l/h-,  3/8-, 1/2-, 5/a-, and 3A-poi.nts 
of the center span and served as the primary 
indicators of mode shape in the center span. 
Gages at the 3/"-) l/2-, and 5/''-points were 
located on eyebars and the remaining two on 
truss channel webs. 

The responses measured through other 
strain gages located on bridge members 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 
each consist of a metal cantilever beam with 
gages mounted near one end which is rigidly 
attached to the structure. The free end is 
thei deflected an amount greater than the 
expected live load deflection and held in 
this position by a fine steel cable anchored 
in the ground beneath tue bridge. The live 
load deflection of the structure decreases 
the initial deflection and the resultant 
change in strain registered at the fixed end 
of the gage can be translated to displacement 
through a factor established by previous 
laboratory calibrations.  Vertical deflecto- 
meters were located near .--.idspan of each of 
the end spans. 

Only four accelerometers were available 
for the field study. Two t 0.25 g horizontal 
accelerometers ware attached to lower chord 
-.embers of the downstream truss near midspan 
of the center span and of the Ohio end span. 
Two * l.Og vertical accelerometers -were 
moved from point to point In the center span 
and the Ohio end spar, during various' phases 
of tiie testing to determine mode shapes of 
the response. 
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All the trw.sU.iCora rl^scribcl ■itav «/"r.j 
of the variable resistaiioe type ixuti v/ere 
vnred as Mheatstone Bridge circuits; with 
external bridge eorapl'tioi.  resisttjrs  provi'Ii-j 
when necessary.     Kour-coi. 1 .ctor i'rn'.i.lcl- 
shicld cable   it, lengths   'P to IP.'e    t\s>;\  .nr 
used to connect the trai.sd'ic.ra  t    t.'u- .■■.Ir.'-il 
condition iiif?  eoa ijnuent   in   tin.   :i:li":l  ti i.'hv/a.v 
/•.dir.in istrat ion  n.-seai'di   instr i-j-nt '/ai. ahicli 
had been  locat'd bt.j.eatii   t:."    .-.'o ■■.ni  r:r : , 
.Ül'nal conditioning,   a.",pli l'ie'it, iu; ,   ■■■!•'. '■ '•; 
b&laJieing,   calibration  and  'ittennat'on   :'.!'   ■ :■ 
transduci.'r circuits were pro/id'  i i ;,   inmr;- 
acritatioii   in tlie vnu,    .■. direct-i'eai 
oscillograpii   itilizinj; li.dit-bo-i.::. lytl-:--'..o--l  rr 
was  us'd to monitor  rcsoi.WiöeB  -tn I  tr. r.c.e'i 
the amplified transd ,'■■;!• respot.üe ü'.r,:.:ih;, 

BRIDGE EXCITATI .1! «ID lÄÜllin i-Srii'Jf.V 

The first objective of the test pro^ra:- 
called for a harmonic  forced vibration   input. 
Inertial force generators were .not  feasible 
for this purpose due to the low natural 
frequoiicies required.    A method of pj'ovidit.i' 
ar. adoquate  lov;  frequency  liarvonic  oner.".' 
input to the bridge with precise fre-'rie-;,cy 
control had to be devised.    The calculat ioi.i- 
maiie  in the process  of deviring such ■, 
vibration generator are   included   in .-.ppend'.:■; Ij. 
It was decided to utilize a direct cyclic pull 
on the underside of the Ohio end span  of the 
bridge which was over   Lry ground.    iVo alterna- 
tive devices were provided  for exerting l-;e 
cyclic lov;-frequency pull on the m.dersiie of 
the bridge.     In one,  the drive axle tor-j'.K- 
of the bridge research test vehicle was 
exploited to obtain ft  pulsating cyclic  force 
at  frequencies as lov/ as 20 cycles per :■.Lnute. 
The vehicle was positioned beneath the n.id- 
span sect.ioii of the endspan,  the left side 
of the drive axle JacKed up and the wheels 
removed,    A steel fixture designed to 
translate the rotating raotion of the trucn 
drive axle into a variable C-inch to l'i-;nch 
double amplitude vertical stroke tiu'ourii n 
link and pin assembly was then attachei to 
the hub of the drive axle  (:''ig.  '-^ . 

The reciprocating vertical force  thus 
generated by the rotation of the drive axle 
was then transmitted to the bridge  in tile 
following connection sequence:  first tiu-o „-i: a 
22-turn loop of 'p/"'-incli diameter shocr. cor.i 
to provide elasticity   in the connection;  the:. 
through a 3A-'i-ch ».anlla triple tachle t.~ 
permit releasing the connection:   finally 
Uirough a '.>/■'-inch wire rope eocneote I  to -ü; 

eye bolt bracket clamped to the bottom  flajlce 
nf tlie bridge   floor beam at   the load point. 
This system was capable of applying over 
MI«; pounds  of static pull on the bridge 
through the  reaction  of tlie  vehicle.     The 
resultant amplitude of bridge ■ otion   is 
calculated   to lie a  small   fraction  of  the 
available  vertical  ctlvike   for  this  level of 
input  force even assuming the stretch   in.  the 
wire rope and  in tlie triple tackle asse-bly 
to be  small.     The  shock  cord  loon was   les:.--:.-.: i 
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','ji'  'ipproKi-.ately  '/,   icu'C-n*   ■Ion.- tion.      .::■■ 
n i.-.ber  of  turns   in   the   loop  neCeGE: .r;.   Le  live. 
mit  Ute  -axiv  im   force v.vis  calc :lnV :  fro-   the 
.■j. ftn.     iastieit;,   of tne  siioo/.  coru 

.■.:.  -Itn-rnat tan i   of  f  v:-- : .'nratinn 
■■;. -r-Li -n  oonsiste.:     " ■>  aov.-r  la, ■    ff  fro:-. 

■    poj'tnni',;   p .: n v/itn  a  -.-i-en    ;o .n_ .e   a.mpli- 
L . ie i'1-c i ni'oG''.t in.    ::ti*n;'.e,      ,:.'    :; ■ n ■.-.■as 
!.  ,1t'   :  r' -i il..   L ■   ■.:.'    trail   r   : •• ; :. ■ . _   :,\      ■■ 

t.n-    vnL   ;■,: i :ie-  mn i   ,/■..;    !r'     '.  '■■.: ..    /# 

... !■::■ n ..;   >■     ■■.,:..1'.   ■■   ■ : : ::,■  .      . ;.-■   I'i ; . n.c,. 
•  .-■labl-'   fro-    tni./    i   .■'-;.     :. :   r  1: K-3   rnny.  ; 
■:,:>■■   h     t,.          ;, el ,:   p f      ':   .1   . 
:':':•■ ;   nett' r   fr          :.';;,     :   : lr  1  :, t   less' 

f u'f       .t;  .t   !,:;■ n   tae   .-ehifniv    -r' :r ■•.Xle 
ta.n'-u."f.      .:...■ c   :.:    et i  •:.   fr       tu ■   ; j .' ,p 

reo'pr-'C-'tin ' ar::. t    t:.1    i r' a;e  „"u the-   S'l.".e 
an   f .r  ih-:    •/hicl-    u-''.-;  ■<:'.!■    t-u'.ef iff   eXCept 
tavt tiie  loop of shoe.-:  can   .■■:..■■   .-1 minat..-:. 

Both  :■.' thois  Of   force:   v'nrnt on '.-.■ere 
also  empiuy.-i   in  ■»ttn-- pts  to  gener' te torrioj 
■ o les  Of v ; nr-'t' on   in  the  bri !.'    n; moving th 
eorj.eet.'an ..:. the- un i' rs':■-• of tn-- or' ige t > 
■,::■    la.*er eln-r ;   of the   trus.:   .::    ti»- ;ov.-nstr;a 
.:' :     J:' the  roa iw-,v.      ■■ .r    toi'S r :.■ 1 . o lec 
e    ;1 :  m t  i e  ••:-:c!t-   ;  nine-    tn     nor: al m: ieS 
predominated    '.■•.•:. •.-.'ita eccentric 1, aJinv.       :. 
not;,     ibrnti;:.  ,-e:.-;rators,   ■    :;trai: ga.-'-.- was 
installed on the reciproeati:..: I'.ni tO   he-lp 
t.j   identify  '„ae  resonant   frn>-: :encii S . 

."he   CvCon :   ,il yect i'. ■-■   of  : :.•    t>< st program 
oalle-i   for ;.--av.v   .■■.■:.icln-  passages   ■ crocs tiie 
ni'i-U'e   in  tn-  als-.-nee  of ut.a-.-r tra '■' ' r.              ;_--. 

Kedera.1    :i,•;.■.;.,-    ;,.).  m Lct:-:- '        ; r'• ige j-eseare 
test   venicl'- -Jv.s  '.-Ic      :t:lL.:e :   for tais part 
, f öhe pro.-fc. a:.j v:ac  ioaiei v/lt:. n^gregate 
to re-ov' le  ■   17,       -a;-,:. i  Ion:  on  i otn  the 
:river ■At the trn'l-j'  axl-.-s,      i :.•; load   .■:.  th 
front  axle v:as     ,/       ;v.n.:s     aninr V     ^ 01': J. 
Vehicle v.-eigiit   of •■■!,■       :;oo.i:;. no   Vei.iale 
traversed t;.e nriige  in each   lirec1 .i   :.  nl^.g 
eaeii noj 1 Lmffic Inn- at spee :i' f  '.   :.n:. 
a:, i   1     r.ph.      i. ;e  t::   tiie   steep  ■■Sfe. j.: i :.r 
rraieo  on  the .. r'.na   (■ .     per.:  :-tN ■j. ;  t:.v 

s.a-<.rp t o-n.- • :. .   'nt-, rs.-Ct inn  r. ■ is ■ t   t;.-.   en i 
of the  nriige,   ti; ■  sustain--:  maxir 
■ttnin-i 1    viti. t;.    1. :■ ;  ; -.■■;.,-   .-r ■'     ;    os 
only   oliyntl:    .•     r 1       :;;..      ,   I.;,-' ■vy   ;■■   ii. 
; er: itt-   :   co :   .:.i "ti. :    ; ■. V.:   en   Z:.- ; :.r ,. 

mum 
I'n -■■-■-■—- 



i- , •■.:   u:    ■:< ■it-iLK:..      .ho 

uns t'Oüiixi to be about O.'j that of the center 
spai. J i splaceraent. 

,"' '"   '■• ' Ii.  t'ims 2,   J,  h and 5 there appeared to be 
i1-1- l';i,-:   '' a teudeucy   for  the natural frociuenoy to decrease 

'  ■''■■■■ ;Ul,|  t;!,^, loi'.aritmnic doort'Kient to increase   In 
■■^■'•■f-- i  "•'- tii,, afternoon runs as compared with the 
'"'"     ■   l'A'-' -.on; in,/  runs.     This could be a temperature 

•-■'■■■  •■<:.  th.' ...frect. 
.■•i- all 
t ;:::<■ second symmetric mode with natural 

: :'l ■•*■•■   ''.■■.: ':. -t ni ■:. ! cpat, fre IIHJ:.C i ur. betv/een 73.0  and 7k.2  cycles per 
'■■■-''■       .■■•;.'- ':.'.'. ••iLi:.,- that the sdnutti was obtained in runs 7, 8, 9 and 10. 
■' ;- ' ■■ ■ ;';: fuvhfi! ■/■■rticai logaritiK.io .iecreraents of around 0.<A were 

' i-   • ■■ observed in the three runs in which the 
I'ur.p motor provided the excitation.  Run B in 

t" !:- ■ ' i'iJr-••■.>■:.'-:■.  L' !a:::|)';:.,', \-!>'i\.i slilcii the drive ;ixle of tile truck provided 
thu exeitatioi. indicated a logarithmic decre- 
ment of -.06. 

A series of records was made during forced 
vibration at a frequency of JZ.ti  cycles per 
minute while a vertical accelerometjr was 
placed successively at each center span panel 
poll t between raidspan and the Ohio tower. 
"he resulting responses have been normalized 
to the relative response of the deflection 
.■>u-e in the end span and are shown in Fig. 5. 

Vinen an attempt was made to excite 
torsional modes in the bridge with the truck 
drive takeoff, a single amplitude motion of 
about 0..)6 inch in the end span was observed 
at frequencies of V7.7 and ^9.0 cycles per 
minute on the two deflection gages on opposite 
sides of the bridge.  In addition, the data 
indicated the presence of a beat frequency of 
around h  cycles per minute. An attempt to 

Z£ t 7 i-i    S'f   ^T-* excite torsional vibration with the pump drive 
resulted in a ki>.7  cycle per minute response 

•■.■l',cti;'!;. of the bridge with heavy beating. Vertical 
'■■: accelerometers at the l/^-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. 

:■    l:.-'   l-lMf .-■   impiiLi. t-.; 
:r.u,   •■,.•!..•  .<; tii''   I'J-I.H'   .-ibratio!, 
■   ;.th   ■:,.:L-, ■.■.■■,■■!■'   ":."   i;;   t'ikiHl 
,.■,■:;-! ■    ;:;,:. ;t   ;T.trjiu<M:.< 
::•■.■:.-.u, :■■.■, ..•::.,:  L.J  various  .)fl'- 
f.i:..':.'..:■    i:.   L: ■  :'VJIIO:.SI'.     f'.ir 
i,'.' •.■:•).• !  -ib. ■.■■,   12 cycles v.-ere 
1,.,-Mr:tif.ic .'■r-moi.L,    ^   ,  was 
. 1   .      .'■Liu.-;: t'alc'.lat',1 i   f.'r othar 
r ■,     .. '.  t. .1     ;:. Ikntin,: a 

1   .:•.!• w.f\t-'. 

■r     .. -i'-  ;.J  ' '.•rt ieal ■icoi'loi'.'- 
'■■;.'.■■[■   ;:i)ru. i;r;;..-■  this  test  run 

i'  t;:.'  :■■•:.1,-r .:na:.   lefleüt ion '«-as 
.■'„r! '.:.   :-.■ -uv iv 1   ;:.  ■v.. upper 

;:'  tii»'  cunt •■r  ana:.   ieL'lection 
:-,!.lt<   is  a.;:r;: .e i   to  be  a  :.alf- 
.■:.  ;h>-   rolat 01.  h.'tw-j-:.  tno 
t   ■:.  ti: * u  sn: :.  :i:.J   the   tefl'jctioi. 

.M:^El1c 

■:\- 

',   b e ,'0 route!. f 'as: tiie 
■i:. i fo r; til is the  mid- 
il.vd a in.-- til s 
Ict'L ■üt 

. 1 ^. ■ "J ■ ■ 
pl tude 

t tiiat 

VEHICIü CROSSINGS 

tvc iurocat i:.,-: Crossings of the bridge with a heavy 
v ti:'.'-;tl indicated vehicle in the absenc" of other traffic were 
( :.i';;)lv ampl-.tuio) oi TMUXQ   in  order to obtain the responses of 
ippl.j1, to tilt: br:it;e selected critical elements of the structure 

under such loading. These responses are the 
subject of a separate report. 

.•■,■■■;. h.     ant ■,.?.Ccyclcs        DlSC'SSiai OF RESULTS 
- ^ ii ■!■■;  ■•>:t ■"*,i .:.••! ::. I" 

:■ 1 ■ iV  ;.:. r::. a,  tho 
z  til--   I 'l-aol-.X  of tii.' ce:.t*;r 

-i-.-v--^t---r  ■::.'.  v,".\j checked v;;t;. 

The mode shapes and frequencies of the 
vertical vibrations observed during the 
vibration generator tests have been presented 
U.  Table 1.  The calculated natural frequencies 

r cnor 1 member       ^j .aojG shapes of the first four vertical 
modes are given in Appendix A, tili 

'•;L ■ t;. .■ "'.r-.- ■'[.-I.; o:.'j-:iali -jjjg calculated value of the first 

:;tn;.   1-';'1JI 
atrlcal natural frequency of 30.5 cycles 
•.in ite   is   in reasonably good agreement 
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with the experimontall,',' 'ioterriiij.C'l vtilur :>l' u<.:tvft.".'i.  ]ir'.-1 U:t'-1  ■»:< (  ::.i-;...'v;r».-i   i i .•;p3.:teu::.'.'!:t  l'or 
■;'3.'j  cycles  per K.lnute.     .! h:. ilarly,   ^ooj tile   I'ui. lit .eiit:il -.ode. 
agreement betv/een the cfilculated .'ii.ii obr.'-T'/eiJ 
mode shape was  obtainoJ.    The ratio ,.f tin. ;,'hllij the  ::trit:e  -ih >.   l.vi.'i..'.i c  r<;m..<>i.n.s -f 
calculated   yaliu;  nC '-.he  natur'il  rn-ii)i.'i.oy  0.1' tin' '■■'V'.it'r  tu  fcht-  ■:,•..•.■:;;<;  t'-nt   .■•■i.icli-  an:  til- 
the   first  aayKiiitetric sode ofli-.-; cycles  per i'.ub.iect ■•!' n  ri-par-it"  r-porl,   it   ■.ay  :•■ pnii.t.-d 
i-.inute  to the natural  fi'o i i-;,c !■ :;  d ;t.;r:: i !.•■ i -'t  :■■■!■'■  tiial   tii-  ".■•a:,  livv   i.o;, !   .■•.tji.i;;:;  l-v.-l:; 
■;.   ru.::  2,    U   h,   \,  ai.l  '    ('i'Nb Le   I)   is   ■•bait leter::.! !.•: 1   at   i^r\.r.-   ;o::.tr:   Liu' .',,';.o it,   t:v 
t,!ie  Eft:u:  as  the  ratio  of calculate i   Lo    :■:;)-v' - i'l'i !■-■   faa:.-  t,ji.      o: i -l-    ii-o:;--       ■.-.••■r-    s.ot 
i'^i.tnlly   loterrained  value::  of  fch-.-   f a. i-i:v/:.tai •■xce;;.".! ?■ .     ■.'Ibrat:   '.::   iol.e:  : ;.   la-   .•■-■hid" 
:;yi;.:iieLric  >;at-if.-)l  freo'ioi.cy.      ;:.■■  c--Lcnl-t--: aasnao    ■.■«•!"■  :'.-.-..-ral.l;.    .fhiraer   :'!■■■;. -ney 
first  ;'.nyiM:iotrio  •■ode  sitape-   iiffei-./i  '.:'..•:.',- titai.   o.iuc-i  :,,;   t;,-    ; iLr-li u.   ,-■■:.■a-itorc  a:, i 
ficantly  froi;. tliat  observed,  uow.-.vr.     a.. r..>preE-.-;.t<i,!   i-.divonal :.;t.r .ül-.ral ::.-aei' 
mode  shape  oljtained   fro;:, rua •'   vfus  rata-r  I'oa- ; ibratiot.c   .:.   .'ar    > .u   ■■.■:.a.L  a:.:  :. ir-.al  ■   .•!•.■;:, 
t.hat   of the   cecoad  ealcul:ited  ai;y;:..':.etr'. c 
::.odc-.     laasruich  ns  i.o  other a.';y;;j:.etr ic  ~:j-i-M ." v"'.r.r.':     :■   a...    .... 
were  obtained   fro::,  tile test proj-ra;:.,   it   ';.: 
conceivable  that  the  .■:.ode  of rtu. i'   and   tii;:-t  of .•■.•■   >'  '"S'-   V.-r-> :;;,::.■•■ ;.r  c   :...r".al ::.;-. les   ..f 
runs 2,  3,  H  and  ^  ::,ay be two  separate  :.at iral v if rat i or: :■;■■]••    id-.-nt'. 1".-   ;   '..■.   ;.:.     to.a   pro.-Ta«:.. 
modes  of the  structure. i ae  ::.ode  siiay n  a:. 1   fr-q .•■:.;: i ■■::  we-i'"   a.  .'ood 

a,-ree::/a.t with calc.lat-i   v-.l.os. 
The ratio of the calculated second 

symmetric natural frequency of 69.r  cycles per ihere was  some   indication   )i' tne pocsiblu 
.minute to the measured values obtained   in runs eKJster.ce of two separate asy::::.etr!c vertical 
7,  ;■•,,  9 and 10  fits   into the patterr. of the .modes,  very  dose  to one anotner   in  frequency, 
similar ratios   in  the  fundamental  symLmetric at  ".round  y.   cycles  pur   -.in.t".      inis  observed 
and asymmetric  modes,     ihe calculated  and freiuency   i.;   in  reao: :.-;bio  arro'-m.-nt, witi.  tiie 
meas'ored node shapes are  in ijood a.::ree:.ent. ealculitted  fre-iuency  of t!*e  f.rst  asymmetric 

mode',     iieither o^per i ■■.•■ntnlly   iotermh.ed  vibra- 
If the  combined  effects  of  (1)  the tion  .natter:, was   i:   ,>:,■ i  r-creer.unt  witi: the 

difference between the resonant   freuuency  of c--.lc';lated  first  -us.-a-.v.otric  mode  snape; 
the bridge  and the  frequency  of excitation, iaowever,   the  s-coni  ■.■x.neri■:/;:.tally   ieteimuned 
(2)   the drift   in the  excitation  freuuency, nsy:-; .-trie  :■.   in-  siiape  we:   in  rens .nnsl- 
aiid  (3)  the aon-hansonio components  of the n.-reement w'tn  tn-: e'-lc .late !  so-e/. I ■:;-y™-'-'tric 
forcing fimctlor. are assisod to ::a,i'.e the r,o :■■ shape, 
bridge behave  as  an  euuivalent  viscous 
da::.ped   Ideal single  degree of freedom, system i^Cirith:-.ie   !'-cr'-:-.--nt/   '.'.'   :■:•■.:.;:.,: 
with a  sinusoidal  forcing  function  oper-t: :..•■ :  ',   r-.i:.u :   f.r    ■ e:.  ■ XJJ-J-■.■■:.':■ li;   i-.-t'-rmine i 
at  95 percent  of the  funda;:.er.tal reson;i.nt '     : ■    .f   ■'.': rnti a   i:  iidted   tim-l   ti.e  nr'. jge 
frequency,  then the :::easured C300-poiu.d 
input  force corresponds to a '".155 Horsepower 
input.     Using the theoretical value of the 
deflection of the end span  (assamed as simply 
supported)  under a concentrated load at mid- 
span of 100G lb.  = 0.022  inch  (fro::: .-.ppondix 
B) and the theoretical fundamental natural 
frequency  = 3:-".5 cycles per minute  (fro-:. 
Appendix A)  and assuming    S   -    ■t'j, the 
maximum enH  span displacement would be: 
y =  (ü.l*)(l.l)    -W 0.1!3;    =    .173  'ach single 

amplitude.     usinr the experimental!;,' determine: 
values  of natural frequency = 33•5 cycles per 
minute,  deflection  of end span under •-'  concen- 
trated load of 10"'  lb.  at m.ld-span   'extrapola- 
ted from truck crawl run data)  = C.'lyj  inch, 
S=     .1,  then y =  ',.173   fTOWjIy .-MrTJ = lie :. 

inch,   single  a:::pl i tu :ie . 

In this particular case the  differences 
between the assumed values and 051erI::.entally 
ieter::.lned  values  tenl  to  so::.cv;;r,t  offset   one 
another. 

n   .iispl-ee—.t  -t 
s     .1     inch  s int'L- 

wan • i; •i.tl..- ia , r .ct ;j 

. ;:'• cale :!■: tie: s jf  :ri .       , 
:r i ve: le els >f i ns- t 'oj-oe 
■enei at"' • wer ;.re th; .:.   a ie f ,- 

p :rpo se- ,f si. ■res ing ■ a- ;r.-.pr ;■■ it. 
renei at . .:.  ■  : u i n .-s.t id   mot .   E 

.m-nt- t' '-•■ 

1. vei. ir  ::r 1- ■-■I 

1 s a 3 tor. ;E;: - .hi C it '. 
■■ ngi .eers int :■ -■ ' i 
esr •ar;.-, 1. 

1 ae   -.e'.i cure : .nu 
• : .y cycles per :-.i . ;t 
a::.-Dli.t-;-ie   'v. licatt 
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A- S {■■■)  [i] 

!•■■: £, l.'.-a-'.lt'.r \c.    ii-Cf-A-UL   ^l'    Uifqi'\Uir,. 

S .i., 

.: A: :   ('■i.-ii'.l 

/ oo C ~i7 

■:.: ni; C 

i .     h.p.    Input   K.^ilvalent 

L,     0 ft.-lb./eyelo 
'    ,• I't.-ib./cvcl.; 

» ' ■ I'C.-1!)./cyclii 
■'i ■ ' i't.-ib./e.VCle 

o< (oJ^Io)   ,   f.^r CO coustaiit,  ailJ  :) 
:.  i'.l:..'lic    ■:.v.Y\'^   ivcrx. 'i.Vn   to KK,,,   the 

■  -it  ■■•..;:  }i:irticulur  poli.t will 

;;).■,!,it-;tu.,-.  (1)  'üI 1  (.?)   into (_•')  the resonant 
sln.-'l    ■■.:..pi:tu>lo:;  that  c'li. be ::;aintainei by  a 
i.     ::.p.    i:.p';t   in  tJiese  ::!Ojes with    5    -     -l'-1 

,;■•:. b-'    'i'taine.l.     ",\\v  results  are  given   in 
^ible :>1   [r. the col'uvjiS lat>eled  ierfect 
ire | .-e.cy  I'ontrol. 

D.  or !er to utilize  the results   in the 
tnole,   It   :s  necessary to estiii.ate the  sinu- 
s.'iial  I'orce,  F0,   rciulred to deliver 1.0 h.p. 

A = Ao sinoAQeflection of ::iid-point of 
E i ie span 

i    ■■=   (-..:■'.)   ( A static) 

;■ d 

n 
■t::' 

A:-tai 

:,';.Ti.ar.Je -(..".plifioation  factor,  that 
is,the ratio of the ayn:u:.ic 
;■■'Sp.'i.S',;  to ti.'-  static    .e fleet ion 
J!'  tiie  syat'.'r, a:  ier  the  ::.axL:'.'u;. 
i.-ai  appliei. 

■  ■.:. i  .;p,d'i  to bo sisply  supported 
;:r:  ni'ir-ir;:  ;'.o;:.t«nt  of   inertia  of 
;:.<•  trusses  fro--, .•.ppunil.x A as 
iv:  of •:;.i  span  st i f fn-so ,   th-n: 

1 ,' 1'oot,     for  i   = 1,"0^ lb. 

(.--. .i''.)sin"n, 

: cycle - W 
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^    ~ Jo F A dX ^ j^      ■■..■..,J1..,1,i;,..,.,..,jt.  .-t^nilit,-     f ,>K:I.. :..■::;>:. 
-- f-Vt/c'fSUfjUl    S^^trLtl ::,•;!,:■■.," :-:rt   /, „pp.,. iix  r,   :...„.-. 

0   '       •'v.    J^ -1 .'!i;co.'.L,      .    J!   ..'is:! ,I.;-L;J;.,   !-JI 

For l.'i h.p.   ii.p'it,   w - .•' j 

Vii:Cc:.L,     ',    J;'  ..■!.(
:;I iK;'t;j:.,   ;■.!;/i :.■ ■•■!•! u^ 

¥W 

'MMKi 

.Mnco th»;  frt.-;•:•.•.'.ey e ir.ti-nl J:' t.h .  :■.):-- 
wii'tt  criiic  vibrat r.>i.  :'■■:. -i";! iu\  ■  : .!p::.-•;.t  s*:i;; 
'ih.'uiovni prior to tin   'ict i".l tr'\':Xi:.•■■:. •i2X:iVi.:.c- 
for  euch  elTect;; waa  ;ä'1<;.     11'  the::*.-  ■■!';■ ;-_:t:: 
are  fcahen  to bu  U'IJ Ivalei.t   to  b:.!v  -.rK'; i l':tiO:.  ;■ 
a VLECOUE dan.pet! ninglo   li-rreu  of t'r''-j its:. 
systOM. with a uinuooi'lal forcu,.';   ''i.-.ct lu:. 
operating near the  syate::.  ivoo.'.'-a.t   l'r ■ ;i ■nc;;, 
then 

/ 

where: "V   (/-'(wj  }    ^ (Z   C,^) 

CiJ   = i-'oreihg frequ 

61J*, = Ilatiu'al fre ii.e.'ic;,' 

_C_ _    g 
Cc      Z-TT 

Aßaln witli    ^ =   ..15 

Ö/iMn A^plificatlor.  i-'aetjr 

l.CO S3." 
O.O'j ■.} 
1.05 ;M 
C.JO •'*.£ 
1.10 s.i 

ri'o:r. [h)   it oa:. be scon that the work ^erfor-'ii 
in o:.e cycle is proportional to /..;■".  . mireforr: 
the resonant response this wcild rsnr.taln 
would then be proportional to YA.f. 

This effect is indicate J ;:. "iablo 31 
under the colurr.s labelei t\.     fre':ue:.cy 
control ani -I"''' i'ro:;enoy control. 

For perfect control (A.,?. = 2i.-Ni : 
?0  = 5?:0 lb. to deliver 1.  h.p. to 

brii.'e 

r-r t i;- rre-iuoncy control (/..;■'. = <. } : 
i' - ■,?:,: lb. to Jelivor 1. ' h.p. to 

cri tre. 
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DUAL SPKCIKJC'ATION'S I\ HAKIJO.M VI HKATK ).\ TK.STIXCi, 
AN APPLICATIOK OF MKCflAMC AI. IM I'l-DA.XC'i:' 

lJ.v 

A.   !•■.  Win. 
Vilii'atiuii and Aroii^ii,-^   r.-.-.i  Dr.-isiuii, 

Samiia  I .ahoraiorii'.s,   AllnKjiu-c.jiii',   Xi-vv  Vlcxi.-u 

and 

R.   liodcnum 
Applied Mcilianiis Uivisiun, 

Sandia Laboratot-ies,   AlbuquciMiuc,   .\Vw Mc^j.-i 

Effwctivc methods of .sjjcrifyiiiH "rca lisi i' " liv h-vi-i.-, I'nr I 
.sine and random vibration have been drvrloped fur MI ual mn.- v. hi 
considerable information about the dynamir r)u«ra<-ier)sn< - •'( Mn 
vibration source is available. Methods have also been devised b 
nusoidal testing where little is known about the dynamic ■ Itara.h 
tics of the field source. However, little has been doip- in ihe .m 
random testing for situations where the characlei-isl;. > of 111. vil 
tion source are not well known. This paper presents a le. Imi-iuc 
which modifies one which has been previously pmpo-.Ml for Minis 
oidal testing. The lechnique utilizes enveloped field data and the 
pedance characteristics of the test specimen to tietierate a lalmr: 
tory random input force spectrum. It also utili/es transfer impc 
ance characteristics to modify the input force spectrum in order 
impose response motion limiting in the laboratory siuiation. 

re 

■ l'i.'ld 

If   SI 

n.- 
■a of 

ir.i 

INTRODUCTION 

In general,  there are presently two ac- 
cepted methods of specifying vibration lest 
levels:   motion control and force control. 
Specification of input motion is used more 
often than force since field measurements are 
made in terms of motion.    However,  Otts [l] 
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- 

tion is not available for newly designed sys 
terns which must be qualified for field use. 

Murfin [j] proposed the use of a force 
technique for sinusoidal vibration testing 
which utilized a "band average'  of the test 
specimen's apparent weight characteristics 
and the envelope of peak field acceleration 
levels to calculate an "average" input force 
spectrum.    This    average    force in conjunc- 
tion with a limn on input acceleration levels 
was used to specify  laboratory test   levels. 
The technique has several advantages: 

This work was supported by the I'niled States Atomic  Knergy Commission. 
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( 1 )    ' in     :s ii.mi!>    > U UM. l«Tlsl ii'.s uf thf 

!.•■ .>! loi.ii t.i! uui .in1 !!■ 'i  r<- nuri'il, 

( .' )      i.'  I'.iT i* (nil  ti'Vi- i.->   i-\|»i",)i'llci-tl   in 

' ii''  ..i!i. uMtni'i.'^ piMk .mil in >< I'll ;it 
iff pi. ii. if-  u ln-i-f tin- .ippai'i'ii; 
'Afli'h!  .■II,IIM.!.'I'I.--II. .^ nul.-li and 
pi-ak .   n- -i»'. ! r.i' Is ,   ami 

( i)    Lilpii"arut\%   a. .■rlrralum alul I'dri-r 
..■■.•'■1>   arr   .lllllli-il   IAI   I'lMrtlUUlllil' 

ll(k') - Kivqiumcy response function, 
Aj.djl/Ajdj) complex, (dimen- 
.sionless); 

VV (w)     Apparent weight,  F^uJ/A^u) 
complex,   (Ib/g); 

\\   (uO = Transfer apparent weight, 
KjCul/A^w) complex,  (Ib/g); 

U   (u) =  "Hand averaged" apparent 
weight (Ib/g); 

lu;.-  paper i-;vlcutls the Icclim.iuc  propos 
.■.! hv Murl'in |.i] lo !lie ran.lcm modi'.    The ran 
.Imii melh.td lia> !h>' .-..line advantages as those 
femud in I lie Mnu.simiai situation, however,   the 
iiiipleineiitatioii of' the techniiiue for the random 
Situation is inure difficult.    The use of the 
te. hin [lie for random testing requires consid- 
eralilv mure pretest . al. illation,   and limiting 
input and respon.-.e ac. deration levels cannot 
IM- perfnrmed usiny automatic equipment. 

u = Circular frequency,  (liadians/ 
sec). 

iKon\ 

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

The  mathematical as well as the  labora- 
turv  pi'ih edure.s required to effect this tcchni- 
pie are described along with the  results of a 
laliuraturv test which arc compared with data 
obtained in the field situation. 

NOMK.VI.ATl UK 

\ („)      Peak amplitude of sinusoidal in- 
put acceleration,  (g); 

F.M 
W  (u) = jVl a A.(u) 

i 

(1) 

The specimen is to be subjected to a labora- 
tory environment where,i-/;(u) and ./i(u)) 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 

A  (_■)      Peak amplitude of sinusoidal 
[■espouse acceleration,   (y); 

.-/,(..)      Laboratory input acceleration 
spectral density,   (^-/Hz); 

.-/ (,)      Laboratory response accelera- 
tion spectral density,   (g'/Hz); 

F i,:S      Peak amplitude of sinusoidal 
input force,   (lb), 

W  (u) 
a 

2      ^ 

1 

(2) 

One can write the dimensionally consistent 
relationship that defines an average laboratory 
input force spectrum,  .f^iu), by 

,)f.(w) = W (u) 
a 

;(u)) (3) 

• /(^)   ■ Laboratory input force spectral 
1 density, ('lb2/llz); 

.'/(u)      Fnvelupe field acceleration 
spectral density,  (g-/Hz); 

where Wa(u)) is a "band average" of the test 
specimen's apparent weight characteristics, 
and '.r,{u) is the envelope of expected maximum 
field input acceleration spectral density 
levels. T 

Apparent Weight,  \Va(u),  the complex ratio of force and ac:eleration,  is related to mechanical 
impedance,   Z(L'),  by \Vn(u)) = ü(w)/jw where i = v^T. 

tl'lte frequency dependent envelope /»(u) can be obtained by enveloping maximum input acceler- 
ation spectral density levels experienced in the field by similar test specimens subjected to 
similar field environments. 
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By using thf relationship found in Kq.s. 
(2) and (3) one can mathematically determine 
the relationship between the laboratory input 
acceleration spectral density, .r/jdj), and the 
enveloped field acceleration spectral density, 

V.(u) 
i 

Wa(ui) 

|vv-(u)| .'Au) (-1) 

Note tliat whenever 

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

W   (u) 
I    a 

w Tu) 
a 

1; then.r/.(u) < ^(u) 

The frequency response function,  iHu'). 
(5) for a linear mechanical system is defined by 

the frequency dependent complex ratio 

and whenever 

IW, (u)| 
--a,--.   > 1; then.r/.dj) >r,(u) 
Wa(i " 

(6) 

One can see from the relationships (5) and 
(6) that the laboratory acceleration spectral 
density, .r/j(u),  has a tendency to notch when- 
ever the test specimen's apparent weight 
characteristics,  \Va(ui),  peak; and.r/j(u) peaks 
whenever Wa(u) 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 band averages the test specimen's 
apparent weight characteristics.    Since '.0'(w) 
is the envelope of peak acceleration spectral 
densities experienced in the field,  one would 
logically like to limit the maximum laboratory 
accelerations to levels "in the area" of the 
field spectral density, 'ä(U).    This can be done 
by using a band average of \Va(u) which is 
heavily biased toward a minimum value within 
a given frequency band (wj to u,^).    Therefore, 
an "averaging" method proposed oy Murun IJJ 

will be used: 

H(u) = 
A  (u) r 
A'.(u) 

i 
(8) 

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

H(u) 
.V M 

r 

i 

(9) 

where .r/j(u) and.f/jju) are the random input 
and response spectral densities respectively. 

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

IK.)2 r 
(10) 

If a limit value were set on ■■^.(u.), then a new in- 
put force spectrum would have to be calculated 

./.(u) 
VV  Ml 

I    a     I 
fllU)! V (u) 

r 
limit 

(11) 

VV  (u) = W    min 
a rl 

We i."A  have two laboratory input force spec- 
. specified,   i.e. ,   Kq,   {'A) 

*  . 1 (W    max - \V    mini 
a a 

(7) 
./.(u) ■■   W  L:)\     rAu-) 

i la 

and Kq. (11) 
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Kin   this situation .P/J(ü.') = ."/.(w) and |\Vu(u)|  = 
|lu   l-'jl lt    . |Vv!,(k')| , and Kq. (U) is traiiKfofim'd to 

:"f   \      In-   I   J"    /?   ,limit 
i I     a      I        I 

II,'    i   ' i i.   ,i!i.nM'nr\   : :i|ni' l'i n1   •■   •■.>■    ' rum 
::::i ■'   : •■    ' :!■    > , niililua1 li 'II . if I >' i' 11 ./•',(,. ) .tlltl 

/,(..).    In "!'(!■■!■ Ni uni»is'- 'hf !■'■ | nr.'i! limn 
■ Mi ■/,.(,.),   I :.■■  ■■■ -'   mil.-.'   I"-  |i' rf. T ni'il u- ill:' 
./^.J  •Allrili-,-,-1'    /,(,.) /,(..)    mil   •'1(,. )   'A l;.'ll 

\ i''' ■ 'lii'  '.<. 1 u -is r  ; -   r■• ■ j u i n • ii 111 11 m i! ' 111 ■ 
inpui   !■ ' ' .<■!'.r mn .-p»'. ' r.ii ili'ii-r '. ,   iv |.   (11) 
MI.is   in' u   ■•■1.     l''iif 'In-   - r u.ti n ill,   ulif ' an 
inak.-- /,(..)     • /,.(„) and ll(..)     1.     ]..[.   (11) ,aa 
,:   i .   ..  ,. . i  ,      '   .a,,-, . j ,   . mronnatiiin arr usi'd to f>uiu*raU' tin' laiJOra- 

inry iiipul  TurTi' spcrl rum. 

y ,   v  .    ,,    ,   ,j-    , /   )!1">:' ,,,,> 'flii' steps nrri'ssai'y to implement the 
i i     ■'      j        1 methods pi-eviotislv desri'ihed t'or an aetual 

SIMM'S h'OK Sl'KClKYINC; INPUT SPECTRUM 

In many lest situations there are only 
luo pie. es ul' information available to the test 
engineer or speeifieations engineer for de- 
I'lninL; inpul eontrol levels:   (1) field data from 
similar tesl  speeinU'ns subjeeted to similar 
eiuiroimienl s,   and (li) the dynamie eharaeter- 
isties of the test speeimen.    These pieees of 

At;aui a neu  for. <■ .-p.■'Irani ha.- been defined. 

In order to impose tin- required mo'ion 

lest  are briefly deser.'/ed below: 

1.    Obtain from a eentral "data bank1 

all possible random input field 

.m-ia;.   une mils' th.-n define the 1 d.oralorv sl.eeira (and their associated prob- 
ability densities) experienced by 
dynamieally similar test specimens 

input  force spectrum a.- Ihe ellveiHpe of the 
mimnuiin  v'alites of the i-umpo.-i'c spectrum 
formed by uveri.iy int; all calculated force 
sped ra. 

The read«'!' >lu>ual note :hat the followiim 
re lat luiistup alsi i held.--: 

\\\   L)\       P {.)'A i.-)        Ill-  (...) 

and form a   composite    acceleration 
spectral density plot. 

J.    lOnvelope the maximum values of the 
composite spectrum to obtain the 
spectrum fiiu). 

'i.    Perform sinusoidal surveys at 

(U) i      I (1 ^ several input levels'' to obtain the 
following i 
specimen: 

Ml'-'  I      ULI'Mc)!      I'V.*-'! ' following characteristics of the test 

I'll.'    '.■Mil 

K (..) 
i 

lA  (.. 

a. Driving point apparent weight, 
Wa(u| 

b. Frequency response functions 
r      | for limit locations,   H(u),  or 

i- .'ucluiiu lau 'lie niaumiudc of 'he 'ransfcr -. Transfer apparent weight 
ipfiar.'ii' weii;!'.! characteristics of the test characteristics for limit  loca- 
-pi. inicii.   W'j»).     Kq.   ( I I) may iher-cforc be tions,  \Va(u). 
',V ritten a- 

.*'U      |\\    („)\'- .JJ*y>mV' (M) 

N.i'c if i'  >> re juiced In liir.r  input acceiera- 

4.    Obtain    band averaged" apparent 
weight characteristics using Kq. (7), 

W  ic) = \V    mm 
a a 

' ion ~pc. • r.ii den-r v that  I! i.   (1 1) . an be us.'d. t  . 1 (\V    max -  W    n.in) 
a a 

re.-' - arc performed at several levels 'o lic'eriniiic the linearity of the test specimen. 
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5.    Using the etiveloped Hpcflral density 
'."/(u) and tlu1 "band averaged" ap- 
parent weight \Vu(u),  calcnlale the in- 
put roivc s[)c(ti-um using Kq.   (3), 

.f.(uj) -- \\\  (u)      Ä(w) 
i a 

The intent  of the test was to subjeet the 
test speeimen to a ronsoi-vative laboratory 
vibration environment whieh would logically 
"simulate" the vibration environments esperi 
enced  in the field. 

KIHt.I) DATA 

(i.     Uet.'i-mjne necrssary acceleration 
limit locations and limit  levels. 

7.    Calculate modified force spectra 
using Kq.  (11) 

i 

|wa(.)j 
.V (u) r 

limit 

or Eq.  (14) 

.ifjda) W (u) 
a • V (w) r 

limit, 

for limiting response accelerations. 
Use liq.  (12) 

.f. («) = W  (iü) 
a 

2      ,   .limit 
i 

for limiting input acceleration«. 

8.    Overlay all calculated force spectra 
and envelop the minimum force re- 
qu'jfements to obtain the laboratory 
inf ut force spectrum. 

The reader should note that several 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 spectrum is obtained, 
it may have to be modified slightly during ran- 
dom equilization.    Test specimen linearity 
characteristics may also affect the input and 
response spectra such that the input force 
spectrum would have to modified. 

EXAMPLE CASK 

A specific example will be used to il- 
lustrate the techniques previously described. 

Xnrmaily field data would he ob'ciiied 
from a cciilr.il   "data bank    lor -dmilar vibra 
lion environment,'-  on a dvnamicallv similar 
'c-.l  spe, imen.     However,  for lliis particular 
.-itualion,   field data was available for several 
environmental events to which the test speci- 
men had been previously subjected.    The 
analog aceelerometer signals from a flight 
test,   with eight separate events,   wire dis- 
played in the time domain.    It was determined 
from this data that the analog signals were re- 
latively noise free and that the data was sta- 
tionary.    These analog signals for each of the 
eight events were analyzed by a band pass sys- 
tem called V'lHKAX [-1].    VIHHA.X gives the 
distribution of the peaks over- a frequency in 
lerval and computes the RMS value for this 
frequency band.    The three most active of the 
eight events,   as seen from the VIHHAN analy- 
sis,  were selected for processing in tin- FSD 
and probability density format.    The proba- 
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 
would be conservative.    The data also indi- 
cated that a pure If.Ui Hz sinusoid was present. 
The FSD plot for tile separate events were 
overlaid to form a composite spectrum and an 
envelope of the composite spectrum was made. 
Figure 2 shows the composite FSD and the 
envelope.    The  l!111 11/. sinusoid is shown as a 
line spectrum, 

TEST SFKCTMK.X AXD I.AHOHATORY SETUP 

Consider the test specimen shown in 
Figure 1 which contained many components 
that caused the system to be dynamically com- 
plex.    Input laboratory force and acceleration 
were measured at the lest specimen/field 
foundation interface using force gages and ac- 
celerometers.    Response accelerations of 
specific components within the test specimen 
were also measured. 

AFFAREXT WEIGHT AXD IMTT FORCE 
SFECTRUM 

The specimen apparent weight charac- 
teristics,  shown in Figure ■<,   and frequency 
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n5 1.0x 10 E ' '—i  Mini 1—i—i  MINI 1—r 

,4 _ 
1.0x10   = 

1. 0 x 10' 

1.0x10' - 

TEST SPECIMEN 
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fe.spon.sc fuiictioiiH wcr-c mcasuri'd m the 
laboratot-y.    This data wa.s obtained IVum two 
siiiii.soidal survey« having relatively low but 
different input iioeelerutlon levels.    TentK 
were performed at two level.-, lo delernmie the 
linearity of the speeimen's dynattiie ■ hiuMCler 
isties.    Note that by '■xamiuiiii.1 the r<»mpt».'-.ite 
field PSD and the .speeimen's apparent weiyhl 
eliaraeteristies,   one  ran observe dial   the  field 
speelrum has a tendeney lo noleh al   IVe.jueti 
eies whei-e the apparent weiyhl . h.ii'.n i. vjsl e - 
peak and a tendeney to peak at IVe.pieiii les 
Where the apparent weight ehuraeteristie.-. 
notidi.    These pe^.k-no'eh rilation^liips ayre.- 
wilh the basie philosoplis  used to develop the 
teehllique. 

The band average of the apjJurenl weight 
eliaraeteristies is also shown m I'lyure  i. 
One ean see that,   if tlit.- foree is uniform over 
a given frequency band,   almost all the vjbra 
tion will take plaee al that freque.i. \ within the 
band where the apparent weight is ,1 mininumi, 
thus the band averafinu is strongly biased to 
w. rds the minimum wiilrn the fre-iuenev band 
as is shown by  Kq.   (7).    The bands for aver- 
aging the apparent weight were m intaves or 
half oetaves from 20 to 200(1 11/.     Tin- r-andom 
force inpiiL s[.)eetrum was then eaieulaled by 
using I'.'q.  (a).    The calculated force spectrum 
is shown in Figure A.    The dynamic rangi   of 
this calculated spectrum was approximately 
•111 dB.    However the spectrum was modified 
to allow sufficient dynamic working range for 
the random equalizer servocontrols at the 
high and low spectrum levels.     The spectrum, 
shown in Figure A,  was also modified for a 
rolloff rate (2b dB/octave) which was com 
patible with the equalizer characteristics. 
These modifications resulted in a laboratory- 
input force spectrum which was in general 
higher than that required to test the specimen 
to field levels. 

ACCKLKRATJON U.MlTINd 

An integral component with a known 
failure level was selected for acceleration 
limiting.    The frequency response function for 
this component had been measun d during the 
two low level sine surveys.    The random re 
spouse of this component was calculated using 
I'Jq.  (Id) with the calculated force spectrum, 
this response was then compared with the 
known failure level of the component.    In this 
particular instance the failure level was not 
approached and limiting was not required. 
The resulting laboratory input force spectrum 
is shown in Figure A.    One- should note that 
lowering the spectrum  level at the higher 

frequencies due io limiting requirements 
would have en ated control problems. 

sri'KHPil'osi.v; Till-: SIMSOIU 

A pure sinusoid was supci imposed on 
the random signal at i!.<!i 11/ 'o simulate tin- 
field spectrum. The level of tile .-dnusoid was 
acceleration controlled. The method of super 
imposing this signal oil the random laboratory 
spei irum is uui within llic scope of this paper 
and wi i i not   be dl-^ us.-i -il, 

MUSI I.TS OF Till. LAIlOIIATOin   TKST 

I'IH- ialioraiory mpu' force .-pccirum and 
nsu.'ing inpii' a.-ccierat ion spt-.-trum are 
.-lio.vn in Figiin-.-^ ä and fi.    One can se.   that 
above   lii'l  11/,   til'    I'fe |Uellct«'S  at   whji 11 peaks 
and noti-he- o. . ur in tile .aboratory acceiera 
tion speelrum agree quite weil Willi those seen 
in thi- compiisite fn id .-pi-' trum.    Ilovvev« r. 
because milch of the  i.ciur.itory force spec 
lium was tiecesr-arjh  raised,   tile input ac- 
celeration levels were in geiierai higher than 
'hose experienced in the field situation.     Below 
lliii 11/ beitcr agreement between laboratory 
and field accclerauons may ha.'i- Ix-eti obtained 
by   .1S1I1LI   ii   differenl   envelope  of  till-  ■   I   l!ip,osi*.e 
speclruin.    A similar comparison w...- also 
obtained for response data from integral    am 
pollellt.- . 

CO.NCI.l SIONS  -\.\1) C*0.\niH.\T> 

For 'his partici.lar situation field data 
supported the philosophy "hat field a. celera- 
Kolis peak at frequencies where "lie atipareii'. 
wejglit characteristics of 'In- '.e-t spicimen 
notch and that a. , eiei-jtioils '«-nii 'o no-' Ii at 
tV'-qu'-ncie-- where apparent weight .-iuiracter 
ISt!. >-   pi-.ik.     Tile  te. htu nie   pi'ovides  a  ua-.uis 
of obt.iiiiMii' th'-.-i- peak no'ch n lationships m 
•.In   lalioratory.    In doinu this,   'In- lechmjue 
provide.- a more logical    .-imulatum    (»f field 
random vibr.iMons 'han either for. e or ac 
c'-ai-.c. ion . oiitrol !e. Im: pa-.-  wlu-n little is 
actually known abou'  tile  fle.d environment. 
The method reiuire.-    un.-idi-rabii   . .,.■ ulatiun 
for  its  use. and resuils  ar»-  'ii^!;l\   d.-petiite!)' 
on enveloping .uui averagim; mcinnis ■.;-• d. 
One can a.so .-. e fretn 'lu- ■:-;..tope   .-a.-i- that 
•tu- dynami.   range of 'he .np.c tic-. .   -pe. ■.rutr. 
may  be mu. h gfe »ter ;l...il •he . nvelcped field 
a. celerat um spectrum,     'fbi-   i-  'rue be. ause 
the  inptit  force  -p.-. M-um  ;.-  n I.e. d 'i   "ic field 
a. celeration .-pic'rum by the .- |U,tr<   of 'lu 
band averaged appareir  -.reicht     u.u'.i.o-ri-t i -s. 
This relat ii Jiiship tends "o ampl.fy  the dynantl. 
range of die mpu- coirrol -pe. 'rum.    Tins :.- 

117 

MmUMnmnum 



.i ihsaUvanUiHf Hiiur ih»' rÄti'iuled ratyr inuy Vibration Testing, "   The Shock and Vibra- 
lic licvuml thf rapahiliiics of ihr random lion Bulletin, January 1966,   Bulletin 35, 
• ■ |u:tii/»"['. Pai-t 2. 

I.IS|- OK KKKKKKM'KS 
Murl'in,  VV.   B. ,   "Dual Specifications in 
Vibration Testing, " The Shockjmd _Vibra- 
tion Bulletin,  August 1968, 'Bulletin 38, " 
Parf f."  

1.    CHtN,  .lohn \'. ,     l''oi-.i- cüiiti-olleil Vibra 
nun Tests:    A Step Towaial Practical Ap- 
plicaimn uf Mm'hanieal lmped;uice, '' The 
Shock ami Vihraliüti Bulletin,   February 
U'tiä.   Mullftin o-l,   Part 5. A.    Sandia Corporation Vibration Analysis 

Committee,   Vibration Analysis for_Weapon 
Otts,  .1.   V.,  aiui Nuckolis,  C.   K. ,   "A Development fest Programs,  Sandia 
IVoyrrss ilcporl on Korce Controlleii Corporation,  SCDR-321-61,   1962. 

L 

118 

  - .    .   .      _ ^riMMaMMMMauM naMiaamta, -.„.„.,. „ ., ...,.■..■.... ^^..., ,., | ,   | ^^ ^ 



VIBRATION 

A DIAGNOSTIC TOOL FOR SHOCK DESIGN 

Culvi li.vcl 

Havlhruii ('Mnpanv 
Submariiu' Signal DiviHjun 
I'drtsinnuth, Rhode Island 

Vibration testing can result in successful shock testing the first time. 
Analysis of failures and results during parts qualifications, engineering 
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 
can 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 years Raylheon's 
Submarine Signal Division has done a great 
deal of testing to MIL-STD-1C7 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) 

31   Cabinet level vibration, soft and hard 
mounts 

4) Cabinet level shock, soft and hard 
mounts 

5) Cabinet level reliability tests per 
MIL-R-22732, solt and hard mounted. 

Examination ol stress levels,  Irequencv 
spectra, material characteristics and failure 
indicates that successful completion of a shock 
test can be accnmplisned if exploratory vibra- 
tion tests are run at chassis and cabinet levels 
without the electronics being energized.    These 

vibration tests in the cabinet vertical plane 
should be at the level of 10 g and should cover 
the frequency range from 5 to 10U Hz, 

Vibration levels in the lront-to-backand side- 
to-side direction should be 4 g.   Machine operat- 
ing lime to scan the spectra in each of the 
thrt rthogonal axes need be iv more than 
two minutes.    This technique will identify 
mechanical problems before the formal vibra- 
tion and shock tests begin.   Savings will 
accrue from eliminating multiple set ups, 
electrical checks in the environmental lab and 
down time for technicians duniu; repair. 

PARTS QIALIFICATION PROGRAM 

First let us consider the parts qualifica- 
tion program.    These are parts such as trans- 
formers, transistors,   filters,  chokes,  test 
tacks, switches,  plugs,  etc. 

These parts are used in most of the 
military eciuipment which is procured to one 
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if tho following equipment spocifu-itions: and vibration environment or lead to these test 
specifications: 

MIL-E-1640Q 

MIL-E-21200 

MIL-H-5400 

MIL-E-8189 

Electronic Equipment, 
Naval Ship and Shore, 
General Specification 
Fur 

Test Equipment for Use 
with Electronic and 
Fire Con trol Systems, 
General Specification 
Fur 

Electronic Equipment, 
Airborne, General 
Specification For 

Electronic Equipment, 
Guided Missiles, General 
Specification For 

Each of these leads back to one or more of 
parts qualification specifications.   Typical of 
these are: 

MIL-STD-167 

MIL-STD-202 

MIL-STD-331 

MIL-STD-810 

MIL-STD-883 

MIL-S-901 

ANA 400 

MIL-STD-249 

Electronic Equipment: 
Aircraft and Guided 
Missiles Applicable 
Documents 

Military Standard Electron 
ic Equipment Parts, 
Selected Standards 

These in turn either specify their own shock 

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 

Militai    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 

The requirements 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. 

Table I 
nmnp-irisoii of Test SDecifications 

1        Spec, No. 

Methods                                                               j 

Vibration Shuck                            1 

|MIL-STD-167D 5-15 Hz.       .060 DA 
16-25 Hz       .040 DA 
26-33 Hz,        . 020 DA 
24-40 Hz        .010 DA 
41-50 Hz        .006 DA 

M1I.-STD-202 ) S01A - 10-55 Hz   .OOO" DA 3 dir 207A IU. Wt.  Mi. Impai 
S-9011 
213 NOTE 1 

t S TM L-    1 

MIL-STD-331 104.  Proc. 11. Para. 
4. 2. 1     3 axes 10-m Hz 0, r DA or 

2 r. 

101 
102 
114 Para. 5.1 

MlL-STn-750 2046 60^20 Hz - 20G 3 uxos 
3 axes 

2016 
2021 

1500G 
3000G 

0.5 ms. 1 
0. 2 ms. 

MU.-.STD-781 40 ■_ 20 Hz 2. 2G 

Mll.-HTD-lilOl 514 Proc. K & XI.  Part 1 
10-55 Hz  .O30" Kxc-. 

514 Prw. IX. Part 2. 
514 Pro«-. XI.  Part 2. 

516 Proc. 
2 Pnu-. 11 

I. Ill, IV 
is a drop tost 

M11.-STI)-HB3 2005 60 . 20 Hz A - 20G, 
11 - 50«,C -TOG 

2002     A. 
n. 
c. 
I). 

500G      E. 
1500C,      F. 
3000r',     G. 
5000 ".      0. 

10,00 G     1 
20,00 G     I 
30.00 G     1 

to 1,0   is.   | 

v.r.. summ.nv oj MHhod 213 - Mil.-S 111-202 and Mitlmd 51C - M1L.-STD-H10 on Table 2. 
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Table 2 
Comparison of MIL-5TD-8I0 

(  "IMlttl  .11 i'.< ue* h.-r.,!.   F. Mv Ä.IV1     Ml, 

II 

h 

1 

it 
1 

].>>, 

11 

1 

1 

1   .'     , r . 
1    .'     IM 

I     .'      . : . 

,.,....*,. 

     ■, ,    ,■ '     :    ■„         | 

'■ _■ ., 
1 

u 

li... .     !■■ ■   , 

1    ■ 

1 

N(jri       Sti," k   l'..r.ir .. 1. r               ,     ■              1(. ■     ::::..■,!.   :(         [       .■■:,■■■'       .'.'         •■               ,\. 

,.,     ■„, 

•■   .     '.           ■■■■         1 
1     .,   ■' 

i    .      . i               : 

III 
IV Hi, i  ti.u-t-Mh 1      ' 1    1 1 I 

1 \ 

\ ^     \      ■! 

'   \ 
'\ 

Fiy. I.   Paris Qualifica ion- Typical Vibraljon lest Requirements 
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All .iii' mil shuwn SHUT many have Hlii;lit 
v.in.iiii'iis m atuptiliute and Irtniutnu'v.    Howovcr, 
all "1 thv viltfaliun .spociiiraliinis usoci Tor 
ttuahtvinn paiis have ampliuulr equal to or 

lariu'i' than Ml I.-STD-l U7.   Snnilaiiv,  tiu- test 
ircciunu-ies arc nuiih IIU'.IUT, cxUmctinti often to 
2000 11/. 

I'lh' reason fur seleclion of these lest fre- 
quenctt'H for shipboard parts is nut a part of this 
paper.     These tests have been speeified by various 
(iovernment aiienries.    JUo parts are nioettng 
these spoeitiealions durinu, qualifieation tests. 
The parts otteii are orijiinallv qualified for use in 
ground vehieles, airerall and missiles which raay 
have mure severe high frequency vibration environ- 
ment than shipboard. 

The significant point here is that transistors, 
colls,  transformers, capacitors, switches, etc., 
withstand a much more severe environment than 
MI1.-S I'O-l ti7 during parts qualification. 

Similarly in   he shock tests, the pulses 
applied directly to the part during qualification 
have a much higher g level and much shorter 
duration than in cabinet level tests (Sec Figure 2). 

40,000 

C 

l 
o 
Y 
S. 
i 

J 
J 
< 

X 
n—i—i—r-i—r 

MIL  - ST0-OBä 
SOO  - 30,000   ^ 
C.i  TO   >.o 'mst.t-- 

50- 

Miu-STO-Eoa 

30 Hi   DEC*, 

J L 
,o     W     iO    40    SO     «) 

Fi(i. 2.   Typical Shock Test Pulses 

Transmissibilitics within the part is thus greater 
than 1 at much higher frequencies (>100 Hz) than 
the transmissibility within the part during MIL- 
S-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 

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 hours 
may be required to electrically check out the 
more complex cabinets, sometimes involving 
throe 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. 
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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 

From the behavior of cabinets under vibration 
up to 33 Hz, we could predict probable failure 
areas.   If the cabinet level test has included 
exploratory vibration at 10 g to 100 Hz, the fail- 
ure would have occurred and been repaired even 
before starting formal vibration tests. 

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

Cabinet level shock tests were conducted on 
various cabinets of the AN/BQS-IS.   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 < 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. 

CABINET LEVEL RELIABILITY TESTS 

A reliability provision appears in many con- 
tracts.    MIL-R-22732 defines these tests.    Vibra- 
tion in the vortical 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-IS were 
vibrated at 1 g 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. 

AH-  CABINETS 
iB-i   X   V9^    X feS 
EXCEPT   AS   KCTED 

Fig. 3.   Types and Weights of Cabinets (1968 Tests) 
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Thr numluT HI rvflt's nl vihnitlnn Cur Üwy.v 
n'lKihility d^sts is nuuii U'ligiM' tliai\aiiy tmdur- 
,iiuv test spccilitul fur any parts quuUl'ifatiuii or 
caliinot I'nvironnu'iUal li'st. 

SUMMARY 

In summary, are these results and conclu- 
sions: 

Kiiuuv -I shows a typu'al S N i-urve lor many 
mutoriais.    This curve is a plot of the number of 
cycles to fracture versus the stress level per 
cycle.    The curve varies for different materials 
but always lias the steep slope ciroppini; rapidly 
away from 100'. as the number of cycles in- 
creases ant! becomes asymtotic in the millions 
of cycles ranges. 

— r-        t      '■       T i               I 1 I 
p jJ j, 

*l y- ; ! \ 4. .( 
' 

- 3 i 

\ 

\ r 

4 
i 

5 

> 

k- i 
■i 3 4 
5 i 

1          1          1 1               i ! i 
^OO        10,000     tou.ooo 

lrii|. 4.   Typical S, N Curve 

Hence to meet the reliability endurance 
requirements one must design for low stress 
during 1 or 2 t; vibration at perhaps 28 Hz, 
This is completely compatible with allowing high 
stress for a few cycles 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 tquivalent 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 ' 
BQS-13 shock tests     (Figure 5). 

Figure 6 shows the vibration amplitude 
necessary 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 g curve.   Also note the 10 g 
curve lying nearly along the equivalence line. 

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) Consideration 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 g from 5 to 100 Hz in the 
cabinet vertical direction. 

2) Vibrate at 4 g from 5 to ICO Hz in the 
cabinet side-to-6ide 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^QS-^ tests when all parts not 
exploratory tested experience failure, while 
those parts that did undergo exploratory testing 
proved successful. 
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Mi1    lli'M.lri'• m (lliiLjIir- Aireruft (''Hiipanv): 
•i mi  -li.il. t, ,1-, A. iv   ill loihlucliMl uith the ;{() 11/ 
. ■ i  ill..I -...It ,1. .1.      Iliil u.Mild clum^f Ihf iiUi-nsi- 
tl.        ,     A    HlM    ll    11.1  " 

Mf     I Lnil;   W. II,  lint iv.illv.  Iii'tvm.st- ur MISC 

i|>r.l Ih.    ■,..-.'■.ill.-.I ll.llM .lf«'k. 

Mr. Ilrii.l,. 
h ir.1 iiintmicil l 
.... I Miurh mm'.' 

Mr. 

r- MI: II .1 pl.-cr ..I r.|ui|iiiU'nt was 
. 111. ItulC li.iinnici'. 'vmilil ymi not 
intrii ..■ checks on ln:ul.s .mt i)f this 

1 I..».I:   We linl .mr ni'inip ..T caliiiU'ts that 
u i,s ■ji.nr .m llic sn-c illr.l lianl drck.     lli'i'i' »r 
r..ll..n. .1 Hi.  'ml s'tl'lrlim- a.s far as the angli'.-i anil 
cliiniuls   nv cniu-i'nif.l.    Wf .lid jri't a S(>lV;ulillg nut 
uf Ihr pulsr rvni In that,  afttT it got into Ihi' (.'ahiiu'l, 
S'tnv it is trur thai the pulsr at IIIL' anvil was wry 
sh.irt an.I vrrv high.    It was ivihuv.l a littk' hit in 
height ami incivasi'.l in wi.lth as it gut undi/r thi.' 
I.rk.    It was |icrha|is 7ll .ir S|l 11/.,  in that nnli/r. 
M'tir 11 g..t int.. Ihr caliiiU't it dnippi'd quitu markedly 
mt.i p.rhaps a  In 11/ rangiv    Thi' point I am m:iking 
is thai,   it'wr vibrate at these higher levels,  the 
r.|iiipiiieiit inside of the eahhiet will respond in much 
the same mamier a.s it might in the shock test.    VVc 
do not kn.nv whether it will or not. 

Mr.   Korkois (NK1.):   Wf found that, if your 
natural frequencies are ahovc the frequency of the 
viliration test, you do u it have too much trouble in 
the shock test.    A ll)-g input for a free-standing 
eabinet is a very severe test,     The old aircraft 
specification specified (il) mils up to äö Hz. which 
was 10 g's     I have tested some ;uitenn:is at this 
level and the inputs were too severe and never 
agreed actually with the aircraft Itself.    I think you 
are going to run into a lot of trouble trying to put 
Hi g's into a lot of this equipment.   They had specified 
the li) g input in three mutually perpendicular direc- 
tions.    I 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 three mu- 
tual perpendicular directions.   When you go to the 
shock machine we have :in Inclined bulkhead which 
produces shock components simultaneously   in three 
directions,    t think the effect is a little different. 
Vou may have some trouble correlating it. 

Mr,   Kloyd;   I suspect you are right in everything 
you say,    i perhaps forgot to mention that we did have 
trouble with some c;ibinets on the Mil-S-OOlC 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 Xi cycles.    Mil-Std-1()7 
now of course goes to 50 cycles, and I am looking for- 
ward to seeing whether or not we are going to have 
more trouble. 

Mr.  Pahulino (Naval Ship Systems Command): 
We are responsible for 1G7.    We raised 1G7 to go to 
51) llz for one reason.    We now have hydrofoils which 
have a higher blade piissing 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, carrier, submarine, or whatever 
it is, we do not want to imply that everyone must meet 
Hi? to 50 Hz.   It 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. 

Mil 
Mr   Floyd:   Thank you.   I was not aware that 

•Std-167 could be reduced for submarines.   I 
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. 
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THE RKSONANT RESPONSE OF A MECHANICAL SYSTEM SUBJECTED TO LOGAKIT11M1CALEY SWEPT 

AND NOTCHED BASE EXCITATION, USING ASYMPTOTIC EXPANSION 

B. N. Ayrawal 
COMSAT Labora tor i es 
Cl arksburcj, Maryland 
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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- 
quency.  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 regarding the analytical 
response to such an excitation is 
quite limited.  Lewis [1] 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 viscously 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. 

In this paper the asymptotic 
method developed by Kryloff, 
Bogoliutov [3], and Mitropolskii [4] 
is discussed briefly with modifica- 
tions [5].  The asymptotic method is 
used to obtain the 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.  In 
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 
♦l-percent limit across the entire 
notch.  This limit can be modified ac- 
cording to the test equipment used. 
The perfect notches are obtained for 
various notching factors, damping co- 
efficients, sweep rates, and natural 
frequencies. 
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(    1) 

(1.) 

(d) 

(D 

Tht'   t'jll.iwitV'i   to rrai.m.) Unjy   is   used 
i i s   pain.' r : 

I'tvu'.-amp 1 i I udL'   rat in   =   the   ratio 
ul    llu'  peak-rt'si-'oiu-.c'   iWiplitudo   to 
t lu' luaximmo MtiMily-statc   amplitude; 

(H'ak-I'reijuency   ratio   -   the   Cre- 
qui'iu'y   ratio   at  which   the   n-sponse 
amp I i tudi'   is   maxi mum; 

iiolehimj   factnf   -   the ratio  of   the 
allowable   rt-sjionae   to the   maximum 
:;t rady-H taU'   response without 
noLoh i mi; 

handwulth   of   the   notch   =   f 
d-'u.I.    1); 

E, 

central    trenuency   of   the   notch  = 
l/2(f I   +   f   )    U'Uj.    1) ; 

initial   frequency   of   the   notch  = 
f,    (Fiq.    1);   and 

final   frequency  of   the  notch  =   fj 
fFiy.   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  +   J (T)X  =   cf(i,0,X,X) (1) 

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

X = a cos (,■ 

a = 0 

(2) 

For  the condition when c  /  0,   the 
solution  in Eq.    (2)   will  be modified so 
that when E   •■  0,   the solution should be 
represented by  Eq.   (2).     The  solution 
is  sought in  the  following   form: 

X  =  a  cos   g +  EUJ (T ,a,'3,v) (3) 

The functions a and . are determined 
from the following D.Eqs.: 

a  =   tAj {: ,a, 0,IJJ) 

iji  =   üj +  cB,(i,a,0,i|;) (4) 

After  replacing  a and ij» is Eq.   (3) 
by   the   functions   defined  in Eq.    (4), 
U,,   A,,   and B,   are  selected to satisfy 
Eq.    (1)   up   to"the  order  of  e.     This 
implies  that  the  coefficients of  c  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   ijj. 

By  using Eqs.   (3)   and   (4),   the 
left   side   of  Eq.    (1)   can  be written  as 
f o 11 ow s : 

X +  u)2X = e [cos   ^(DA,   -  2aB1u)) 

-   sin   iKa3u)/3T  +   2Aiaj 

+   aDBj)   +   0*0,   +   co^J 

+   e2[       ]   +   .   .   . (5; 

where 

D -; V(T) le + " I? 
By expanding the right side of 

Eq. (1) into Taylor's series, 

cf(T,e,X,X) 

where 

ef(T,6,X0,X0) 

+ e2[  ] + . (6) 

X0 = a cos t 

X0 = -aw sin ty 

By expanding f(T,8,X8,X8) into Fourier 
series , 

f(T,9,x0,x0) = FtT.e.a,*) 

L E ^S^^.K, 

sin (Koe + Kii|;) 

+ Fc,K0,K1 

• cos (Koe + K,^)]   (7) 

The subscripts s and c correspond 
to the coefficients of the sine and 
cosine functions, respectively. The 
subscripts K0 and K, correspond to the 
coefficients of 8 and ty, respectively, 
in the argument of the sine and cosine 
functions. 
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Equating the coefficients of c in 
Eqs. (5) and (6) and using Eq. (7) re- 
sults  in     the  following: 

D^!   +   i/u,   =  sin  i|/(aaui/Üi 

+   2A1üJ +   aDB, ) 

-   cos   ^(DA,   -   236^)) 

*ll [FS'K»'K' 
• sin (Ko'; + Kl ,) 

+   Pr c,K0,K, 

(8) •   cos    (K0G   +   K,>)1 

Consider  the  resonance   condition: 

V(T)   =  o. (9) 

To  get  a  unique   solution,    the   terms   of 
the   first harmonics   of   ,.   and  those with 
frequencies   close   to  ^  in   the   right 
side   of  Eq.    (8)   are  equated   to   zero. 
Hence , 

sin  iMa3u)/8T  +  ZA,^ +  aDB,) 

-   cos   iMDA,   -   2a,B,^) 

+   FS(0f ,   sin   il/  +   FC(0|, cos 

+  Fs, 1,0   sin   0  +  FC(1|0   cos   H   =   0(10) 

By   solving  Eq.    (10)    for  A!   and  B, 
and  substituting  into Eq.    (4),   the   fol- 
lowing  is   obtained: 

-   !     I 1 
a =   —s eFs   0    J/OJ  -  -s ca ( jü./d T ) Zu. 

-   eF, S,I,O 

+  cF c, i ,o 

cos   (0 -   if) 
V   + Ui 

sin   (0 -   V) 
v   +   u) 

IJJ  =   u  -  ? EF( C, 0 ,  1 /(aw) 

eF sin   (6 

By   integrating  Eq.    (11)   numerically, 
the  response   amplitude  a and phase 
angle  i^  can be obtained. 

SINGLE-DEGREE-OF-FREEDOM  MECHANICAL 
SYSTEM 

M 

///////////// 

s 

J 
Fig.   2   -   Single-dogree-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   +   C(Z   -  Y)   +   K(Z  -  Y) 0 

Let 

Z   -   Y 

-A(T)    COS 

;12) 

(13) 

Substituting  X  into   Eq.    (12)   and 
rearranging   the   terms   results   in  the 
following: 

X  +   ^X  =  A(T)   COS   I  -   2UnX        (14) 

Hence, 

L f ( T , v , X, , X 0)   =   A ( T )    cos   J 

+   2C»^a sin   . (15) 

So,   by  comparing Eq.   (15)   with 
Eq.    (7),      ' 

LF s,c , i 2U-a 

•^CC,.   =   0 

s.'/»        a(v  +   w) 

cF cos    (0   -   ; ) 
C( i (o        a(v  +   UJ) 

[11! c, i , =   AC) (16) 
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Using  b'q.    (11) ,   t.ho   followliuj 
solution   for   V,<\ .    \i.A)    i.-an   bo   obtainud: 

X        a   cos    ( ■   -    : ) 

a  =   -W   +   AC)   ^-±1 
■n 

:oy    ( : ) 
•n   *■   ^^   3T-T (17) 

IT 

where 

By   intutjrating   liq.    (17)   numeri- 
cally,   the   aiupHtucie   a   and   phase   angle 
;   can   be  ol,ita;ned.      The   amplitude   a  of 
the  absolute   acceleration,   Z,   can  be 
obtained  by   the   following   relation: 

a =   I (a-,'   +  A cos   ;) 

+   A:   sin'   4-1 '•' (18) 
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Response  amplitude  is  obtained by 
integrating  Eq.    (17)   by   the   Rounga 
Kutta  method   for   a   and   i|p  and  using 
Eq.    (18).     The   responses   ?re   calculated 
for  unnotched  excitation ty  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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Fig.   5  -  Response  for swept 
notched excitation 
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Fig.   3   -   Response   for  swept excitation 
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Fig,   6  -  Response  for swept 
notched excitation 
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notched  excitation 
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Fig.    10   -   Initial-   and   final-frequency 
ratio   for  a perfect   notch 
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Fig.   9   -  Peak-frequency   ratio 

Fig.   11  -   Initial-  and   final-frequency 
ratio   for  a perfect   notch 

CONCLUSIONS 

On the basis of these results, the 
following general conclusions can be 
drawn. 

(a) The peak amplitude of the response 
occurs at the excitation frequency 
higher than the natural frequency. 
The peak-frequency ratio increases 
for higher sweep rates and for 
lower damping coefficients and 
natural frequencies. 
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f.!1)  Hu- jA'.ik .ims'If uuii.' u'' '-l''-' response 
is Kv;.; i'; m thu maximum stoady- 
:i t .il c amp 1 i t Luit-.  Tho peak- 
i:h;' 1 i t IKK' ratii' i ncfoaaoa for 
lii.;lu'i" ii.ilur.ii t.'rotju<.'ticie.-j and 
.lamp i n.j ctjof f i cjonta and for Lower 
s'.-.VL'p rates . 

((_■)  Tho oscillatory behavior of the 
response amplitude after reachiny 
peak amplitude increases for lower 
damuitKj coefficients and natural 
frequencies and for higher sweep 
rates . 

(d) The bandwidth of the notch in- 
creases for hiqlier dampintj coeffi- 
cients and for lower notching 
factors. 

(e) The central-frequency ratio of the 
notch is higher than unity.  It 
increases for higher damping co- 
efficients and sweep rates and for 
lower notching factors. 

(f) Knowing tho notching factor, tho 
damping coofficiont, the natural 
frequency, and the sweep rates, 
one can determine tho bandwidth 
and the central frequency of tho 
notch from graphs similar to 
Figs. 10 and 11. 

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

X      normalized coordinates 

a      amplitude of the response 

natural frequency 

Y 

Z 

A 

D.Eq. 

external excitation 

small parameter 

slow time 

frequency of excitation 

phase angle 

mass   of   the   system 

damping   coefficient 

stiffness   constant 

critical  damping   factor 

base   displacement 

mass   displacement 

amplitude   of  base   acceleration 

differential  equations 
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EFFKCTS OF FLIGHT CONDITIONS UPON GUNFIRE 

INDUCED VIBRATION ENVIRONMENT 

■I.A.  Ilutchin.son and R. 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 firms; the MCI rapid-lire 
Kun.  The amplitude versus frequency plots from narrowband analysis 
and amplitude histogram plots which are presented provide a graphic 
presentation of the gunfire signal characteristics.   A discussion of the 
relationship between the flight conditions and the measured gunlirc 
vibration levels along with the significance of these relationships in 
terms of qualification requirements is also presented. 

INTRODUCTION 

Rapid fire-rate, large caliber guns arc 
being used to aid in the fulfillment of the ever 
increasing requirement for more "fire power" 
on modern military aircraft. At the Vought 
Aeronautics Division (VAD) of the LTV Aero- 
space Corporation, the General Electric M-61 
20 mm.fnulti-barrel gun is mounted in the for- 
ward fuselage section of the A-7D and A-7E 
Airplanes. The introduction of this gun to the 
A-7 aircraft raised several questions regarding 
the effect of the gunfire induced environment on 
the weapon system.    It is necessary to correctly 
describe the structural response to the gunfire 
excitation to be able to evaluate the effects of 
the vibratory environment on subsystems and 
components. With this requirement in mind and 
because of the scarcity of published informa - 
tion. an in-flight vibration measurement pro- 
gram was conducted. 

Random vibration analysis methods were 
used to obtain a description of the statistical 
properties of the analog signals.   It was readily 
apparent that the structural response to gunfire 
had amplitude and wave form characteristics 
which set it apart from the flight environment 
resulting from boundary-layer, buffet, and 
engine induced excitation.  "Shotgun" plots of all 

firings indicated a scatter of response ampli- 
tudes too great for direct use in qualification 
specifications.   Such scatter can be reduced u> 
reasonable limits when the measurements are 
grouped according to certain ail plane maneuver 
parameters. 

This paper discusses the statistical prop- 
erties of the structural response to gunfire 
excitation and the correlation of vibration 
amplitudes with airplane maneuver parameters. 

An early consideration was the question of 
how to qualify electronic equipment to this 
environment.   Results of analyses of the mea- 
sured data led to the development of a method 
to simulate the gunfire induced respond' in the 
laboratory using a repealed pulse signal lor 
shaker excitation.    This technique is reported 
in reference 1. 

INTER PR KTATIUN OF GINFIRK SIGNAL 

Typical gunfire vibration data,  measured 
in the vicinity of tin1 M-Gl gun mii//le is pre- 
sented in Figure la.    Kelercnce I characterized 
the data as a train of periodic pulses.   As can 
be seen from this figure, the Vibration environ- 
ment produced by the M-('l gun ivseniMcs a 
series of shock pulses spaced K' iinlhsecoiuis 
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apart.   The time lapse botwoen i)ulses eorrc- 
sponds tu the time between successive rounds 
tired.   The amplitude of the pulses increases 
tor the first few rounds and then becomes rel- 
atively constant throughout the remainder of the 
steady-stale 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 pulse to 
establish a quasi-stable vibration level within 
the airplane structure as shown in Figure la. 
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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 lb 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- 
nomena 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 
duration 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 various gun- 
fire signals, it was determined that the vibra- 
tion measured at the majority of locations 
within the airplane structure is acoustically 
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 one would expect based on this assumption. 
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 
analysis performed on the measured gunfire 
: jnal 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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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 fully 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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Figure 6.    Amplitude Historgram of Overall Flight Gunfire 
Signal Within 25 In. of Gun Muzzle 

profiltcrcd 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 prefillered 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 amplitude distribution with the remain- 
ing higher order harmonics indicating a succes- 
sively increasing random amplitude character- 
istic. The increase in random characteristics 
at the higher harmonics is due in part to the 
randomlv distributed firing rate deviations 
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which produce ;i noiniiuil I'lucUiation of 10'r in 
tlic i^unliro fundamental and harmonic frequen- 
cies. This is reinforced by the tuning-detuning 
effect of the aircraft structure resulting from 
the changing flight loads during the time the 
gunfire maneuver was being performed. 

Because of the quantity of data obtained 
during the flight tost gunfire program 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 
octavo band analysis to peak acceleration levels 
for use in qualification requirements, it was 
necessary to got 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 
histograms for 90'■ and 95'r confidence levels 

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 frequencies 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-7 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 al a number of loca- 
tions in several A-7D and A-7E 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 lor 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, 
jompiete analysis was not performed on all 
signals. 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 ws experienced over a range of varied 
flight conditions. Presently, a commonly used 
method 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 set ui flight conditions only 
occurring at rare occasions then the resultant 
vibration environment rnay 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 

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 ear- 
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 duo 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 data recorded during the 
same airspeed, altitude, and maneuver load 
were plotted together.  Results of this type of 
data grouping arc shown in Figure 10 where the 
vibration data are grouped into the seven data 
blocks as listed in Table I. 

TABLE 1 

Data      Airspeed 
Group Knots 

Altitude     Maneuver 
Feet Load 

D 

C 

D 

424 

435 

282 

437 

252 

270 

4,500 

4,600 

28,600 

7.500 

36,800 

38.000 

4.1 

3.8 

3.4 

3.1 

2.0 

1.0 

As can be seen from this figure, the data 
scatter for the overall gunfire vibration level 
in each group 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 no 
measured data arc available, a more analytical 
determination method was needed. 
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iKiiU'L-.s; Ihcy Mi'i" artunlly due" to the giinf'iiv r:itu uiul 
tin.1 h.-irmonii'.s.    Now thu sllrrpt' of thu bruwllnuwl 
hat'lsfiromid is iiinucncvil liy thu local stmctuiv or 
[vani'l rcsoiimicc.   During a nonKiinluv foiiditioii tlir 
H'LIU'IMI IjackK'rounil will hu thuru at a niucli lovvfi' 
k-vi'l. 

Mr.   I!:i]<cr:   Tht'iv art' [)n;ssui'u transiluoirs 
that ilo have low acfülcration sensitivity that tnjghl 
have helped if you had used them. 

Mr.   Ungar (Bolt lieranek and Xewiuan);   The 
title of your paper was the effeet of Hinht eniuiitions 
on Hlinfii'e-imlneed vibration elivironnienls but unles.- 
I missed something yoa did not really tell us what 
effret the flight eomlitions had.    All I saw was a 
large seatter of data.    Du you have ;uiy real feel of 
what the effeels of flight eomlitions are?   What are 

the physical reasons that flight eomlitions should 
ilfri luhat gunfire does to your struetureV 

Mr.   Ilutejiinson;   We reeor-ded the IIKKIIWIHI 
vibration levels during low altitude, high airspeid 
and high maneuver loads.    We rveorded the lowest 
levels during a high altitude,  low airspivd.  low 
UKiM'iiver loads.    I do not want to imply this as 
linear v. ith the airspeed altitude maneuver |o;uls.    It 
is not,  and right now wv are trying to determine how 
11 is affected.    We are trying to come uji with a way 
lo pivdiet the gunfire levels at other locations where 
we have no measured data.    I.nder any hypothetical 
flight eomlitions we will hopefully be able to come up 
with a reiisonable vibration environment.    Uight now. 
1 cannot tell you how the airspeed,  allilitdcs and 
maneuver loads affect things. 
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lu'iiit; Lisi'd tu implfim'iit udditiunal statisticiil 
I'valiiatimi IIICIIUHIS such as ck'scrihi'd in Rt'fer- 
CIUT 2.  Tim' prnccdurc dcscrihi's llu' spoflrum 
icspinist' Irvcl m icrms nl indcpciuli'iit vuriublcs 
wliii'li iiiriiu'iicc the riiuhl vibratiDii oiiviron- 
nii'iit.  Tin' iiu'tlnul !)>■ uhirli Ihc iiidcptMidcnt 
variablos arc sclccicil is must impurtant. since 
tiic accuracy ul Ihc calculalcd .ipfctruni levels 
depends upiin the correct clmice uf the indepen- 
dent variables. 

Iniliallv, tlie inlurmaltim obtained from the 
empirical deienninalum of the effects of fliiiht 
parameters upon Lainfire vibration levels are 
heilig used in seleclinn the form uf the indepen- 
dent variables.  Kvaluation of the preliminary 
results, usiing this method, has indicated a fair 
decree of correlation between the predicted and 
measured icunfire spectrum.   Further refinement 
in the selection of the independent variables 
which are to be used in this procedure is 
eontlmilng. 

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 
apart from other flight induced excitations. It 
is important to remember, when interpreting 
vibration signals produced by a rapid-fire large 
caliber gun, that the Fourier analysis yields 
only a part of the story. Additional information 

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 maneu- 
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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DISCTSSION' 

Mr.  Bakei' (Snuthwest lU'seajrh Institute):   You 
mentioned earlier in your talk that you did use micro- 
phones.   Were these located within the aircraft 
structure? 

Mr.  Hutchinson:   The only one inside the aircraft 
structure was in the cockpit.   We h;id them located 
inside the end of the duct, aloiiR the «idewalls, and 
down the side of the fuselage,    On the ground we had 
them in the blastport area and stationed in the near 
field perpendicular to the nun. 

the 
Mr.  Baker:   They were essenthlliy al 

aircraft then? 
outside 

Mr    Miitchmson; 
mounted. 

Ves,  and they were flush 

Mr.  Baker:   You did not report any data from 
those.    Did you get pressure signals from them? 

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

Mr. Baker:   Your accelerometcrs of course 
showed many different frequencies in the response. 
Were they mounted on the inside of skin panels or 
where?   I suspect that many of these frequencies 
may he resonances in local panels. 

Mr.  Hutchinson:   Practically all that data I 
showed is from microphones mounted on hard load- 
bearing structure.    The spikes are not panel reso- 
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THE COX CAR DYNAMIC ENVIRONMENT 

Hobort W. Lucljkc 
Ci,0/Bi<0 Rail road Cor.pan i cs 

Baltimore, Maryland 

The continuous or over-the-road vibration 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 e.re also presented.  This paper is based on 
the results of a joint effort on the part of the C&O/ 
B&O 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&O/B&O 
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 o\erprotected that 
the package in many cases would cost 
more than the product itself. 

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. 
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The lasu' i m out ot ttio loint 
cftort 'A.is, therefore, to .lofine the 
environment to which packaqcs or 
stacks of packaqcs were subjected for 
the jreatest amount of time.  Conse- 
quently, the over-the-road input 
formed the basis for tho Federal Rail- 
road Administration report "Investiga- 
tion of SO' - 70 ton Box Car Vibra- 
tions".  Those portions of the report 
which relate to the Box Car environ- 
ment are the subject matter of this 
paper.  The areas of interest are; 
1) the effect of load and speed; 2) 
the effect of primary suspension 
system spring rates; 3) the effect of 
variable rate springs; and 4) the 
effects of truck designs on the vibra- 
tion environment within present day 
freight equipment. 

The tests were performed on a 
section of C&O railroad track just 
west of Huntington, W. Va.  This track 
consisted of a vertical and a lateral 
tost 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 30 feet.  These input levels 
wore designed to generate violent 
actions in the equipment tested so 
that differences in performance would 
be detected.  These sustained inputs 

are more severe 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 
tho test sections at speeds between 10 
and 60 m.p.h. in 10 m.p.h. increments. 
Tho test train included a C&O 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 
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is   17.9   Hz   ami   the  upper  half-power 
frequency   is  22,400  llz. 

Because   the  liatn   fretpie 
recorded   on   the  I'M   tape   reco 
(Ampex   FM300)   aboard   the   iv 
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quency)    to  over    .DO  tlz,    I t.i. 
was   reproduced   al   '.0   iuci.e; 
ond,    rosultinj   in   a   r.pce iuj 
32  over   the  orujinal   1-7/M   i 
incj   speed.     This   speedup  a'-L 
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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  high    inpli- 
tude   inputs,   and  was  amplified   linear- 
ly   for   low  level   inputs;   hence,   the 
"hybrid"   scale   for   the vertical   ampli- 
tude  axes  of  the  spectroqrams   shown 
in  this   paper. 

In  order   to  display   frequency  on 
the horizontal   axis  of  the  vibration 
spectrogram,   a  120 llz  sawtooth  wave- 
form,   synchronized   to  the mercury   ict 
scanning  switch  rotor,   was   impressed 
on   the horizontal   plates  on   the CUT. 
Thiti  waveform   functioned  to   prodiv^c  a 
raster,   and  caused  the  lower-to-hiqher 

frequency   iiJters   tn   be  displayed   from 
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body bending frequencies.  The lowest 
natural frequency input found is 7 Hz 
an; is the second vertical bonding 
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tential   of   rail   car   suspor.si .r   systems. 

The   pcrfonnancn  n f   this   Lyp-t.'  o(    s[>rina 

is   shown   in   l'i in res   2o   and   2.'. 

lii   ail.lil ion   to   the  variable  rate 

.pi iti'i,    I he   railroail    industry   is  dovol- 

pini   new   frciijhl   car   trucks  with   im- 
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■iiiuiodity   packaainq   and   cushions,   and 

hereby   help   reduce   in-transit   loss  & 

; ii'1 ile. 

MODIFIED  VERTICAL  TEST   SECTION 

FIGURE   1 
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RKSEARCH   CAH   INSTRUMENTATION 
FIGURE   4 

TRUCK   ACCELEROMETERS 
FIGURE   5 

CAR   BODY   ACCELEROMETERS 
FIGURE   6 
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TABLE OF PASSBANDS OF 1/3-OCTAVE BAND FILTERS 

[Actual Actual Lower Actual Upper Equivalent* Equivalent* Equivalent 
Center Cut-Off Cut-Off Center Lower Cut-Off Upper Ci.t-Off 
Frequency Frequency • 'requency Frequency Frequency Frequency 

20 17 9 22 4 0.02 5 0.560 0.700            1 
25 22 4 28 1 0.782 0.700 0.87B 
31.5 2d 1 3 5 5 0.983 0.878 1 .]] 
40 35 5 44 7 1.2 5 ] .11 1.40              | 

50 44 7 56 2 1 . 56 1 .40 1.75              i 
63 56 2 71 0 ] .97 1 . 7 ■, 2.22              i 
80 7' 0 H'l 4 2.59 2.22 2 . 7' ■ 

100 8'J 4 111 H 3.12 2.79 3.50              1 

125 111 8 141 4 3.''] 3.50 ■1.42 
160 141 4 170 5 .00 4.42 5.90               ! 

200 179 224 6.25 5.69 7.09 

250 224 281 7.82 7 . 00 '■'..IH 

315 281 3 55 9.83 H.7H 11.1 
400 355 447 12.5 11 .3 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 27.9 
1000 894 1118 31.2 27.9 3 5.0 
1250 1118 1414 39.1 35.0 44.2 
1600 1414 1789 50.0 44.2 5 9.0 
2000 1789 2236 62.5 56.0 70.0 
2500 2236 2006 78.2 70.0 87. H 
3150 2806 3 5 56 98.3 87.8 111                  | 
4000 3556 4472 125 111 140                 i 
5000 4472 5615 156 140 175                  i 
6300 5615 7099 197 175 222                 ! 

8000 7099 8944 2 50 222 279 
10000 8944 11180 312 279 3 50 

12500 11180 14142 391 350 442 
16000 14142 17889 500 442 560 
20000 17889 22361 625 560 7 00 

FIGURE   7 

ONE TMIB0 =         i-    * 
0CUVE 
»»MDPMS 0EIECT00 

»TTENUM0RS      FILTERS INTEORiTOBS /^ 

SIXTY FOURfOiE 
HERCU»» J!' 
SCANNING SmTCM 

FUNCTIONAL  BLOCK   DIAGRAM  OF 
FILTER  BANK   AND   DISPLAY 

FIGURE   8 
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Si;:. -'I'llS 1 ■ HI S'.'StiM'l 2.18   Hz 3.88  Hz 
• ' ii" li,i   iv V, •: •  1.- il 1   w.ive  Ix-nil i mj 40  Hz 
c i v I(.v.l', ■rt  i.Ml J   wave  bonJ i nq 80  Hz 
I'II H- !■. ■/, ■1 i  i.- ll 1   '.vM'.'c  bendiiiij 120  Hz 
i' ir Hü :■. \', ■1"!  l.Ml ■1     UMV'O    ht'llll i I1kJ 160  Ilz 
i.' ii" U. i h, 1, it ..|   ,1 I   wave  bciilinu 30  Hz 
c ir U.«.!'. 1„ It .Mil 2   wave  lioivl i ii'i GO   Hz 
l 'l! S Mllll M (Verticil) 12   Ilz 
I ' 11 H 

v;]: i ■ 

'I'll! 

■!     .1 !■'. i i i 

(Lateral) H.l>   Hz 
6   Hz 

Tr i •--.  :'i nu •t Ul i' 

FUUJKK   ' 

73   Hz 

FORCING FR :QUFNCY TABLE 

SpeeH Rai 1 Jo i n t Wheel 
(MPH) (Hz) (Hz) (Hz) 

111 0.38 0.76 1.7 
20 0.71) 1.51 3.4 
30 1.13 2.26 5.1 
40 l.r>l 3.02 6.8 
.0 1 . Hii 3.77 8.5 

bO 2.26 4.53 10.2 

FIGURE 10 

SUSPENSION   SYSTEM NATURAL FREQUENCIES 

Equipment EMPTY 36  TON 70  TON 

Parber -   Monnal   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 2.4 5 2.02 

FIGURE   11 
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FIGURE 24 EFFECT OF PRIMARY SPRING RATE ON CAR BODY VERTICAL 
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FIGURE 28 CAR BODY VERTICAL 
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FIGURE 32 CAR BODY VERTICAL 
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DISCUSSION 

Mr     I'.iiiut nliT (NIVMI U'r:ipiMls C't'ltkT, C'lliHil 
I ikil:   ''n vour |).-nl  iii.ilvsis. what w.is (he I'lTi'i'tivc 
irin.i^ulth liltiT" 

Mr     llirlikr:    Tile il:il:l \M IT  :ip|llicil (in :i 1)111'- 
lliiril .ict.ivr fillir.     I hr liamluiillh varii'il in at'cur 
.i nuv uilh Ihr crnlri- fn i|ll»i:ti'V,    Thi' sinallcsl lianil, 
uilh a iinti r tiii|iirnr\- nl ar'Hinil I   1 '- 11/ liail a 
ui.llli .>r alinnt  a.:;, It,-,    (inl  at  I,"»!) 11/ the band» iilth 
sia.s mi tllf .inli r ul I no 11/ 

Mr_ Parniriilrr:   Wrrr the ivsults IVuni tills 
shiilv mcnriiiiratc.l In Mil  Sl'l)  ^iir' 

\h'    lurlikr:   Thcv havi- tin! linai iiu-ur|iiiraUi! in 
Mil Sl'l)  ■»in.   Hinhl Him tlu'\ ari'availaliK'Imm tin; 
i' IIM IIIJL

,
1:"M'1'. Ihr ivpnrt is nUilli-il " Vibrations» 

• it a fifty f'ol, si'\riitv 'Inn l!ii\ Car", 

Mr.   Lui'liki.':  That Is nght.   Threu thiriKS aiv 
inviilvi'tl.   The effect of .speed on this vibration en- 
vironment increases expnnentially from zero.    Also, 
the effect of track irregularities is exponential. 
l'\irther, the fre(|iiency content of the spectrum in- 
crease's in the same manner, however, the high 
frequency information is relatively constant.    The 
data that you saw on the slides was the forcing 
frequency data below 10 11/.. 

Mr.  (!alef (TliW Systems):    For over ^0 years 
now the principal,  maybe the only, source of data of 
111.   Ivpe that you are presenting, has been something 
imblislual by Culns.   I am struck by the fact that the 
levels you seem to be reporting, even though you are 
dealing with artificially severe tracks, seem to be 
much much lower than that old data.    Am I remem- 
bering wrong? 

Mr.   lluglus (N'aval WVapnns Kvaluation 1'acilily): 
I wa.s a little iTineerned that at higller speeds aTI your 
curves kept going up.    I would have expected the 
energy in the IVeqiimcy content to have peaked over. 
Vnu mentioned some resonance, but yon ended up 
wilt) the tail end of the curve higher than the |ieal< 
resonance. 

Mr.   I.uebke:   No, you are quite accurate.    The 
difference has been the technological change in 
freight equipment since the time Sergei Guins was 
running those tests back in liMS.   Then the normal 
freight car was undamped with l-5/R-inch-travel 
springs, or extremely stiff springs.    The environ- 
ment was indeed as rough ;is measured and reported 
at that time. 
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TUE NOlSK  KNVIRONMENT OF A DEFLECTED-JET VTOI.  AIRCRAFT 

S.I..  McFarland  and D.E.   Smith 
Air   Force  Flight  Dynamics  Laboratory 
Wright-Patterson  Air  Force   Hase,   Ohio 

A noise survey  conducted  on   a  deflected-jet   VIOL  aircraft   is 
described.     The   test   aircraft   was  raouiued  on   a   vertical   thrust 
stand with   the  nozzles   oriented   in   the  "hover-slop"   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   positions   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.     Estimates   n.'   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 band spectra  at  positions   in   the   field  and 
on  the vehicle   from  similarly   configured  aircraft   for  various  engine 
operating  conditions. 

INTRODUCTION NOISE  SURVEY 

The  design of VTOI,  aircraft  structures 
and  the selection of their propulsion systems 
will  be  strongly  influenced by  the  noise 
produced by  ths  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  the ground. 
Acoustic  fatigue, which  is generally  restricted 
to  a small percent of structure  for convention- 
al  aircraft,  may affect nearly  the entire 
structure  for a VTOL aircraft.     Methods  are 
not  currently available  to predict  the acoustic 
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 VTOL aircraft  to provide 
definition of  the noise environment   for  this 
type  aircraft 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   In  the  field  and on  a  deflected- 
jet VTOL aircraft as a  function of  nozz.le 
parameters,   i.e.,   exhause  temperature,   exhaust 
Mach  number,   and nozzle diameter. 

Test  Aircraft 

The  test   aircraft   is  shown  in  Fig.   1. 
The  propulsion system was  a  Brlstol- 
Siddeley  Pegasus   5,   ducted  fan,   lift- 
thrust,   jet  engine.     The  design  of  tills 
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  rotatahle  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   jf   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   is  designated  as   the  "hover-stop 
position".     The  92.5/;   rpm engine  setting   in   the 
VTOI. 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  i, PII27   ON THE  VERTICAL THRUST   STAND 
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FIGURE  2    ORIENTATION   Or   PII27   JET   ENGINE   C/LI    AND   */C   HEADING 

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) microphones were positioned with 
their diaphragms between 2 and 4 Inches  from, 
and parallel to,  the aircraft skin at  the 
locations shown in Fig.   4. 

ANGcCnoM^Of *^ 
HOT JCT, $I0EGI 

FIOURE   3 . MICROPHONE FIELD LOCATIONS AND SPOT NUMBER IDENTIFICATION 

FIGURE  4, LOCATIONS  OF MICROPHONES   ON  AIRCRAFT 

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 "haystack"   shape 
characteristic  of a  free  jet       This   is 
illustrated by  the spectra obtained   from 
microphone  25,  given  in Fij;.   5.     Microphone 
25  was   located   50   feet   and  at   30  degrees 
from  the  centerline  of  the  hot   fet   (see 
Fig.    j).     The shape  of   these  spectra   is 
typical  of   the  spectra  obtained   from 
microphones  at  other positions   in  the 
field  and on  the  aircraft. 
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FIGURE  5 .1/3 OCTAVE BAND SOUND PRESSURE LEVELS IN 
FIELD OF A DEFLECTED-JET VTOL AIRCRAFT WITH 
NOZZLES AT 81» (HOVER STOP POSITION) 

i.'»>tu»nirs  i'f  i'qii.il   m'L'r.ill  smuul  pressure 
Ifv.-l   (SIM.*)   for  .i  pl.ino  parallel   to  anil   15 
lo.-I   .ihovv   the   (jrouml  pl.inf   aro   HIVL'H   In   Fig.   f". 
Ihi'V  wiTf   lairoil  manual Iv   from   tlu'  overalL   Sl'l. 
ro.Hliiu'.s  ol>iaini'il at   tM.'h  mi i-roplumi'  position. 
Tlu'  .ontours  ••xliihlt   lohos  oorrt'spondinK   to 
the  hot   .mil  i'olil  noz/los   at   the   lower  power 
settings;   however,   as   the  engine  power  setting 
i ■;   inc reaseil,   the  I'ontonrs  beiome  more   nearly 
i- i tvul ar. 

Contours  of  ecpial   overall   Sl'l.   for  planes 
vertical   to   the  ground  plane  are  presented   In 
Fins.   7,   8,   and 4.     These   figures  correspond 
to   the  60,   80,   and 92.')*   rpm engine  operating 
romlitions.      In  each   figure  contour  plots   are 
shown   for   four   (<•)   different   vertical   planes 
at   different  angles   (6)   referenced   to   Che   tall 
heading  of   the   test   aircraft   from a  point 
directly  below   the  hot   jet.     The  contours were 
faired manually   through  data  obtained   from  all 
of   the   field  microphones  and   from  the micro- 
phone  on   the   vertical   stabilizer which was   at 
a height   of  approximately   18  feet. 

Hie  overall   SI'I.'s  obtained  at   the  micro- 
phone   positions   located  on   the   aircraft   as 
shown   in   Fig.   4  are  presented   in  Table   11   for 
tlu'  specified  engine power settings with   the 
lircraft   at   a  height   of   15   feet. 

TABLE II 

Overall Sound Pressure Levels on 
the P1127 Aircraft 

MICROPHONE 
LOCATIONS 60%RPM m.  RPM 92.5% RPM 

Under Wing 132 dB 141 dB 143 dB 
Inboard 

Under Wing 132 dB 140 dB 143 dB 
Outboard 

Under Fuse- 127 dB 133 dB 138 dB 
lage Middle 

Under Fuse- 126 dB 131 dB 138 dB 
lage Tall 

Under Hori- 121 dB 131 dB 138 dB 
zontal 

Stabilizer 

On Vertical 116 dB 123 dB 129 dB 
Stabilizer 

»Sl'l.   »   Kl   log 
V.,2 

where:     P*   -  me,in  square  sound  pressure,   N'/m~ 
I'     =   reference  pressure   =   20   ^N/m- 
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FIGURE    7„     OVERALL     SOUND    PRESSURE     LEVEL    CONTOURS    FOR 

SELECTED    VERTICAL    PLANES    IN    THE     PII27 

NOISE     FIELD     (60%   RPM     ENGINE    SETTING) 
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ESTIMATION  OK  TOTAL  ACOUSTIC  POWER 

The  aircraft   can bv  thscrlbeä  as   a  noise 

SDurcc   from   the  .iroustlc   power   radiatetl  bv   the 

|ets   .iml   the   .issorial eil  d I rec t i nn.i 1 i t v   nl    the 
noise.      In   this   section   I hi-  ever,ill   SI'l,'-, 

rneasiire'l   In   the   t I e I d   durini'   t lie   Mnjse   survev 

are   used   to   estimate   the   lei.ii   radiate.I   jet 

.neust Ic    power.       The   Illea'Oired    Sl'I.   s   were    used 
directly   to   estimate   the   acoustic    power   except 

where   pure   tone   rompress.o   noise  was   ohviouslv 

present.     When   this  o.    urred,   a   .alctilat ..>! 

overall   SIM.  was    ised  which  was    .htalned   fiv 

subtract I nv,   the  om-third  octav.-  bind   level 

containing   the   compressor  noise   tPT'i   the 

measi.red   »overall    level.      In   no   .  ise   di 1   ibis 
correct foil  ex. eed    )  dli.     No  .it tempt   w.e   "ade 

to   remove   the   broad  band   noise   component-, 
generated  bv   the  compressor  and  other  noise 

sources. 

The   total   acoustic   power   fW)   generated   bv 

a  source   above   the  ground  plane   can   be   deter- 

mined  by   Integrating  the  sound   intensity   (I) 

over  a   hemispherical   area   (A)   centered   at    the 
source,   I.e., 

W  =    ^     i   dA (1) 

The sound Intensity at any point in the far 
field of the source is given by 

(2i 

where   I   =  sound   intensity 

!'  =  sound  pressure 

f=  denslty  of air 

c  =  speed  of  sound   in air 

~m' ?i   i/ ■■'.■ *. 

. 1 4SC 

Htaowr, 

FIGURE    10,      ISOMETRIC     OF     HEMISPHERE     CENTERED 

ON    GROUND    BELOW    PII27     AIRCRAFT 

HOT     JET    EXIT     SHOWING    AREAS,   A^ 

into  nine   areas   (i   -   1 through   1   =  9)   «here 

H   is   tile   radius   of   the reference  hemisphere, 

bach   area  h\    in   c>iu.   o! the   "j"   ball"   I iinc-s   is 

determined   from; 

_   TTR- (sin   (j ]   -   sin  ^ j _ i ' (S) 

The total acou.stlc power Is then given by 

P2 - f   p; dA (3) 

The total acoustic power can he estimated 
by dividing the hemisphere into n representa- 

tive areas such that the sound pressure is 
nearly constant over each area, calculating 
the acoustic power for each area, and then 
summing the results, i.e.. 

*%^ 
(■') 

The   above   procedure  was   used   to  estimate 

the  total   acoustic  power generated 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.      They  were   divided   circum- 

ferentially   into half   limes  orTrlWl-'   (i   -    I 
through    j   =   12)   and   each   half   lune  was   divided 

where   0y   and   0.   are   angles   of   elevation   re- 

lative   to  a  point   below   the hot    jet   on   the 

ground   plane.      The   total   acoustic   power   in 

watts   can   then   be   estimated   from   the   following: 

12    r <i 

=   TTR-'",,-' T"     V 
e      > >       (sin  0.-   sin («._,)   X 

i=i   i«i 

i 
(ant Hoc,     S-i'J-.1J)| 

10    J 

where !•?,,   =  estimated   t.'lal   aeoustie   p,%'er,   witti- 

K     -   r.iilius   of   reference,  itenispher«.,   n 

JO^N/m-' 

/>'■ 

Pj   =   ancle   of   elev.it ton   :r,T:   an   origin   c 

the   crcMind   plane 

SI'l I j   -    sound   pressure     level    ass,.;'i .it e,! 

■„■ i t h   A . . 
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I t l ;■■• .   .•!    ''il,    Hil,     i:'.l   '','.  .      rpn    in.I   I , ■ r 

■:   ;    i.'n i •■       ■•    .' i    i'i.l    .0   ! .-.-l    r i.li 1 .       111.'   rt— 

il t if,'   ■■ .1 ill.'     .■i'.,.n   in   l.ihl.'   Ill   ,ir.' 

■pi ,■.;.•.!    i       ..iiii.l   p,.w.-r   l.'V.'l   (PWt.1   in   .1»   ,is 

'...'l I'l   |..,-.   .<    'ID-I-' (71 

uiifi.'    ■ .   i ■■   111--   ■■ ;I l :-i it .'.1   .iroust 1 .■   p.nv'tT   in 

,■ it 1 ■.   .!.■! .M-'i iii'.i   t r.Mii   11],    ((> I . 

CABI.I:  1 1 1 

i -.1 in it,-;.   ,.1   I'l lj;   .l,.i    lot.!! 

\. .'n-.t i i-  i'l.wi-r  l.i-vc-1 

! MUM 

!M',.,'i K 

;r.i i IM; 

K„li us ,. r Ki-lV 'i-'IU- •  llomi spluTL- 

..' ri   1 t 50   ft 
1 

■-■I     K!'M 1 .S. '.   .IB 1AK.2  dB 1 

sn    KI'^I Ti',. 1   ,111 lr»4,2  tlB 

11 '. '.     !.!"-'. I".". '(   ,!U \r)9.2  dB 

lln-  \.ilii,-s  ..I   I'Wl.  dt-11'rminIHI   from  the 

il.,.-.-,-   rrsnlis  wiiiili  .iri'   t.iki'n  as   reprt'seut.-it tve 

"1    tlu-   l,.l,il   .uiuistir   power   ni'iuTati'il  liv   thi' 

I'll.'Z .lir.r.iit   r,.r nO,   80,   ami 92.5"  rpra power 

■ •-i liii,;s  ar,-   respo.t ivelv   148,   lri4,   ami   159  dli. 

■■'Usr Ftn.n I'KKUKTIHN 

llu- iiiiis». .-nvi rnnru-nl ol" a similarlv ron- 

; i i-,iii",-,l iir,riil ,.p,r.il i iu; in tlu- hovor mnde 

• •.in In- .-ht.iiiu'il rr.sii tilt' I'll-'7 n,list- mt-asuri— 

"i.iits bv n-laiin,' th,- es t i mat i-d radiatod 

Loustic jwKt-r i,. i-iiv.in,. ur nozzlo paramctt-rs 

iii,l ,1,-1 .-rrii ii i iK tlu- ,1 i r,-,-t iona 1 propt-rt ios of 
tlu-   n,-is,-. 

'..'lu-ii    .p,-ritiiu   in   tilt1   VTi'l. modo   tlu-  air,-raft 

-list i t-it,-s   -ml t i n I,-  noisi-  sour,-os.      UR-  pros- 

.'!i,o   of   ,1,-f loot iiut   (.Mill's   in   tlu-   oxits   of   the 

tout'   I.'   no.-.-los   (.'   "hot"   +   J   "oold")   oroato 

•■".iltiplo,   ,-t;i,i,-nt   h i t;h-f roquonoy   noise   nener- 

ition  "IO ■■i,iiiis:-ls.      Also,    the   vortioes   generated 

''■.■   the   i,-   exhaust   impinijijii  on   tlie  i;rouml 

■'! o'o  K!!:   ■ out rihut,-    idditional   noise   sourc-es. 

■ ■!■■ 11','■■,   e io!i   noise   souroe   shoulil  he   idoiuified 

ml   iv-late.l   :.■   its   own   . out ro 1 1 i m-,   paraneti-rs. 

■ '■e   .   -:it r i'-Mt ion   ; roni    ill   s.-uroos   should  he 

oi:-ir.-.!   t .    -'■-: , i ■;   tlu-   |..t.al   aoeustio   power  ami 

t i ii it ■■.!  ■■. ■ i ■;.■   - or  •■ io!i    ip,-r it i n«  ,ond i t ion. 

■:   '     i"    ippr--i--h   '..•oul,I   r,-'|iiire   a   rithor  ooinplote 

t i ■ • :  ■-■      -    the   -SM'-O-   o.ne rat ion  neohan i sns 

i    ■      i o ■   1  ■.■.- i : ;    ,- i   ■;   s.-itf.-o   and  would   resul t 

.u   oomp1i,ated  expressions   relating   the   acoustic 

power   and   radiated  noise   to   the   engine  or 

no/./le   parameters.     Although   this   comprehensive 

approaoh  w is   not   taken   it   was   considered 

do. i rah I e   to  ohtain  an  expression which  would 

i.ooiiul    lor   tlie  operation  of   tlu-   "cold"   and 

"hoi"   iio;-/les. 

An   express inn   tor   the  mean   square   sound 

pressure   oi    tree   jets   taken   from   Ref.    [1]   was 

"iodified   to  ehiain  means   for  predicting   the 

total   aooustio   power  of   a  deflected-jet   VTOI. 

attvralt.      llu-   following   relationship was 
assumed: 

r(r1.5AMh. i4D2)|]()T+( 1.54M(,.3An2 ^1' 1^) roi.n (8) 

when- T = exit total temperature, "R 
M = exit Mach numher 
13 = exit diameter, feet 

Kxpressed as sound power level (I'Wl.) in db re 
10"l- watts this ei|u,uioii hecomes; 

I'Wl,  =   10 
'HOT 

n   lop,   [(T1
-54M6.3402)] 

(Tl.5-MfK34D2)Cnl^   +1o  u,R K+120 (9) 

The  I'Wl.'s  determined   from  the  measurements  are 

plotted   in   Fig,    11   versus   10   log rVT1 • ^M6-^D2) 

best 

log 

IC/f'i/'j j 

+   (T   •   "'M1,     D  JcOUU-     ^rom a  least  square be 

fit   it  was  determined   that  n  =   .74  and   10   log 

.'fore: 

m [c 
K  =   1. ft ,   therefore: 

i'WL   -   7.4   log   l(T1-54M6-3An2) 

(T1.54Mft.3AD2)coi^ 

HOT 

+  121.6 (10) 

FIGURE  II,   ESTIMATED   TOTAL ACOUSTIC   POWER   VS   PI 127 
JET   NOZZLE   PARAMETERS 
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Tlu'  .ilicivi'  expression  r.jn   fltfti  hf  usi'd   tu 
ilcterminr   Ihf ruilse c-nvl rdiinn'iit   in   llic   tii-Iil 
if   the  il i reel iiin.il   pnipt rt Ics   cm  he  olil ,ii iinl. 
l-'rom V.(\.    (ID)   the  sp.jce   «verag«'  Sl'l,  ,ii   anv 
ilisl .incc   R  r.in  be   fmind   (firm: 

SPT,. I'WI.   -   10   In);  ir  +  2. r) (11) 

wluTi'   SP1.S  =   s|>;icf aviTiiKi'     '''•,   <ll'.   rr  .'M/f.*lm- 
1'Wl,       ■     t»ll;il    .irniislic     pnwiT    li'Vrl,    i!ll    re 

10-12 w.iiis 
K =   ilisl.inre   Irnm  •.■jiir'i-   In   til  l-l 

pni nt ,    1 eel 

The  Sl'l.  ,'il   any   poini    in   tin-   lirlil   i .in   1 iu-n   in 
del iTnii mui   irom: 

SI'l.(K,H,0)   =   hTI,K(IU   + Dl (H,0; f I. 

) + 
llf)T 

where  SI'I.(K,B,^)   =  Sl'l.   at   field   po i n I    (K,H,t»), 
  dB 
^l'l.s(R) =  spare  averaKe  Sl'l.  at   dis- 

tance   K,   dB 
1)1 (H,0) =  direitivity   index,   dli 

Snbst i tut in« l.f|S.   (10)   and   (ID   into  1->|.   (12; 
gives: 

.Sl'h(R,e,^)   =   7.4   IOK fci-'-^M6-341)2 

(T1.54Mf).34|)2) "I   .   K)   [„j,   R2 + 124+I)nn,0) 
Ul'',-J (11) 

An  ostimation of   the directivity   index 
DI(H,J1)    can he made hy  noting   that   contours 
of  equal   SPI.   in   a  plane  parallel   to   the  ground 
hoeome nearlv  circular  for   the higher engine 
power settings.     This was  particularly   true   for 
23.5*Ä HÄ172.50,  where fl =  180°   corresponds 
to   the  aircraft   heading.     Consequently,   in   this 
range   it   Is  assumed   that   Dl(rt.0)   =   01(0).     Kig. 
12  presents  a  curve   for   DI(W,/)    between fl = 
22.5°   and   172.5°,   and  another  curve   for  values 
of H outside   this   range. 

These   curves  were  obtained  hv   solving   lq.    (13) 
for  1)1 (W,(9)    for  all   engine   power   conditions. 
The  values   inserted   for Si'l.(R «,0)   were   those 
obtained   from contours  as  given   in  Figs.   7,   8, 
and   9   at   a   distance'   of   K  =   50   ft.      The   result- 
ing   curves   .'ire   appruxi mal ions   and  differ   from 
individual   values  hv   as   much   as   2   dli   fur 
22.5°^ H *£ 172.5''   .Hid  hy  as  much   as   5  dli   for 
H  out s ide   til Is   range. 

I 'ju.it imi   (I'i)   .im!   Tig.    12   i an  he   used   to 
l.rcdiii    (In-  ■".■•■rail   sound  pressuri-   level   at 
.uiv   point    in   Ihr   field   ol    i   def le. leti-jet   Vl'd. 
a i re ra II.       I in-   i oord i i.al c    ,■:    I hi'   I ield   pcinl 
(K,M,0)    iii     taken  with   re.«.|«. I    to   an   origin   on 
III,'    /niind   d i ri ■  I ! v   heln-,.    I !,i     l,o|      j,  ! ,    even 
iliinii'.h   ihe   snuri i-  ill   ii'ii'.c   is   not   Imnled   on 
the   iT'imd. 

I n   ord.-r   to   1 .-si    I he   ,i. i   ir n v   M|   the 
prediction,   lq.    (i'i)    UKI   fit.    I.'  were   used   to 
obtain   the   prediried   ov.-rall   Sl'l.   for   the   60, 
80,   and   92.5"'   rpm  conditions   at   poinis   cor- 
responding   In  ni crinhoni'   local ions   10   and   15 
feet   off   the  ground.      The  measured  Sl'l,  w.as 
suhtrailecl   fro«   the   predicted   value   to   determine 
the  error.      Ihe   results   are  summarized   in 
Table   IV which   presents   the  mean  error,   the 
slandard   deviation,   and   the  maximum  and  minimum 

lAHl.F   IV 

l.rror  Analysis   ol   .'.'oise  i'redi'lion 
Teihnique 

lUNiii; Ml.AN STANDARP R,\;,T,F OK 
OF a KRROR DEVIATION ERROR 

,1H dli dl! 

8^22.5 2.3 2.3 + 6.9 

22.5«e«172.5 0 T +6.2 

.   ,. _ 
-5. 3 

Hi 
a: 
ai 
D 

X 
o 
z 

u 
u 
a. 
Q 

~+-H~H—f—f 
10 20 30        40 50 60 70 80 90 

ANGLE   OF    ELEVATION , ^  DEG. 

FIGURE   12,    THE   DIRECTIVITY   OF   THE NOISE   FROM A   DEFLECTED-JET 

VTDL    AIRCRAFT 
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K*   A   nf'LCrUP   Jt'   «HX   AUr.HAf T 

It 

Uli r.l 

:ntjiit ■. 
ilit. 

n.l.lVi' 

|>iunt s 

ilH-i-t r 

i-i tl.i 

um—Hi 

»H'.T.ll 

C.lls..,] 

Mi,- mi 

«■st im.i 

tin«  .-.. 

t füipi'f 

ill .inift 

I" ml ,H! 

rt .iv.'   Ii.uul 

in   fit.'   IM 1.' 

mt previous 1 v th.it t h 

'!. spt-rt r.l oh t .i iiu-d .it 

lu'isi'  stirvt'v  worv  IUMT 

riMVifqiu'iit 1 v , .i rh.ir.ii t oi" is t i .■ 
I'.niil spi'iliuni .MM In' .ipplUM In .ill 

in tlii> lii'lil. Sui-h .1 i-har.ut tT ist i 

ilia is i; ivi'ii in Fig, 13. I'll Is spivt r 

t In'twiH'ii il.ri Hz and U5Ü Hz whfrt- 

i r.l >.t.iv.. Ii.uul l.'Vfl is 11 .111 hi'low 

1 :;i'l. t.nin.l l rom li]. ( I 3) .nul Fin. I 

urntlv, mil only tin' ovur.ill SIM. hut 

•.■-thi r.l o.-t.ivo h.iiul spi'.-t rum r.in ho 

t «Hi lor .Hiv f isition in tlu' fiold £i 

or.lin.itos .it th.it loi.ilion, tho oxli.i 

.itnro,   oxli.i'.ist   M.i.'h   mnnhor,   .uul  nozz 

all 

Iv 

thi r.l 

urn 

tho 

Uio 
1 

also 

von 

list 

lo 

tho  pi o.o.hiros   uso.l   in   llio   provious 

sfi-tiotl  .no   limito.l   to   pro.Hot in.;   tho   noisi' 

lovols   in   tho   t iol.l   of   a   ,1. I lo.lo.l-iol   VTOI. 

ail. .alt   an.l   aro   not   oypo.to.l   to   applv   to 

positions   i.   . loso   proximitv   to   tho   air. rait 

skin.     Ilowovor,   oxp ross ions   .an  ho  ohiaino.l   tor 

pro.ii.t inf.   tho   Sl'l.'s   on  doflorlo.!-  ot   VTOI.   air- 

i rait   usiin'.   tlio   Sl'l.'s   nioasnro.l   lor   this   .aso. 

Moasuronioiits  woro   m.nlo   in   lour   I'.onoral 

aroas   noar   tho   airoralt   skin:      (1)   uiulor   Iho 

winj'.,   U')   Mil.lor   Iho   lusolaKo,   (!)   nn.lor   tho 

horizontal   st ah i I i/.or,   .uul   (•'()   on   tho   vorlioal 

stahili/.or.      Thoso   looations   an'   shown   in Fiji,. 

'.   ami   tho   rosulliun   souml   prossuro   lovols   aro 

Civon   in   "ahlo   11. 

Hio  nioasurod  ovorall   Sl'l.'s  arc  plot to.1   in 

\-\K.   I',   vorsus   10   U.f.   [(■rI-'>4Mf''' ^»-'JHOT + 

(ll. S-'tvpi. iii)2) H   for  omh  ot   tho   lour  aroas. 

A   loast   sijuaro  host   I'll   lino   is   >U von   in   Fig. 

1'.   tor  oaoh  aroa.      Tho  oorrospondi in  expressions 

aro; 

a.     Undor Wing, 

SPL0A =7.5   h>g[(Tl.54M6.-MBi)H0.r+ 

(T1.54Mfa.WD2)ro| J +   105.7 (U) 

b.     Under  Fuselage, 

Sl'l.0A =   7.7   log  [(T1-5^'-1^)2 

1101' 

(Tl^^h.iAoi)^^  + 98.7 (15) 

150 -- 

140 -• 

130 -- 

120 - ■ 

40 50 

f   »4 „6 54. 2 IT  »-M-'-O'l, 

FIGURE  14,    OVERALL    SPL'S    AT   VARIOUS    LOCATIONS    ON  A   DEfLECTfD-JET 
;T0L    AIRCRAFT    VS    JfT   NOZZLE   PARAMETERS 
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c. Under Horizontal   Stabilizer, 

SPL0A =  11.5  log r(Tl-5%6.34n2>})OT + 

(T1.54M6.34D2)coi I + g0>, a6) 

d. On  Vertical   Stahl 1izcr, 

SPI,0A  =   8.7   log   r(Tl.5%ft. 34ij2,t|OT  + 

(Tl.54;,,6.34n2)coiD"[ +  84.(, (1?) 

where  T,   M,   and  D arc  as   defined   In  fUj.   (H). 

The one-third  octave band  sperlra measured 
on  the  aircraft  were  also  nearly   flat.     Con.sc- 
quently,   It   Is   assumed   Ihat   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  Flu.   14 
can be  used  to  predict   the  noise   in areas 
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 
aircraft. 

CO.NCI.L'UINC,  REMARKS 

It  w.is   found  from  the-  n.'.isureniiits   ih.it 
the  .spectra  of  the  sound  pn-ssurt-s   .iss'n latt-d 
with   deflected-|et   VTOI.   air. rail   are   m.irlv 
"flat"   and   do   not   exhibit   the   "h.ivs t.irk"   shape 
typical   ot   a   single   frn-   jet.      It    is   expected 
that   this   is   primarilv   due   In   the   presi: I 
multiple  noise  sources.     Also,   operation   i.i  a 
VTOI   l.UKte  in.iv   have   .illc-red   the   noise-   source 
mechanisms  . onp.iml   in  operation   in  a   free 
I i.-Id. 

..n i he prnj 11 t ; ,. 
■d above lor dnl 1,M 1 ,.| 
in   the   nsul ts   of   Hi i ■ 

K.nlhnd.S    I, IV.-    (h-Vnlnp- 
- jet   V\ HI.  ,i i ri r.il t   ti.ised 

tin i sn   survey .       I t    i s 
expected   that   I hi-si- methnds   will   apply   teasnn- 
abIv well   to  all   aircraft   of   similar   conftgura- 
tion   opi-ratinn   In   the   VTHI.  mode.      However,   they 
should  be   applied   judicinuslv  where   different 
airplane-   and   engine   configurations   are  bi-inR 
cons i dc-red. 

KKfTRJ.NCKS 

1.      I'lumblee,   11.1"..,   liallentine,    I.R.,   and 
I'assinos,   li. ,   "Near  Field  Noise  Analysis 
of  Aircraft   Propulsion  Systems  with 
Fmphasis  on  Predict ion Techniques   for 
lets",   AFFDI.-TK-b7-.V},   Aug.    1967 
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VIBRATION SIGNATURE ANALYSIS OF DKARINGS 

AND ELECTRONIC PACKAGES 

Charles II. I{oos 
Genfral Electric Cumpany 

Aerospace lOlectronic Systi ms 
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- 
tronic packages.   These methods detect a loose item inside a package, 
a weak bond between a microcircuit substrate and its case, and sur- 
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, 
spaliing, 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 related work has been published 
by B. Weichbrodt and M.W. Schulz of the Gen- 

eral Electric ResearchandDevelopment tenter, 
and by O.G. Gustafson and T. Tallian of SKF 
Industries Research Laboratory.  Weichbrodt 
111 presented a general discussion on the use of 
spectrum analysis, summation analysis, tran- 
sient analysis, and impedance methods to detect 
defects in products.   Schulz 121 reported on the 
detection of loose parts in sealed containers. 
Gustafson and Tallian 131 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 following 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 (MSA) is more commonly used.   In this paper, MSA will be used interchangeably with 
vibration signature analysis. 
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I'll«'   lU<-Uii»l   ln|'   -l.-lntllli1,   llHWf   ItrlUS   IS 
ti,i>.i) ..i; tlii- t.ni thai Ihr iinp.ul ul u.u1 hard oh- 
U-rt .1. JI:,.II aiMlln r hard uiiji-ct [il'ihlui'i-.s sUvss 
.Ul'.fS   11. I.';'' klh ih'Tl.'   I'alU'.r.      I'hr si I'rSS ua\i'S 
pr "jia., ilr i't-aihlv  Ihn u;'h a tspual I'lerlrunif 
(Mi'kai.i' I" a  [>ii]|lt  "ii ihi' cKtiTUir surhu'r nf tin- 
i-lia»it.s "i  \ iluatmii lixiurr u licrr Ihrs arr d<'- 
hTtrti \i\ a jac/tivU'rtriv arirlrrniiiilri'.    So 
llial a likdi iMtlu ul slrrss wuvi' signal-lu-nuisi' 
ii:a\  In- . ihla in.'d,   Ihr MSA aiTrlrnniictiT is ori- 
. iiird iirrprudu'idar to Ihr axis m vvhu'h Uli' 
pa- kas'.r is \iliratrd.     i'hr liKMiion uf the MSA 
arr.drruinrtri-  is rarrl'ullv Scln'trd !.J assart' 
that it is mountrd un a purtum ol the strui'lari' 
IparLii'.r ur vihratloii lixturr) to wliK'h tlu'stress 
tt.tvrs may readily !>«• iraiisimltrd.   Tlu' uutpul 
of thr MSA airrlrroiurtrr is amplil'u'd and llwn 
liltnvd to pass only tilt' high frvqLHnit'ius (o.g., 
ahovr 10 Kll/).    The filtered signal is displayed 
on a dual trace oseillosi'upe ahuve the tnico uf 
the \ iliration input (e.g., 2 g sine at 34 Hz) to 
thr rlretronie paek.ige.     The oscilloscope is 
triggered from the signal of this second accel- 
rrometer which senses the sinusoidal vibration 
input to the package.    This permits the inspec- 
tor to detect whether an impact is periodic (as 
from a partially constrained item) or nonperi- 
odic (as from a free item).   The oscilloscope 
pattern is photographed using a Polaroid cam- 
era.    Mased on the amplitude of the transients 
in the mechanical signature, the electronic 
package passes or fails the loose item test. 

MSA instrumentalion may be installed on a cart 
as shown in Fig, 2. The cart is especially con- 
venient when the MSA inspections are performed 
outside a vibration laboratory. A fixed fiequen- 
cv mechanically driven shaker located in a man- 
ufacturing area is satisfactory for providing the 
required excitation. 

Fig. 2 - Mobile MSA instrumentation system 

l.OOSK ITKM DKTKCTION MKTHOD APPLIED 
TO Qt'Al.ITY ASSURAN'CK 

The above method for detecting loose items 
may be performed using only the standard vi- 
bration instrumentation shown in the block dia- 
gram,   P'ig.  1.   Tliis instrumentation or its e- 
quivalent is generally available in vibration lab- 
oratories.    For convenience and mobility,  the 

t        * 

r lg. 

- i   ■ 

Block diagram uf instrumentation 

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) is 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 
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Fig. 3 - MSA iiccoleroniL'ter atUiched to canislur 

vtf 

Fig. 4 - MSA acceleromuter attachpd 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 fur 
the MSA loose item inspection, the amplifica- 
tion of the MSA accelerometer signal is adjusted 
until it presents a straight trace on the oscillo- 
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 critei iJn.   Depending on 
the noise level of the package, 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.   'Ihe 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 acci-pUuice criU-iioji should of 
course hi' bused cm the re<juiremeiilH of a par- 
ticular packagi'.   A criterion based on the im- 
pact of a washer fur a 4-40 seivv, may be satis- 
factory fur eleclrunic packages as sliuu n in 
Figs. 3 and 4, but a 0.2 niiliignun criterion 
may be required to detect solder halls inside a 
m it* rue ire u it container. 

The elecliiihif packages shown in Figs.  3 
and 4 art: produced iv quaiuily.    Kaeh package 
must pass a vibration acceptance; lest while 
meeting its electrical performance require- 
ments.    The MSA inspecliun is performed im- 
mediately alter the acceptance lest.   This per- 
mits detecting louse items which could cause: 
serious damage due to arcing during the vibra- 
tion acceptance lest.   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. S 
shows an unsatisfactory mechanical signature. 
The package producing this signature was 
opened for inspection and the cause of the fail- 
ure was found to be 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 a typical cause 
of an MSA failure.   Other typical causes are 
loose threaded inserts, loose cables, and pieces 
of broken hardware and extra hardware (metal- 
lic and nonmetallic).   Prior to implementing the 

1 t£ M ■ 1 ^j 

■ t 1 | Hi 1 1 | i 
Fig. 5 - Unsatisfactory mechanical signature 

produced by loose nut in the power 
supply of the electronic package shown 
m Fig. 3 
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MSA mspiTU.in sl.mon,  thriT u.is lililr kuuwl- 
I'd^v iA thi' i'xistriKT ul ilir.sr drlin'ts.    MSA in- 
spfCtiun pruviUi'S uilormatiDii wlncli is used to 
improve the m.uuil.uturmi; upefaUoiis.    Per- 
haps a l)olt is loose heeause Hie proper tool was 
not provided, or perhaps there are broken 
pieces 1'rom a eoinpoiieiit vvfutii is lieinglurqui'd 
I'Xfessively.    Too,  the worker on the assembly 
Um; is aware that he had better extract the item 
which fell into the package or it will be discov- 
ered durmi; the MSA inspection.    The L;raph 
presented in Fit;. 7 illustrates the unprove- 
meiit in quality which can result Irom the use 
of MSA inspections. 

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

MSA has also been found to bo useful in de- 
tecting defective purchased components. These 
components pass incoming inspection and elec- 
trical systems tests, but the MSA failures of 
completed electronic packages have been traced 
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 subassemblios, or inside a 
sealed package.   For example, the electronic 
pickage shown in Fig. 3 is approximately 37 in- 
ches long,  10 inches in diameter, and weighs 
120 pounds.   It contains a maze of components. 

I    I'Jd/      NOV    I'JfW 

'i M.\I H\ni nn 

Fig. 7 - MSA inspections of canisters - loose 
item detection 

cables, and aip-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, anMSA 
inspection station has be<3n 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 
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a ball or race, stress waves are generated in 
the same manner as when a loose item strikes 
a portion of a vibrating package.   Those stress 
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 below 
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 meth- 
od for detecting defective rolling hearings is as 
follows: 

1) An accelerometer is attached to the de- 
vice (e.g., gyroscope, fan) in a posi- 
tion such that there is a rigid structure 
between the accelerometer and the 
bearing. 

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

3) The filtered MSA signal is displayed on 
an oscilloscope.   The oscilloscope is 
triggered using the transient voltage 

spikes in the MSA signal.   The oscillo- 
scope time base is set to display ap- 
proximately one revolution of the shaft. 

4) A Polaroid photograph is taken of the 
signal displayed on the oscilloscope. 
The exposure time is sufficiently long 
to assure a representative data sample 
(c.!1,., long enough fur one hundred or 
mure shall revolutions). 

5) Tin: rms voltage of the MSA signal is 
record«!. 

G) Based on the maximum instantaneous 
voltage amplitude of the photographed 
pattern and based on the rms voltage, 
the bearings pass or fail this inspection. 

The reason for these two criteria (instan- 
taneous voltage and rms voltage) is that a single 
large defect will produce a large instantaneous 
voltage without having much effect on the rms 
voltage.   On the other hand, a bearing with a 
uniformly rough surface will produce a large 
rms voltage without having a large instantaneous 
voltage.   Note that the oscilloscope is set to 

TABLE 1 
Ball Pass Frequencies* 

f 
e 

-   frequency of impact of balls with a surface defect on the outer race 

f, 
1 

=   frequency of impact of balls with a surface defect on the inner race                           1 

fb 
-   frequency of impact of a surface defect on a ball with the inner and outer races 

f 
e ■iV'-w^' 

f. 
i 

^.r(..Sg„s/J) 

fb 
PDf   ,.     ,BD,2      2 ^ 

=   BDfr(1- WC0S   ß) 

where: 

f 
r 

-   relative speed between inner and outer race (revolutions per second) 

n =   number of balls                                                                                                                       1 

BD =   ball diameter 

PD =   pitch diameter of ball circle                                                                                                j 

ß -   angle between the line of contact of a ball with the inner and outer races and the 
plane containing the ball circle 

^Equations from B. Weichbrodt, Ref. 1. 
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tri:.L,'i' "'• till' -ipik. ■   ai ihf 11 ai'.sii'iil vullu^e. 
I !ii-r.l'ifi-,  '• il;. i-r is .1 tiiiu'.uhir iii'Iiict mi .1 lull 
'I    ;■■•■.    II   A ',11   |il-u.luc-.> .1   |h'|-|i«|u-   \ ull,llJ,r Spikl' 

;   llh-  iJil'llllJjvi'.![),■.      Hy  iIi'liTHUlllm'.  tile  (HTUld 
II-I'A'-I i; inip.ni.- tnnii ihr plioiML'rapli .mil luuiu', 
i'.ili'nl.Ui'i! thr li.ill pass livqin nr ics (s>-f  lahlr 
1),    it   Is   pu.-.sihlr   lu   U|,-lilli\   Ihr  SdUIVi' 'if llll'lli'- 
l.'ft .is IH-IIU', 'HI .1 ball,  thf inner rai'c, DI

-
 ihr 

outrr r.u'r.  I'l'itnarily,  lui',\r\rr,  ihis inrihud 
'i|  iiisprrlpm is usnl as an arcrpt nr rcjiH't 
-.rrrrii ami iml as a ili.u.iiostir [(Mil. 

qf.U.lTY ASSrHANCK OF HOLLtNC, 
HKAUINGS USINC) MSA 

rllr  llllUVf   IllrtllOll   luf  llrtr-ltllli; lil.'f It'tlVU 
rullm^ bi.'aruiL'.s ',vas sl<'Vt:U»}>irtl alU.T thr suc- 
rrssl'ul apjilicatiuii uf MSA to luosr iiartifh; ilo- 
tritmn.   A.tliuuih thr mriiiod is vury similar to 
that usnl for inusr partirlr tU'trctiun,    Is appli- 
raticm tu Ihr quality ronlrul of prudui't linrs Is 
iiuifr iliffit'ult dm tu thr work invulvrd in estal> 
lislunt', a faiiurr rri'tTiun.   In applyiiii; MSA tu 
thr mspri'tiun uf ;;vr jscupr spin lirariniiS,  the 
IDSI strp is taken to c illrrt siu.iiaturrs fruni a 
nuiubri- uf i',\i'iis.    Thr MSA insprrtion is prr- 
lunnrd aller thi1 spin I rariii'',s ai'r assmihlrd 
lulu a i.yru uptu'S unit  md thr cyru is attai'lied 
tu a driNiiu; full hy niMns uf ,1 suppurl pust. 
rhrl'rlurr,   the spin brainii; niri'lianica 1 sii^na- 
luri; has a Iransnussiun path thruui'Ji tu u sets 
uf sunihal beaniii'.s,   thr suppnrt pust,  and the 
hushing attaihinL', the support pusi in ihe hrad 
cull. 

The MSA aei'elerunietrr is altaehrii tu au 
adapter plate whudi is hulled tu the hushiiu', 111 
the head foil.    A phutue.raph uf a rrpresmlal ive 
spin beariui; siunaturr is slumn 111 Fir,. H.    l"Ur 
niaximuui prak vultae.e is read Iruui the phuH«- 
r,raph.   A plot uf the d ist r it ml ton o| these ■    '.k 
vultures is presented 111 Fi...  SI.    A sjtnllai" pint 
is made fur nns vult.t^e versus quantity "I 
heiu'illgM  inspected.      I'lleSe pints are usi'il to 
develop tentative failure i ntena .   Fur i\,1111 pie, 
a tentative fulure entenon nui'.lit he that volt- 
age transients in eseess ul three limes the nns 
value uf the eullecleil transient data is eause lor 
reji-rtiun ul  the In'arilU'.,     Hejectetl hearilUi.S 
mav then he life tested or disa^ seiiibled lor 
Visual  evuiellfe uf delects.     UaSed on the re- 
sults of the lite lest a:,d  or oplicil inspection, 
the lailurr ci'itenun is adjusted as 1 ded, 

l)etermi::itie ■Alien a hearnu; has tailed can 
he a problem.    For instance,  in the rase of the 
::vr iscipr spin hearings,   indu'aiions uf failures 
nun. be that the electrical noise in the guidance 
s'.--triii is evci'sstve, the cvro start-up time is 
eXCe.SSlVe,    ■•]■   tl'e   sloW-doUT.   llllle   IS   lUO   short. 

Fig, 8 - Typical spin bearing signature 

•   •,   :   „    '   -   -i  |.. 11 I.' Il II I'' i'-  1/ I- 

".\, IVI '.' '•".■.>   : 1 U-M v < I-V.l 

Fig. 9 - Amplitude distribution of gyro spin 
hearing signatures 

Our experience with this new method of 
hearing inspection has been very satisfactory. 
In applying it to the production inspection of 
gyroscope spin hearings, we have found the fol- 
1 owing; 

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

2) A correlation between signature am- 
plitude and the magnitude of bearing 
delects (e.g., contamination, brinel- 
ling)(See Ref. 4.) 

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

MSA INSPECTION OF MICROELECTRONIC 
DEVICES 

AKS manufactures microolectronic devices 
(Super Flat Packs) which have very high relia- 
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TABLE 2 
Spin-Bearing MSA and Life Data 

Gyro-optics 

MSA Inspection Data 

Conmients Volts Percent 
Number peak-tJ-peak full scale* 

58 Not av; ülable Successfully completed 300-hour reliability 
demonstration test.   MSA data from post- 
reliability demonstration test:   10 V p-p, 
75'; f.s. 

62 2.3 40 Successfully completed 300-hour reliability 
demonstration test. 

67 9.3 60 Successfully completed 300-hour reliability 
demonstration test. 

72 3.8 50 Successfully completed 300-hour reliability 
demonstration test. 

81 16.7 167 Failed slow-down test after 120 hours of 
reliability demonstration test. 

93 15.0 133 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. 

103 17.7 183 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 

Fig.  11 - Effect of MSA spin bearing inspections 
on rejections at systems level 

179 



lultU  fi-qii:: ■•n!i4il<.     ili.^rllat packs arr sub- 
|'-i li'il In a  ii, .ii'ims s. iii'S nl aivrplaiK'c teals 

■la  I, i:ii" kuli' tin'T mal shock ami arri-lcrat 1011 
llu.dDU :,'~,).    H uas lnuiul lliat a small prrrm- 
ta.,r ii| tin- flat parks ulurli pass thrsr trsts 
A milil lalrr,  wlhMi mslalli'il m a saliassnnlily, 
kill ilut' in .1 liMisr hutul lirlu mi tin' Hal pack 
siihsiraU« ami us casr.    Kvidfiitly, ilir aiTrp- 
taiu'r trsts wnulii klama<.;t' smiir Hat packs uhic'h 
hail ui-akl\ Immlnl subst i-atrs,  hat Ihr duniat>i' 
Aas nut sullicti'iit ID cause an I'lcclrical failure 
rhi rrfnrr,  a li'St was nrcilcil to srivon oul thi' 
fr'.v  flat packs u Uli weak suiistratc liontls whii'li 
\Kvi\' la'tlni;', throu'.'Ji the acceptance tests. 

Structurally, a flat pack is a metal contain- 
er approMinately 1. 1 inches long X Ü.G inch 
\\ ule X Ü. 1 inch lui'.h with a cerannc plalo (sub- 
strate) homletl to the bottom surface of l\u: con- 
tainer.   The flat pack container is permanently 
sealed prior to the enviroimienlal testinii.   In- 
itially,  an effort was nuule to delect substrates 
with loose or weak bonds by use of the MSA 
loose item detection method.   However,  it was 
found that due to the small mass of the sub- 
strate, a weak bond could prevent the substrate 
from makuic, an impact with the surrouuduig 
strucluiv.    A new  MSA method was therefore 
reijuiled to detect luo.se substrates. 

A review of the flat pack structure revealed 
that the ceramic substrate was more riiild than 
the bottom cover of the container to which it was 
bonded,    it was then apparent that the resonant 
freijueiu'v of the bottom cover would be sii;nifi- 
cantly affected if the substrate was weakly 
bonded to the cover.    In brief, using this idea, 
the follow mg mspecUon method was developed: 

1) Attach the nucrocircuit package (flat 
pack) to a small shaker. 

2) Attach an accelerometer to one end of 
a metal rod.    Rest the other end of the 
rotl on the center of the flat pack cover 
to which the substrate is attached. 

3) Perform a 1 2 g peak sinusoidal vibra- 
tion sweep from 4Ü0 to 20ÜU Hz. 

4) Obtain a trace of the accelerometer re- 
sponse.   The resonant frequency of the 
accelerometer,  rod, and cover combi- 
nation will reveal 11 the bond is satis- 
lactnrv.    For a particular cüiitainerde- 
su!,ii,  rod mass, and accelerometer 
mass,   it was found that for a satisfac- 
torv bond, the resonant frequency was 
between 12iH) and 17UÜ H/. but with a 
weak bond, the resonant frequency was 
as low as 500 11/.. 

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 applying this 
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- 
esses have caused this quality improvement. 
However, perhaps the use of MSA to detect 
bonding defects, which would otherwise be un- 
detected, has helped to focus greater attention 
on the critical process of bonding substrates to 
their containei.   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 catch any unintentional small 
changes in the manufacturing' process which 
would affect the strength of the substrate bond. 

I'i'M   r.M'KIH 

Fig.  12 - MSA inspections of microcircuit 
substrate bond 

CONCLUSIONS 

Vibration signature analysis methods have 
been developed at AES wNrh can l e readily anH 
inexpensively applied to assure the quality of 
rolling bearings and electronic packages. These 
methods are being used at AES as routine meth- 
ods of inspi.jting product lines.   It is believed 
that, the simplicity and sensitivity of the methods 
justify their extensive use in quality assurance 
and maintenance work. 
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develop ins t rumeiUati on which will provide Che 

above control capabilities for .nnltl-shaker 

testing.  liie unter Loop Control was designed 
to till tills requirement.  It has also provided 
some unique capaiii I i t i es for single shaker 
appl i ca t i uns. 

r.i.M.KAi, nr.sciui'iio;; 

Most rnlt.-shakur control systems use 
udependent level servos lor each shaker and 

soi i' neKiis 'o control the phase relationship 
etweeu each svsttns,  A monitoring transducer 

is i ountc'i-1 close to the shaker and used to de- 
rive the control signal.  The phasj control 
unit ail justs the shaker driving signal such 
■ at. the response is maintained a. a fixed 
phase re la t i onsii i p to some refererce.  The 
servo controls the amplitude at each transducer 
1 ica'ion to .some predetermined level. 

A 1 ' his svstein uses a transducer Lor 
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each shaker, It is in efCect only a sinyle 
poin'" control. Tlie controls operate to make 
the multi-shaker cluster perCorm 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 to hold cross couplim', 

efiects to a minimum. 

Outer loop control provides the means fur 
using multi-control logic with multi-shaker 
applications.  The independent servo oscilla- 
tors and phase control operat'i to make the sha- 
kers perform as one large shaker and the Outer 
hoop Control provides control of the overall 
system. 

By simply lowering the input level over 
some small frequency range to prevent the re- 
sponse at a given location from exceeding 
allowable limits the Lest may lie continued. 
The test specimen is protected t nmi uunecessarv 
damage and uniiUerrupLed response daia I i ov. tue 
specimen is available for studies ul tiansmis- 
sibility, model shapes and oilier peiliiienl 
i nlornation. 

I u single exciter uesting, response liuiL- 
ing is lacilltated by Hie additional control 
dynamic range and independence ol dri'- program 
provided b, the use ol ilntor loop Control. 

TKST RI.SI'US 

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 test 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 signal. 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'i  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 Loop Control unit. 

APPLICATION 

The most important function of the Outer 
Loop Control system for multi-shaker testing is 
properly its role in response limiting.  Most 
multi-shaker tests involve rather large sub- 
systems or complete vehicular systems.  Often 
it has been determined from component or sub- 
system level testing that severe damage may 
result if acceleration levels in excess of some 
predetermined maximum are encountered at vari- 

ous locations on the struc'.ure.  Such damage 
cannot be tolerated partici'arlv if the lest 
specimen represents deliverable hardware. 
Interrupting the test when a level in excess 
of the allowable limit is encountered may save 
the hardware but the objectives of the test 
would not be lull ilied. 

The test data shov/n in i'igures 2  ami   'i 
shows the ability ol the Outer Loop Control to 
limit responses at various locations.  Plots 
1 through 4 of Figure 2  are the control signals 
from a four shaker test.  Plots 5 and 6 are 
response of two cantilever beams.  The plots 
in Figure i 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 to 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 Outer 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 fi m  the 
average of transducer signals located at any 
desired locations. 

The Outer Loop Control performs another 
important function in multi-shaker testing. 
It provides Che capability to energize the 
shakers in a smooth and coherent manner. Since 
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 
usuall\ done with, single shaker operation. 
The Outer Loop Control provides a comr.on servo 
to all systems, which brings each shaker up to 
level (or down) at the sane rate.  It also 
provides the capability to bring the svstem on 
line at a level 20 to 40 db below the test thus 
providing an opportunity to cheek all control 
lunctions and to establish phase control. 

'.■.'hen used in single shaker testing, the 
Outer '.oop Control provides t:-.e same benefits 
as cul; I-shaker use except, o'viousLy, the 
rate of up/uovn is normallv not critical. 

CO:;CLFSIO;^ 

i'b.c  Outer  I.oop  Control   logic  has  provided 
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FIGURE   3 WITH OUTER  LOOP CONTROL 
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KMl'IKICAI. I'HKDICTIO.X OK MISSI1.K 1 LlCII'l  UANDo.M VIBRATION 

A.  I'.   K;irUM,iii 
Thl1   IliMUllN   I '>-r\ll   IMlMii, 

MIS1I:IU;I'.,I ,   Idiliairi 

Piirclv Ihi'in'i'liciil prrilicl iun.s nt rti is.-ili tilsilll \ ibiMl ii-ii einifnnnieiil.- are |iivrhided 
by coinplcNilicH ul llic missile Inn'iJttarf and the eii\ i r'ntniient.    CiMiiplele ( XjieniMenl- 
ill ilcti'i'miniUinn nl itu" i-nviriiintvi'iit thn t^li e\teiisi\e lli^hl  leMiiiL; is niidesirat)le and 
inilU'.'U'ticMl.    An ;ilU'i'iKiti\c is Ihr usr i 1  seleeled leli■inelei'i'd lli^hl  data In Inrniulate 
cmiiiricMl Iccliniciiu'S lnr i'Xtru|»)l;mMii n \ diralinii eliai-aileri.-l us tu i it her areas nl 

('(mccrn.    Curri'Intimi "1 in issue vitmili ■ a Ailh knnv.n nr |iredirlalile tli^lil [inrainet- 

crs has ixT'iuttt'tl rfusiiiralilc rsihn;iirs d  Hie em ii'iinineiil al  ilearbv  areas.     I'li^hl 
vibration data actiiiisitinn,   i-cdm 1 inn ami eharaelerislies are brielK  dixaissed: leeh- 
ni(|il('.s derived lnr a|i|ilieatiiin id  the llii; il  data In nev,  hardware reiiuiremenls are 

mure fully diseusseil. 

INTHOIHTTION 

The TAl.OS missile is the secmid sla^e nl a 
N'avy tm'O-slnge,  Itiiij« ranne,  hint alliluik«,  surlaee- 
tn-nir weaimn.    The first staue solid jirnpellanl rnck- 
et boosts the missile to s|x'eds snlficient lor the see- 
ond siagc ramjet engine to o|»'r;ite.   Total llinhl lime 
cainbility is in the order of several minutes,   A 

schomatic representation of the missile is shown in 
riguro 1.    Missile electronies,  hvdraulie system 

eninpniienls.   and prnpulsinn s\>lein fntnnnlltilUS 
are eniilaiiied in annular eninpa I'linenls tnl'med li\ 
Ihe missile miler skin and the ra'niet dillusers and 
thrmifih-diut.    Warhead and addiiinnal eleelrnnies 
are enniained « ilhih the iniierlinil\ .    A viliratmn 
isnlaled inniiiilir.^ platlnrm,  ealh d the "eleelrnnies 
liaskel".   is used in the eleelrnnies enm|tirtineiil to 
prnteet sensiii\c mm|«ments .'iRainsl hi^h amplitude 
viliratmn hclo« appi'n.ximatelx  Wm ||/. 

Accessory Compatlmenl 

Electromcs Flle| Tank 

Compartment 
Aft Compiirtment 

Duct 

Kigure I - Sehematie of Pa(d<aninn ("nmpnrtmenls within the TAliiS Rannet Missile 
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'I'lii' lliiihi ulinttiit» cuvirtmimnu lur ;iirlH»fui' 
iHHiipun'rtl i;ui lie ik'U'i'miiu'il liv incMsuri'iiuMit ;U 
rntual KuMtinn.-; thrtiujiluml lli^ht icsi vchii'li's. 
Siifli m>i runu'iiUiilnn,  Im^rvcr,   is t'xjKMisivo,    In 
.ulilitmn,  il is iiiunimmtni lor lllght trsls in yivhi tin' 
muHl .siriniAcnl iHniilitiim.s williin vi'liicU' i'n|iul)ilitu»s. 
It lirnmu'S lU'fi'SKiU'V,  llicn,  In i'xtrupohUi' llinlit 
daln m prcilii'linns nl llu1 i-iivirniimi'iu :\l unmniutnr- 
i'ii lnr;\|jnns.    In ihc TAl.iCl mi:.silo prn^iMiu,  :i t'nn- 
si.lnr.lliU' Mmnunl nl U'lnnu'li'rcil fÜftht viUmtUilJ iii\l;i 
has iirnvidnil .hn basis l'«ii' suulv nl Uu' ri'latinasliips 
ln'tuiH'ii Ihn i'iivirnnmi'Ul ami several missile flight 
parameters. 

ri.lCIIT OAI'A 

'1 hnnifshnut ihe TAI.os program, much flight 
viliralinn data has been enlloelecl and analyzed.   Two 
predominant sources of randnm vibration energy dur- 
inu flight are aerodynainie exeilalion over the mis- 
sile external surfaces, and ramjet engine excitation 
due tn internal airflow and fuel enmhustinn.   The vi- 
'.iratinn environment during the missile flight is 
measured with a pie/.neleclric accelernmeter mount- 
nil at Ihn point nf interest.   The output of the accel- 
ernmeter is amplified through a calibrated system 
and relayed tn a grnund telemetry station.   The KF 
link is an I'M/I'M system with a carrier frequency 
in the VlIK range.   The subearrier frequency used 
lor vibration information is In KHz or higher, and 
prnvides sat'sfactury frequency response in the fre- 
quency range of most interest, 'id to 2UÜ(l Hz.   The 
telemetered signal is recorded on magnetic tape at 
the ground station. 

The vibration environment normally is moni- 
tored continuously throughout a flight.   Several loca- 
tions can be monitored using the same subearrier by 
means of a commutator switch carried In the air- 
borne equipment.   Comnultatcd sample limes are ap- 
pmxlmately l.'J.'i seconds In duration which provide 
a sample sufficiently long to perform a random wave 
ixiwer spectral density analysis.   The data samples 
and accelernmeter Incations are coded for identifica- 
tion; data is decnmnuitated during the analysis. 

The parameters of most significance In defin- 
ing the vibration eiuirnninent are the acceleration 
s|)fctrai density function and the root mean square 
acceleration.   The time Intervals for acceleration 
spectral density analysis are selected in a prelimin- 
ary examination of data for the entire flight.   In a 
typical flight, three or four one-second time inter- 
vals are selected to determine characteristics dur- 
ing phases of flight having significantly different op- 
erating characteristics; i.e., during boost,  just af- 
ter missile-bnnster separation, during constant alt- 
itude cruise, and during the terminal phase of flight. 
After selecting the time Intervals, the recorded 
telemetrv data during each Interval Is duplicated on 
a tape from which a continuous loop is made for the 

wave analysis.   During loop playback, a 20 llz band- 
pass filter with a i)7 KHz center frequency Is used. 
Other bandwidths are available and are used when 
special consulcrations are necessary, such as varia- 
tions in total band being investigated.   The frequen- 
cy is swept at a slow rate over the entire range dur- 
ing successive passes of the tape loop.   The cali- 
brated filter output is plotted as a function id'frequen- 
cy and thus provides an estimate of spectral ehar- 
aclerlstles for a particular lime period in the flight. 

The Infonnallon gained from the analysis of a 
single lime interval could be quite misleading in es- 
tablishing design requirements since the Vibration 
characteristics could change considerably with 
changes In flight parameters.   The results of the 
analyses lor all the selected time intervals must be 
examined before a particular onviromnont can be de- 
fined.    Figure 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 characteristics 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-equivalent 
spuctrutn, 

1 LIGHT EQLT\'Al.ENT SI'KCTRl'M 

The acceleration spectral density 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 
approximation of the flight acceleration spectral 
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 by 
any element within the item when exposed to the en- 
vironment.   The stress is directly proportional to 
the acceleration response of the element.   Thus,  if 
vibration characteristics can bo 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 bo adequately represented by a single degree of 
freedom resonator. The acceleration response, R, 
of the resonator as a function of frequency is: 

11/2 
R(f) 

f max [f ma 
G(0 y2 (f)Af (i) 
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where Ci{f) is ueecleraUini s|)eeli"il clcnsity as :i tune- 
tion of frequency ami >■(!') is the Iransmis.sibility as a 
funclion of I'rcqiUMiey for a dampeil single decree of 
freedom system.   The resomint Irecniencies and 
transmissibilities for small elements within a module 
are not usually known.   Therefore,  it is further as- 
sumed thai resonance ean occur at any frequency 
within the 21) to ümio Hz band.   The htghesf transmis- 
sibilities associated with the eompartment beinj; in- 
veslipUed are used in response calculations.    Kxper- 
ience shows that Iransmissibilities of lid for the 
electronics compartment and 20 for the accessory 
and aft compartments are conservative maximums 
for TALUS. 

Itt the derivation of an "equivalent spectrum". 
aeeeloration resixmse to the flinht environment as ob- 
served from the telemetered data is calculated.    The 
response to the straight line equivalent spectrum 

first approximation of the flighi siieetrum is simi- 
larly eaU-ulaled.    The response characbTislirs lor 
the two spectra are compared and a  jiidniuent made 
of the adequacy ol the equivalent sjiecU'um.    The 
criteria used in the judgment arc; 

1.     An <'(|uivalcnt siieetrum rms vibration loud 
({realer than the most severe measured lli^ht 
vibration level at that location. 

-.     The response' to the envelope ot flight data not 
excccilinp 'JO ' of the response to the equiva- 
lent s|>eetrum at anv frequency. 

II the e(|Ui\alem S|icetrum docs not meet '.hese 
criteria, il is modilied and the process Is repeated. 
These iterativ.1 response calculation^ are done on a 
dinital computer. An example ol a llinht accelera- 
tion Sjiectral density envelope and its equivalent 

200       400      600       800     1000     1200     1400     1600     1800    2000   2200 

Ftequency    Hz 

Kijaire :i - Example of Flight Knvelope and Us KiiuivalcMit Sivctrum 
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1 ii;urc  1 - Svslcm |{('S|iims(> In 1'li^ht Knvolopc and Its KquiVilkMlt Spectrum 

■•IHTtnirn is SIMWII in  I ii;Aii'i' .'1.    Tht» iMrn'spniulInK 
sv.-iti'ni acii'li'ralinn ivspnnsi' In tlic fligW cnvelopi' 
ami Ihc rrspnnx- m llu' wjuivnli'ltt .sixH'ti'nm arc 
shown in I'ignrc I. 

q     11.7 pM- n 
where p   is free stream static pressure und M is 
free stream Mach number. 

The cqiiivalcnl spectrum approach tends to re- 
duce hifili intensity narrow liaudwidth \il)ration peaks 
and spread the vihration i'nerK.v o\er a larger band- 
width to account lor lrei|uency shil'L; during llight. 
t'om|iarisons of ivspnuse lor various s|X'ctra and 
transmissihililies have shown that this approach 
yield--, a roiulition representative of flight, v. ithonl 
inlroducinn seven1 over-design and'or over-test. 

l-I.U'dlT I'AUAMKTKK KKKECTS 

The flinht-eqmvalent s|x'ctrum provides a   alis- 
factory means for establishing vibration requil .— 
meats at a particular location for which flight data 
has been obtained.    However,  there is the need to ex- 
tra|K)latc data to nearby locations which have not been 
instrumented.    Investigations have been conducted to 
relate vibration intensities and known or predictable 
missile flight ixiramelers.   Telemetered flight data 
has shown that the intensities are affected by aerody- 
namic load,  propulsion system characteristics such 
as fuel richness,  rough burning and ramjet diffuser 
pressure oscillations, weight of the module, and lo- 
cation of the module within the missile.   Cicneral 
trends have been observed in all those jxirametcrs; 
however, quantitative relationships have been de- 
rived only for aerodynamic loading and the module 
weight. 

Aerodynamic Load 

Aerodynamic loading is represented by free 
stream dynamic pressure for purposes ot relating to 
vibration characteristics.    Dynamic pressure, q,  can 
be expressed as: 

Flight data has strongly indicated a linear re- 
lationship between the average rms vibration and 
free stream dvnamic pressure.    Figure ä shows a 
Ivpical rms vibration and dynamic pressure relat- 
ionship.   The sharp rise from zero time occurs as 
the vehicle builds up s|)eed.   The dynamic pressure 
increases until missile-booster separation, then de- 
creases.   During high altitude cruise, the pressure 
remains relatively stable, then increases as the mis- 
sile begins its dive.   Typically,  the vibration inten- 
sities also follow those characteristics. 

In a recent series of flight tests,  several mis- 
siles were instrumented to provide flight vibration 
data.   The data showed that the rms vibration is 
generally in direct proportion to the free stream dy- 
namic pressure.    Data taken on the electronics bask- 
et resulted in a range of .'i.;! x 111" ' to (;.!) x uH 
g'llb/ft-) throughout flight for the ratio of rms vib- 
ration tu dynamic pressure.   Since a large part ol a 
long range flight will be at high altitude (low dynam- 
ic pressure), the vibration requirements represent- 
ing that phase can be of correspondingly low intensity, 
while requirements for tne initial and final phases 
of flight remain at the more severe intensities. 
This method minimizes vibration test induced 
stresses and still subjects the hardware to most 
realistic requirements. 

Normally,  flight tests arc not designed to reach 
the performance limits of the vehicle.   The relat- 
ionship to aerodynamic load provides a method of 
extrapolating flight data to design |x?rformance lim- 
its.   The maximum monitored rms vibration inten- 
sity is increased by '.he ratio of maximum perfurm- 
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n 
Climb Cruise Oivi! 

Vihtiitioii 
Dynamic Ptüssutu 

TiniL' 

limiM 'ryiin'til RMb \ ilirMllun anil Dynaniic l'i'cssiirc lli>tiiri( 

iiiu'c ilMiamic prrssurc Hi ihr niunitcn'cil lliulu ilvnam- 
iv iircssuro al ttii' linu' ul inaxiniuiii iTcssurc. Spec- 
tral cliaractcrislk's ul üii- •m Ditiirctl ilula arc applicil 
In Uir i-xtrapiilati'd dalti. 

I'rnplllsiiill 

Cnrri'lalinn nl prupulsion sysicm (Siranictfrs 
with viliralimi has nut hccn mrtirely sucfpssful. 
KliK-tualiiMis in viliratiun intensities,  in sonn' eases, 
eoineide ilireetly with tUieUiatiuns in sneh paramet- 
ers as hiel rieliness ami fhw rates,  luirninn peculi- 
arities, ami ramjet (lilTiiser pressure üscillatiens. 
Several missiles ha\e been instrunu'iited with vibra- 
tion and engine duet pressure sensors.    However, 
inconsisteneies in instrumonUUion and the small 
ran^e o) the pressure oscillations precluded quanli- 
lati\e correlation ul'the two parameters.   General- 
ly, vibration increased with increased pressure, and 
ellects on longitudinal vibration were (»realer than 
those on radial vibration in the region of the inner- 
body. 

Module Weight 

l-MI'eets of module weinht on local vibration char- 
acteristics are evident in the monitored flieht data. 
The vibration varies inversely with the module weight. 
Various studies have been pursued to establish a vi- 
bralion-weitiht relationship.   These studies have con- 
centrated on ii I'elatinnsliip whu'h would be applieaole 
to hardware within the accessorv com|iartment,  since 
liiere is a wide variation in the physical cnaraeteris- 
tics of that hardware and it is mounted directly to the 
airlrame.    Klcctronics modales on the basket are 
similar to each other in i'iml'i^iratinn and extensive 
applicable flinht data is available so that a neneral 
relationship for the electrunics compartment «as 
considered unwarranted. 

In deriving the expression lor vibration in 
terms of module weighl, an initial assumption was 
made that there is a eonsUint "eompartmenl level" 
vibration ajton which to base estimates ol module 
environments.    The "compartment level" environ- 
ment was taken as that vibration measured at souv 
point on th" airlrame which is unaflecteil by equip- 
ment loading.    The straight line approximalioii,  or 
equivalenl sjX'i'lnim,  ol the lllghl data envelope for 
that ini'iiitcu'ed Ineation provides the relerence for 
weight modilied intensiti 's.    The empirical equation 
relating    vibration in nioduk weight is; 

N 1   2 
C!) 

where g    is the mis acceleration in g's over 2(1 to 
2*iWt \\y at the point of module attachment to (he air- 
lrame,  g    is the (cinstanl "comiiartmenl level" rms 
acceleration in g's over 2(1 to 2(i(Hi 11/,  and \V is the 
weight in poum;- ol the module plus attachment 
brackelrv.    I'or lightweight modules, g   approaches 
the unloaded airlrame intensity, g .   The range ol 
weights in the cnmnirtment limit the calculated gM 

to a minimum ol approximatelv lid    ol g ,    In the 
accessory compartment,  the constant i;n is 2l.i g's. 

In using Kquation (ii) it is inherently assumed 
that the equivalent s|iectrum eharacterisiu s apply 
to nther areas w ilhin the same missile cnm^U'tnient. 
This has been verified by llighl instiMmentaliun, 
The spectrum is adiusted to provide the rms accel- 
eration level determined by Kquation ob.    The cal- 
culaled vibration level and the adiusted s|ieclram. 
then,   pro\ ide the estimate ol the flight environment 
at the particular module being imestigated. 

Module Location 

Telemetered llight data has indicated that vibra- 
tion intensities and lrcquenc\ characteristics change 
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Willi luratnni iliruHntinul lln- nii>sili'.    Im' ;i ciimmoii 
rclcn'nri' Im- viTifiuituvii nl Ibis [ihtHvnmi'tiun,  il iü 
ili'siralilc In inmiitur several leealions ilurinn a niv- 
eti lli^hl lest,   sinee perleniiami' eharaelerislies 
varv sit»inlieanll\  lietween Hechts.    Sueli data uas oli- 
laineil Im' the aeeessiir\ ami alt eoinparliiu'iils dur- 
ingttte lliuht tests.    Adilitinual data lias provided Hie 
ranges ol inleusitii's ti»r file itilterhmly ami the eleet- 
I'enies eniunii'tnieiit.    'fahle I presents representa- 
tive intensities and the preduminant Irequenev eliar- 
aeterislies lur the missile enm|iarlnienls.    ■[']•,& vih- 
ratien in the all etmilstvlment is iniife severe than 
that in the aeeessi>r\ eenipartiiu'nl which,  in turn,   is 
mure severe than that en the eleetronies liasUet. 
Measured alt eninparlnieiit vHirnlum lias sienerall.v 
been Ü-1   'J to :i-l   'J times liiat measured im the 
eleetrnnies basket.     The mei'e severe envireninelU 
toward the all end of the missile is allrilmted prim- 
aril> to the proximitv to the engine eomhnslor. 

rived by the "eqtiiviiU'iit sjxjclrum" leohniquu de- 
seribcd previously, accounting for the narrow-bund, 
liiU'h ampliuide peaks, an oxlromc over-desinn or 
over-test eondition would have resulted. 

CONCU'SIONS 

The relationships diseusscd in this paixT have 
provided a satisfactory means of esliniatinn TAl.OS 
fliuhl vibration environments.   While the S|iecific 
relationships cited were derived for a particular 
missile eonfintiralion, the discussion of the (foneral 
trends of vibration with the various missile para- 
meters is intended to suggest possible areas of 
study of similar techniques in other types of flight 
vehicles. 

Table I - Conpartment Vibration t'haracterislics 

Average Measured Predominant Frequencies 
Compaiiment Intensity - rms   g 11/. 

Innerbodv (i-H (ion-ami, iriito-aooo 
Kleetronies ■1-7 Kioo-'jodo 
Aeeessnrv 11-20 120O-l«()O,   175(1-20(0 
A ft l.H-22 1-11K1-2000 

SK.l.l'-tiKNKKATKn KNVlliONM KNT SYMBOLS 

Itccasionally,  it is necessary to ascertain wheth- 
er the flight data is indeed representative id' the ex- 
ternal environment at a particular location or wheth- 
er it reflects some extraneous characteristics.   Such 
characteristics caused by the data reduction process 
are relatively easy to detect ami check.    More diffi- 
cult to detect and verify are those features in the 
data that are not actually an external envinmmenl 
but 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- 
IHilsion fuel control system.   In the apcflnil analy- 
sis of telemetered data, narrow-band, high ampli- 
tude vibrational energy ap|x?ared at several distinct 
frequencies throughout the 20 to 2000 (tit band.    This 
data was considered questionable,  since it was sus- 
liected that the narrow-band peaks were due to noise 
emanating from the fuel control system turbine'pump; 
but the proportion of the spectral data which could be 
attributed to the noise was uncertain.   To resolve 
the uncertainty,  ground tests were conducted in which 
the fuel control system was operated normally, with 
nn external vibration excitation of the system.   Var- 
iations in the system operating parameters were im- 
posed 1 .r simulation of the several flight phases.   In 
general,  the agreement between the flight and ground 
data was excellent and indicates that the preponder- 
ance of the monitored flight environment in the im- 
mediate vicinitv of the fuel control system is self- 
generated.    II vibration requirements had been dc- 

B bandwidth (Hz) 
f frequency (llz) 
(j{f) acceleration spectral density as a func- 

tion of frequency (g2/Hz) 
gn compartment rms acceleration (g) 
g0 rms acceleration at module attachment (g) 
M free stream Mach number 
p free stream static pressure (lb/ft ) 
q free stream dynamic pressure (lb/ft.2) 
K single degree of freedom system accel- 

eration response (g) 
\V module weight (lb) 
v(f) transmissibility as a function of frequency 

194 



STRUCTURAL VIBRATIONS IN THE BELL AH-LG HELICOPTER 

DURING WEAPON FIRING 

R. Holland 
Kinetic Systems, Incorporated 

Boston, Massachussetts 

and 

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

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 AOmm grenade 
launcher. Measurements were obtained on the gun turret, the 
aircraft structure near the gunner's station and on a wing 
mounted pod.  The resulting data is presentee both in the 
form of acceleration time histories and shock spectra. 
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. 

INTRODUCTION 

The Frankford Arsenal is respon- 
sible for the development of a 
number of fire control systems for 
the iiell 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 [l] 

The Bell AH-1G Helicopter 
(Figure 1) is a high speed, heavily 
armed aircraft specifically designed 
for the combat role. Its distinctive 
features include the long narrow 
fuselage, aerodynamic styling, in- 
line seating of the gunner and pilot, 
and a chin mounted gun turret. This 

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 mcunted 
rockets. These weapons, combined 
with the associated detection, 
sighting and aiming equipment consti- 
tute the SMASH system (Southeast Asia 
Multi-Sensor Armament System for 
Helicopters) .  Important elements 
of this system, shown in Figure 3, 
are the infrared sighting system 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 
analyzed data is presented in the 
form of shock spectra. 
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!■'i iuiin'   1   -  Bfll  Ail-lU  IU-1 icopcor with wing mounted  radai"  pod 

KUurr  2   -  Hell   All-U;  HcUconler  RIOT  Lurrel  with   7.62 mm minlgun 
and  40 mm grenade   launcher 
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V 
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GUNNKP'S PO: 

EIGHTTlin SYSTEM 

GÜ1J TURRET 70 MM  ^AtJN'ON 

Figure  3  -  Accelerometer   Ideations   in AH-1G  HelicnpttT 

Figure 4  -  Frame  accelerometer  position  at   lumner's   station, 
AH-1C  Ht'licontt-r 
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I :.. ■   ,:.■ 1 i .    'i>t r;-   Vv.l».    i 11^,1 nuui'Ut eil 

v. : ! ■■     '   :.u.!.-' ,■ ■    ".■ '.!,■ 1    .'.'.' a:   p i r/.i»- 

.■!,-. t i i.    .u-.',-l .-r ■-.ft.-rs   jiul  MB   /..-r.i- 

l> i' i'. .    ■, i . p. ,i I   i,-.<iuli t i iitii u.'.   .r;in li 1 i .'i's . 

Ki-    T.iiü.'S   Wi-ir   .'hl ,i i ni'il   ii'.iiir,   ,i    l-'t 

p.Hui.-l   FM   .lirb.M'n.'   l.mr   tvcTiU'r 

'PiT.U .■.!   .U     /- I ''.'    in . . ri.-P .       l^fU' 

,i. . i-li-r ■■■.'..■t ITS  w.Ti-   "iiumtn!   >il    tlir.'.' 

1 ■• .ii i.MIs :     t !u'   .■.im  i ur r.'t ,   •M\   ,I 

I.V.-up    'i    thi-   iM.t.ir   |)«'il,   .mil   'in   Liu' 

lir.i.iii    l r.ir.u'  lU'.ir   tlu'   .■.UIKUT 'S 

-.1.11   i.Ml. llUl'i'    .K'.i'1 i'lMi'.'l .TS    Wl'l'L' 

vniiiti'.! ,it i'.u'h liic.UiiHi aiiil WeTo 

■ M'i nil i'>! t.i si'iis.' vibrai iim aUmi; 

t h.'   tlu.'.'  -naiiir  jy.rs  oi  lUv  airs-T.ift. 

l'i.'Ull'       I     sIl.'WS     till'    .K'L'l' 1 l'l',v;ii>t ff 

1  >.',ui.nis   aiul   pirli.Mis  oi   tin.'   SMASH 

■>',^ti""..        Till'    liMlliT   will    HIUL'    LhaL 

hi   ("is  a i i-i'i-ai t .   tlu'  k'.vmiu'r/copi lot. 

is   -...Hl'.!   in   Irani   af   live   pilnl   ami 

,il".,'si   ilirivtlv   n'iT  tlu'  mm   Lurrt'l. 

Fii'ui'i'   »   sliaws   l\\v ap^'rss   paiii'l   al 

t!ii'   i'.umu'r's   sl-Utan  WIUTP   ihv   frame 

.u^'i'liTanii'L i'l s   WiTi'   nuHUlLi'il. 

i-lKlNt;   DATA 

l'lu' l'irini; data cansisted ol 
acceliTaL l.in L imf-historles for a 
lalal of six fir im; caml i L ions , thri't1 

with Liu' i'iin Lurret in the f irc-aft 
n.isitian (firing hfati-an) , nul throt1 

with tin.' turret mtatt'd '■HI  (flrlni» 
in tha L ransvt'rsf dirycl Ion) .  Thu 
tliret' ftrlnu conditions at each 
turret arientat ion were the following: 

■". i n i CUP. firing at a  rate of 4000 
r,Hindu oer minute, mini nun firing at 
a pat.- of 2000 rounds per minute, and 
the grenade launcher firing at a 
rate of iSO rounds ner minute. 
K i gurts 'i-ll show acceleration t imo- 
hisl,'rv records of the structural 
vihrations caused by the firing of 
tlu' ".inicun and the grenade launcher. 
These records were obtained with the 
helicopter on the ground with the 
engine running and rotor blades 
turning at the normal rate. 

Kicures i   and 6 show the struc- 
tur.il ivspinse due to the mlnlgun 
firin.; head on at Its two fixed 
lir'.m- rates.  In Figure 5 the 
t'ifh'c rate is best defined by the 

■.vrt teal '.-ibrati -n in the gun turret. 
i'i'.is rate is easU-r to see in Figure 
•' ■;'••  :'• the .".pi is firing at its low 

rate and the vibration amplitude has 
decayed due to structural damping 
before firing of the next round. The 
shock wave propagation from the turret 
to the frame can be seen In this 
figure.  Figure 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 mounted pod.  The 
repeated firing rate of the grenade 
launcher Is shown in Figure 8. 

Figures 9-H show the structural 
responses caused by the mlnlgun and 
grenade 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 
fnim the two firing directions.  It 
should be noted that the orientation 
of the turret channels Is relative 
to the bore 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-'j] , 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 shock spectrum grid. 
A point on this graph simultaneously 
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■ Lgure   5   -  Accclcr.-ii Lrm-l imc  hi story  clue   to min i gun   firing 
head  on  at  4000  rounds  per mi nute. 
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Figure  6  -  AcceleraL iun-cliiif  liisLnry  dur   lii minigun   firing 
head   on   at   2000   rounos   per  nimilr. 
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l'iv;uro 7 - Acceleration-time history due to grenade launcher 
firing head on at 380 rounds per minute. 

Figure 8 - Acceleration-time history showing firing rate of grenade launcher. 
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Figure 9 - Acceleration-time history due to miniRun firing UL 
4000 rounds per minute with turret rotated 90 . 
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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 =UJ d 
n 

2 
a = co v = Ou d 

n    n (1) 

where d 

and 

is the maximum relative 
deflection of a simp It- 
system response to a 
shock input 

v is the peak velocity 
resDonsc 

a is the peak acceleration 
response 

UJnis the undamped natural 
frequency. 

In order to utilise 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 displace-.nent, 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 IBM 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 lo 

provide the desired accuracy up to 
2500 Hz [6] .  Since the repeated 
transients for a firing condition 
were similar, one transient was 
selected from each direction at each 
location and for each of the firing 
conditions to be  analyzed.  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 is presented later as vibra- 
tion data which better defines the 
environment.  In order to obtain the 
resonance at the weapon firing rate 
in the shock spectrum, a shock record 
comprised of approximately ten 
transients would have to be analyzed. 
The single representative transient 
was selected 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 noise.  The time 
.durations of the digitizing, process 
for the various records are presented 
in Table 1. 

SHOCK ENVIRONMENT 

The shock environment is repre- 
sentative of a single firing trans- 
ient, the dynamic environment at the 
firing rate of the weapon is presented 
in the following section, "Vibration 
Environment".  The gun firing envir- 
onment of the AH-1G Helicopter, for 
the weapon firing head-on is presented 
in Figures 13-18 in Che 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 usint; a value of 
damning of 37,.  This damping value 

TABLE 1 
Duration of Time History Digitizing 

Weapon 
Firing Rate 

(rounds per minute) 
Digitizing Duration 

(milliseconds) 

Minigun 
Minigun 

Grenade Launcher 

4000 
2000 

380 

15        | 
30 
(i5 
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KINETIC   SYSTEMS.   INC 

'iuuiT   1!  -   nirt't'  purcLMit   damped   shock  spectra o£ 
lun'ri   due   Lo  greitade   launcher   firing. 

'Igure   1-4   -   Three   percent   damped   shock  spectra  of 
turret  due   to minigun   firing. 
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Figure 15 - Three percent damped shock spectra of frame 
near gunner's station due to grenade launcher firing. 
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Figure 16 - Three percent damped shock spectra of frnn 
near gunner's station due to minigun firine. 
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Figure 17 - Three percent damped shock spectra of pod 
due to grenade launcher firing. 

KINETIC  aYSTEMS.  INC. 

FUKUUKNCY ÜI/I 

Figure 18 - Three percent damped shock spectra of 
pod due to minigun firing. 
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was selected since it re|resents a 
lightly damped system v.!i.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 defined via 
the Shock Spectrum Method.  The 
integral of the shock time history 
curve represents the 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 
slmusoldal motion for a vibration 
test.  The result Is a vibration 

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 due to 
the grenade launcher firing head-on 
at a rate of 280 rounds per minute Is 
23 In./sec.  This environment can be 
simulated by a 6.3 Hz sinusoidal 
velocity excitation having a peak 
amplitude o£ 23 lps, which Is equiva- 
lent to a double amplitude of 1.2 In. 
The response of the component being 
tested would then be a function of 
Its damping and natural frequency. 
This approach 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. 
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CHARACIKRISTICS OK GüNflRK INUUCKI) 

VIUIUTION IN Hr.LlCOPTl.RS 

C.V..   Tlidiii.is .un V,C. Mc I ill nsli 

Air l-'orci' FlighL Dynamics I.alnirat ury 

Wr Ight-Palleisüii Air Korru ll.isc, Ohio 

Fllglit ineasuruiiiünCs of vibration indut-L'd by anaawtml Tiro on Lhri'f typv» 
of helicopters arc describtd.  Instruniünlat inn and data analysis pro- 
cedures art! 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 gunllre are illustrated. 
Amplitude probability density curves and osclllograms of acceleration 
time histories are utilized to indicate the degree of randomness of 
armament fire vibration in various frequency bands. 

INTRODUCTION 

The Air Force Flight Dynamics Laboratory 
in cooperation with the U.S. Army Electronics 
Conunand has completed extensive vibration 
measurements on three helicopters.  Eacli hell- 
copter was equipped with one or more 7.62 
millimetsr machine guns whose specified 
(nominal) firing rates were either 2000 or 
4000 SPM. A 40 millimeter grenade launcher, 
and 2.75 inch rocket launchers were also 
Installed on two of the helicopters.  Vibration 
measurements were made throughout the helicop- 
ters while the various armaments were fired. 

This paper reports the results of the analyses 
of these measurements and- illustrates the 
spatial distribution of vibration levels, 
frequency speenra, and amplitude distributions. 

HELICOPTER DESCRIPTIONS 

The helicopter which is 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 
side of the helicopter with tne gun muzzle 
approximately 12 inches outboard of the fuse- 
lage sidewall at fuselage station 70.  The 
minigun was fired at rates of 2000 or 4000 
shots per minute (SPM), 

The No, 2 helicopter (Figure 2) is a 
utility type in the 9000 pound gross weight 
class.  It was equipped witli two 7.62 milli- 
meter miniguns installed externally on arma- 
ment mounts on each side of the helicopter. 
The gun muzzles were at fuselage station 105 
approximately 25 inches from the fuselage side- 
walls.  Two seven-tube rocket launchers were 
installed outboard of the guns on the armament 

Ä ■■•■ * .. 

-   A ,.:V 

Figure 1.  Armament Configuration and Trans- 

ducer Locations for Helicopter No. 1 

■   — 4 
A 

A 

^ 
n 

•/ * 

Figure   2.     Armament   Locations  and  Transducer 
Locations   for  Helicopter  No.   2 
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Figure j.  Armament Configuration and Trans- 
ducer locations for Helicopter No. 3 

INSTKl'MFNTAI'ION AM) ANAIYS1S 

Figure 4 illustrates overall lateral 
acceleration level on Helicopter No. 1 as a 
function of fuselage station during the attack 
mmeuver, 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 acceleroraeter 
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 255; 
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 
gunfire at 4000 SPM.  Figure 4 also shows that 
the overall vibration level Increased approxi- 
mately 2ÜX 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. 

Inst ruir.oiil.it ion consisteil of (1) Fndevco 
JJÜU series ..rvsl.il aci o lerometer s bonded to 
lir.ralt structure by epoxv cement, (2) .1 12- 
.b.innel, 't-posiiion selector switch, (3) a 12- 

.li.iniu'l signal cond i t ion iim box utilizing 
operational amplifiers with external . ircuitrv 
to obtain higli input ii-pedance .inj variable 
.;,iin, (4) .1 voi.e :•'. i c loplione , and ( i) a 14- 
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Figure 4.  Variation of Overall l.aturul Acceleration Level with 

Fuselage Station 01: Helicopter No. 1 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 smuewliat 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 505! 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 

and Attack Maneuver 
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lion exist im; without gunfirt". Tio 

plots sliow tlio first fivo liar;.oni.s 

fundamont al minfiro f ri ipuno ii s (J7 

ruthor i'loarly, hut hi(;lur iuiTionu 

i:ult to dotoot. Both spuotra show 

lovoIs  at   bOO  Hz.      Spoil run   lovoIs 

at i. n 
n   1 • r iiu 
taok 

I O" \ 

1  ol V i i 

IWi up; 
of I ho 
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r.ax i r.u:-, 
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'AN' ■' Vs*r 

FlRUr* 9,  Lateral Vibration Spectra In Nose Compartment 
(I'.S. 62) of llelieopter No. 1 During Gunfire at 4000 Sl'M, 

.Üimflre at 2000 SPM, and the Attack Maneuver 

ti'Veis up t«i l.U n at f requenc ieH between 
KlUU aiul JÜUU Hz, .mJ levels above 0.3 g  up to 
)UUU Hz.  Tlit'He levels are low relative to the 
peak of A ^'s which occurred at 600 Mz.  How- 
ever, the JO Hz analyzer bandwidth may be 
narrower than the response bandwidths of some 
structures and equipments at frequencies above 
1UUU Hz, and spectrum levels obtained from the 
20 Hz analysis bandwidth could be misleading. 
One-third octave spectrum levels for the 4000 
Sl'M gunfire recording varied between 3 and 4 
g's In the frequency range of 1000 to 5000 Hz. 
These levels could result in malfunction of 
sensitive equipment. 

tofl'l. in, Uli 

■ 'W n^w"v> ■^^vvn^/^^w^ViVv^i^^ 

MWl .iLiiLWlu.    1'I.H 

lUJIu, Mli'X 

..v.K. ..ui-i,.i;..   U. 

Figure 10.  Lateral Vibration Spectra In Nose Compartment 
(F.S. 62) of Helicopter No. 1 During Gunfire 

at 4000 and 2000 SPM 

Spectra obtained from the lower nose 
coiap art Sent (fuselage station 0) of Helicopter 
No. 2 ari shown in Figure 11.  Spectra for 

grenade salvo, gunfire, and the attack maneuver 
are shown on the upper, center, and lower plots, 
respectively.  The gun firing rate was expected 
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to  bu  4000  SI'M,   but   llir  '.t-uli'i   spettrun 

clearly  sliuws  gunfi'ri" Iwroonics sp.ii i-d  .it 

multiples   of   4S   Hz   anil   wltiili  i orri'.pi'iids   I 

an  itrtu.il   gMnl in'   rale  »I   J7IIO  SI'M.      Itir 

spi'itruni   litr   ^rriKulf   s.ilvu   is   .sinil.tf   li'   I 

for  gutiflrv  I'Xi'fpt   tor   ili.-   ItiwiT  ^milirr 

liannünlis.      Hutli   spt-itra   [M-.U
1
   .ii    SuO   li/.    i: 

ari-  apprux iiii.it >■ Iv   Hi.    S.IEK    l.v. I. 

rjgurr   I 1 .     V.rt i. al   Vil 

(K.S.   n)   „I   IK I i. upl.'i 

•n Sp.-. tra .>; 

J Dur i ;u' i.r. 

t in    At I .i. r   : 

I'ij^uri'   12   iiuil.'.ins   spi-ctra   lur   tin   all 

L-lt-n" t ronu s   t'ompar tint-ill    (1 usi lagt-   stal ion   17i) 

nl   lli-l icciptt-r   No.   2   for   i.nki-1   salvo,   i-un- 

fin-   at   40(IU   SI'M,   and   tin-   attack  m uu-uvcr .      A 

rlit'ck  tin   spacing   of   mini ire  iiarmoniis   -.lio'„s 

tbat   tlio   inacliim-   nur  was   firing  at   an   actual 

rale   of   35ÜO  SI'M.     Tin-   spect nun   for   rocki-t 

launch   also   is  similar   to  that   for  gunfire, 

but   thi'   rocket   salvo  spectrur. has  iii(;lior 

levels   be-low   5(1   Hz  and   above   'lOU  liz.      Ilic 

spectrum   for   the   attack maneuver   exhibits 

peaks   in   the   ranne  of   1011   to   JUU  Hz.      llu-si 

peaks   occur   at   harmonics   of   the   tail   rotoi 

blade   passage   frequency   Cib  Hz).     Tile   vibia- 

tiun   induced   by   the   tail   rotor   also   lonlri- 

butes   to  com-sponding  peaks   in  the  gunfire 

and   rocket   salvo  spectra.     Apparently,   tiu- 

peaks   in   the   response  at   frequencies   al-o 

3l)ü  Hz   are  determined   more  by   structural 

resonant   frequencies   than  by   the   ex.  Italien 

from armament   fire,   since  gunfire,   rocket   lit« 

and   grenade   fire   produce  verv   siir.il.ir 

spectra. 

Spectrum   plots   for   Ihe   aft   electronics 

compartment    (fuselage   station   310)   ol    Heli- 

copter   No.    3  during   grenade   salvo,   lockel 

salvo,   and   gunlire  al   4000  SI'M   from   Ihe 

nose   turret   guns  an-  contained   in  figure   I 1, 

This   location   is   J5r)   inches  aft   of   Ihe   turn-l 

gun  and  grenade   launcher  muzzles.     Overall 

acceleration   levels  due   lo  gunlire   and 

greii.,.!.    -  , lv..   ..i,    :., ie'„ 

lev. 1   .;..: i;..:   I :..     ,1 1,,, , 

ti. ,■':     I -I . "J     ,   ' ■-  I       :;...     ! .  I  ■ 

1 ...      .   V.   1 ,i .  I 

iv. t     . -  i. i,,: ; ■.■. 

r,.i..i    : ..   . • i.    i ■ 

I lie    UI-.I- , lit 

-1. ;■.   ■>'){)  li. 

r..   '. ...    Ii. ., o:.. -■   i .c.gi 

., •     Mr-    t. I    fe. M 1    - ilvo 

...... i    i. -.. is .it   : ii ', u in i. 

,iiM.\-f   *lHj   n;-.      iMu    i e,i .e:.   ; . ]-   11. i -   :..r.   ee   ".ii.ii 

the     re.   , ,   I     eXii.MKt      .   >..    i lot ioli     I-    :   In  I,    ,   lost I 

ti    1 ne   all   , ;, , i r.;, i. -   . o:-.;-,,|-| :■ , n!   i;„,i.   t.., 

lurrei   u-'ci'-   ei    i;i ii-,.i.;.     l.e.n      ,...;   t..t   . i^.^y 

I re.; a nc i, ■    ;, r.i    i:. I      et i    .,1 I . uu.il ea   !••,   1.1. 

si r.i  1..1.     ,-;,.■,   ii iv.   v. . ■    :. i   ;... .i , .   .    -: 

i :■..  it.ill..-.   1 : , :     1 :..    i   '~.  . 

I.i.    v;. r.il ;. ;. 1 i.iure   1H   ■ o-.;  ir. -    ; |„ 

spe.  I far    ,il    ■.mil'   . i ■'   : i ;  i :,.     ill. ,il.   li,, 

sp, i i r i~   :. i   .:    -i ■■.      i-.,    ; ;.•! i. r   11,,    ,. i. 

1 i I i 11.:   I .,1 ,     .  . . 1 .   , 1 , ■-    1    ,     ..;.:; l .     ;..;:. i:: t:.l . 

I i i i..c   I r, cu, n. •.   . ;   i '   :..■    ,...:   i .    -.   . ,;,,    ,ii. 

I eiii I '•■   i.an- - vi   ■ .      - I    .1    ii.ii- . :.;. ■     .: ,    i; ■! 

. 1, .11 1 v   ,., I i:., ,    ; . i    i    :    i.i . ,r:-....i. -   . 

.C'ev, ^l-i. ii, all i'.'.cli i r, i ,-,i...,..i ■,. , i til- '.,■. 

ii ■ , : . ..i.i . i. ,i ,: : v. . . v. i ,■ v I i i , r ,;. . 

Ulis i-- , -.pi i . i 1 . in, I.i in ; u n i, - ,i .•-. 

ilJO li.-. i eilt ..; , :i.I ;:.,- . v, I i! i ,. . , 1. i ,1 ;. v 

It vi Is u, le ■». . ,:'ii lor .. ■ M ; I"! n .; ..*>.;' 
lor   JlUtH   vi y.      !   ,     ,      , ,   ,,,,     l.    ....,;;., 

lev, K ;,i:,,,.,.,;,, ;;,..   , ,t. .!      ■ .    , ■■:■■ ci 

vit;,  i in   i i i i v.    i ,:. . 
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-'"' *^"->,_ 
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K /«, .4..4'; 

i^tiff   I.'.     ViTi u-.tl   Viljr.uiiMi  Spirira  on   Struiiuru  Ni'iir  Fusclayu  St.'tion   173 
in   H.-llfopU-r  N.-.   2  Uurin«  Rm'kt'l   S.ilvo,  Gunfire  at   35UÜ  Sl'M, 

aiui   ALt.uk  M.niL'uVLT 

^ r,^- A^ 

'^^ 
-v^-. 

,,.4. J 

ii^^uri.'   13.     Vertical  Vibration  Spectra   in Aft  Klectronics  Compartmunt 
(I'.S.   310)   of   HL'I itupter .No.   3  i)uring  Grenade  Salvo,   Rocket  Salvo, 

and  Gunfire   from  Turret   Guns  at   4000 SPM 
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^V\„^ •wv-, 

'V   v 

V^-^ \. 

Vv/- .^ 
Vv 

'/w^ .^"\ 

.1.   . ,    i    r, 

l;Jgui i-   1 4 .     Vert ;, .i 1   ■.' iiir.it ifi 
(r.S.   b9)   of   lk-1 iroplL-f   :.'»■.    J  iJurii 

ACCKI.EIUTl (K   l>jyiBAl)l I.I TV   DhKKtTY 

itoplltutk'  priil),ihi I i tv tlt-iisily   (Al'l)J 
.•in.il VSL'S  wrro  rcmdiMti'il  mi   filliTiil   (IM  Hz 
o.indwidt 1.)   acct'l frat i on   liru-   lil ^tor it. •-.  «i'lriiir 
H"n,   rotkft,   .■iml  urcn.uli'   firing.     <'s. i 1 1-v i ..:■- 
uf   tin-   liltiTi-tl  .u « ■.■liT.il ion ilaL.i  .il-,.'   .,.i. 
Ulll.li IlL-ll .        Till'    llt'gr«'    Dl     IMlldlMlllH ;, ■,    .1     I,.. 

vibration   is   illustrated   bv   both   t:io   Al'.J  pl.'t.- 
aiul   tin'  osr i 1 lugranis. 

Figuro 1'j 11 lustrati's Al'U plots .irui 
üsi i 1 liinrai:is of 10 Hz bands of aoriloi.,1 
tinii ill stor it's from Ik-liooptor .'-o. j uur 
gunfirr ol tin two noso turrot guns al ,i 
combinod rait- of 40U0 Sl'M. I ho aooi-lrro 
was looatotl at tho nost turrol intorla. » 
63 1U ct'ilttT frcqiiLMU'V iilustralod is t*. 
fuiulanu'ntal firing rato of lb,- -liniguiis 
(sliglitly below 4000 Sl'M). hi this 1 roq 
band, tbf .Kvolorat ion is iargolv sinuso 
TTii' API) plot and t ho oso i 1 1 ogra::. lor tin 
Jb4 Hz oontor Iroquoiuv illustralos rand 
vibration with ossoiitially oaussian .list 
lion. Although not inoludod horoin, a 1 
numbtT oi AIM) analvsi-s wt*rv poi" 1 orr.od on 
othor ganfiro timo h.storios. In gitu ra 
tliL-so analvsos ronliri" tho rosults illus 
by 1'iguro li. In Irocpionoy bands bolow 
gur.firo vibration gonorally is f.oro noar 
sinusoidal than raiuUnn, and ain'Vo JÜU to 
Hz gunfiro vibration is pro.lo::, 1 nant 1 v r.i 
with   ossont ial Iv  (iaussian   probabilitv  d< 

ion 

i :.( 

id.,1 . 

ar. i 

1 . 
irat.i 
JLHJ  h 
lv 

iov 

I r i  ai   :.. ■-.    : urrol    I :.l. r:.i. t 
rr. !   sunl ; r.    ,.t   .'.'itj'i  ,,:. ;   .o'jo 

: 1 l.vr .: -  ol    lo  hz   ■ .,:-.,. ■ 
11 - I    r :.■■   0...I ; :..■   . ! >   : o,. 

lb I i   opt or   .'..   .    .' .      ii: i ! . 

1...  sU vj    i-,   1 .■    ii.   ..      .■:-,;.,.r;: . 

,-i . i..i.:i     1     u.   v r .      ; ..    Mi   !•.! 

..   . r   t    ■ 
i jo   i./i 

1 •   i» .-    i :.    L. 

i : ■. .:« n.- i t •. i.i ,.r .•• ro a. . , K r.ii ;oi. : . . .n. -. 

i... r» i .1 i■. !■: ■. N i..- pt ri. d boluot-r. k.roii.Kii 

■,...  1 -.   .is    ,;.,   .:.   , v   l:..    os.  1 1 lo,;!,,-    als   .>     1 

o . . I. i... i ■:.   U vi ;■    : ...    :.    ti.n ..    tir.      ;■,. 

: i -t r i i ut i.-i.. 
. , :itor   1 r< qi. n. 
! ..r'. la r   1 r. "    : : 

.'«■ro   ...nd   lor   11 vo 1 -   tv.    :     ; ..r. .    ; .: 
iC:s   1. Vo i   or.    :, i.o,. r   : ..:■:.   1 .. -,    :    r 
, , i.tor   1 ri  . .. :., 
!'. ; t o'-i ;;:  ; ; 1 Vi 

r. . n t   ar.o   ^ri : 
dist r; :■,.! ions   v« rv  d;; it r> r.i   : i 

dot a ii.o.:   ; ror   i ;i ■., r  ,.. ,i-..- ■{,:.:'. 

:. i 

Moth rookol and gron.uii salvo i>. . nr at 
ratos t)t four to six shots por sooitnd. llu 
lorrospontl ing vibration rosponso is a stilt» 
or train of transiont vibrat ions wai.h h.r.t 
broad band froquoiu v otuitonl ami do. av 
approx Imali'l v to initial oonditions botwttn 
firings.      liguro   lb   shows   Ai'il   plots   and 
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i.;"!1,   I'1-     Ai. i U-r.a inn  i'inb.ilii I Uy   IK'iisUy   .it   X«Mf   lunvl   liu^rfiifc   (K.S.   69) 
During   Firing   oi   lurrut   Huns   on   No.   3   HL'I U-optur   al   40ÜÜ   SPM 

SIMMAKY 

Kinure Ui.  Ai colt'r.it ion I'robab i 1 i Iv IX'nsity in Kost" Conipar Imunt 

at F. S. 0 of lio I iioptur N'o. 2 Dining (irfnadu Salvo 

Tin.' max inn:'! ho I h oplor viliration rt'sponsu 
to firing of oxt ornal ly ir.onntoJ, l.b2  milli- 
motLT m.irhini.' guns occurs withii a dlstmire 
of ib   inchf:; forward of the gun muzzlos.  lligli 
lovi'l gunliro vihr.it ion in oxcoss of 5 g's is 
localizod to within 100 inchus lorward, and 50 

inches aft, of tilt' gun muzzles.  At distances 
greater than 100 inches aft of the gun muzzles, 
gunfire vihratlon levels generally are not 
significantly greater than the levels without 
gunfire. 
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Tliu maximum üvurall at ccK-rJt iuii levels 
during gunfire are greatly i ni 1 ueiufd by ilu- 
dislance of the gun muzzles I run. the futielage 
sidewallH.  Haxlaura levels measured on lk-li- 
i-tipler No. 1 where the gui. muzzle was U 
inches from the sidewall were twire as gre.n 
as the levels measured on lie 1 i copters '.U>. 
1  and 3, where the gun muzzles were l'y  and .'0 
inches, respectively, from the sidewall.. 

Dased on Id measurements within ')U ii.ile 
ol the Kun muzzles on thre.- he 1 i - opt. i s , 1 . 
average rat itj ol over.ill arce lerat i o;, li-v« 1 

during gunfire to that during tie atl.u !■ 
maneuver without gunfire was \ i .'>.      lin :,.;.■. i- 
mum ratio obtained Iron measurei'.'nt ■, o:, tin.e 
liel ieopters was 39 . 

apprei ialile an el*-rat ion levels e:-.ist at 
1 requen. ies up to r)0(J(J llz. 

At IcH.iiäoits ii. ir 1:..- ,'.reiiade l.i'inihei 

or roi l<vt exiiausts, vi 1 iat i.ii levels Uuriny 

t rename ot  ii . . I  ..i I Vo ::..e. hi- :. i .■tier t .. ii. 

I hose ; > ...til, e.l ■   .'Ulli I I'. . 

is I i .,;:!. I  . l ; a' .1 ! :. I •■ pin i  ! .  .■ feli.e 

i:.,: 11., ret   i ; . i  i ■ i li.ir.i ! er i Zeil : ■ i   ^er ! i 

.■! lie . • . ■  . i 't' it i. ':;■  ..]';. ; i ■ ■ n.. :..i:.a 

; i . ;■.■ -.1 . : I .  Ii..- . • r ii.s i.; I  ... . r. 

based on the average of ~l  measnrera-nt;. 
on two helicopters, overall acceleration 
levels during gunfire at ^ÜÜU Sl'ä are Jb. 
greater tlian overall acceleration levels 
during gunfire at 20ÜÜ SI'M.  Increased 
accelerat io.i levels occur throughout aost 
of the frequency range at the higher guiilin. 
rate, but the increase is more pronounced at 
frequencies above 50U llz. 

The frequency spectra of helicopter 
acceleration induced by 7.62 mi 11 ir.eter gum ire 
are characterized by well defined peaks at the 
fundamental gunfire frequency and the lirst 
five harmonics of the fundamental.  At 
frequencies above 200 to 300 Hz, harmonu 
peaks are less pronounced, indicating more 
continuous spectra and more random vibration 
that usually is associated with continuous 
spectra.  Maximum acceleration levels due 
to all types of armament fire occur in the 
frequency range of 250 to 600 llz, but 

ü i • t r: :■   t ;. i.,   i.   ..•..;,   :       ;•■;:'"     . i 1 ! • i ■ i.:    in 

I n.it    .I    r ,:..;.■■ .     : c.     . ; r.ii :   :.. 

M i:.  ... i > ".:: ; 

r i i ^ i.t   ■,■ i! r 11 ! ■ :.   -.e.is.iri r.ent s   '.^ei e 

,ii . or.pi i -,;.e,i    ;    ; ; : . .    :.-.    ! !,.     Air    i ■  I, i     i 1 i^.it 

i»vi.ai;' ii s   ! .d or.itory   .cid   * h«    I'.e   :, .;. i. .. i 

Liif.'i Ih-er u.^   ia.i:., :..   I :u-i i.e-r i.,."   '-uppt rt 

iuvisioi;,   \\u\'   I,    i.nulotV   N'ipp' rt   .'-.i ti'.'it"   i \ 

1 hi     1  . : .    Ar:' ;.    i ti     1 ) . ;. i   -    i.o".r. ...c .    i    It 

M   ;::■ e it :.,   :,cv.    '. : -1 v .      :■:,.;.v   Ar: ;,    pi i „.inivl 

part Ci ip.it e.l   i :.   : , .    1 1 i,::.I   ., i  e- . i . :, .e.l -■ ,   ;   .t 

p.i r t i i '.. I .ir   .ii t-.l'.evledt'" e:.l     i-    i.-,lil.i.,        to 

.'■!.A.   i oiidinir i • ,   ie.uiir,   I'.i   :..i;....il   .'■.; nv r; . 

I.ipi i p::e:it    1 e. MI i i .i 1   Ar mJ   ' ,    r' . ' .   ;. 1 :i i 1 z . 

tlie  Arv •.■   i'ro;e   t   l.n.;ir.er   for   tiu    :lii::.t 

vibration  :-.e.iM.rei:j.-nts.     '-'.r.   ;..l:.   \'.r.i-i.:.  . i   l 

Air   Force   liiuiit   liytiai'.ii s   L.ipoi.i:   r;.-    ilse 

deserves   speii.il   re. e.1 n i t i on   l.-i'   iiis    o-sistar 

in   iilKll v.'. i :ij;   tiie   v ÜM'.it i or.   .Mt.i. 

DISCUSSION 

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

Mr.  Mclntosh:   Yes sir, very definitely. 

Mr.   McCaskell:   Von covered a treniendmis 
amount of gnmml in your work and it is K0'nK '" be 
tremendous help In us.    Did you.  in fact,  on ship 
number 3 for instance do off-an^le firing? 

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

219 

jtummmm A 



mmmmmmm mmmmm 

INMKIIT \,IBK.AT|{)\ AM) XOISI. S-lllliV 01- •|1IRI:I. lIl.l.ICOn'I.KS 

I'liyllis C.   Hi'lds :iiid .Uihn  I .  .Vii 
Air Inrcc llijjhi   iiyiKimics  Lahoralury 
Wright-I'altei'snn Air  Icier l'.asc, i'hiu 

Tl.e Air Force Right Dynamics Laboratory lias olitatnwl inl'ligiit  Vibration 
ami acoustic data on a series uf helicopters  for upgrading of environ- 
mental  design criteria and verification of dynamic prediction techniques. 
These data, acquired from several helicopters, are discussed  in detail, 
ilie  individual  and collective characteristics of these helicopters are 
determined as a  function of dynamic measurement   levels.    These  levels  are 
then related to sources,   i.e.,   rotor,  aerodynanics, and engine;  and 
performance characteristics,   i.e.,  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, 
ilie data was examined to determine whether it is generally random (dis- 
tribution of amplitudes)  or sinusoidal   in nature.     Hie specifications 
relating to personnel and equipment  for vehicles of these general  types 
were examined, and changes were  recommended as  indicated by these data. 

1XTT ,)UCiT0\ T1.ST Vmillh DhSCRII'TIOXS 

Human discomfort ;uid equipment malfunction 
are occurring in military aircraft operating 
under combat conditions. This indicates 
either an inaceuralc 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 
Hlectronics Command (AMSKL) participated in a 
joint effort to determine helicopter dynamic 
characteristics under simulated combat condi- 
tions, including gunfire. This program is 
part of a continuing effort by the Air force 
Plight Dynamics Laboratory to acquire com- 
prehensive vibration and noise data on all 
available aircraft and missiles. 

■fhe objective of this paper is to discuss 
the non-gunfire portion of these results: to 
show the measured dynamic response of eacli 
test vehicle as a function of performance and 
station; to compare these data with existing 
environmental specifications, i.e., M1L-STD- 
S10B(1), relating to helicopter equipments, 
M1L-A-8806A, relating to the sound pressure 
level in aircraft, and MIL-I1-85Ü1A, vibration 
specifications relating to helicopter per- 
sonnel . 

Helicopter A, shown in fig. 1, is a single- 
engine aircraft in the 9000 pound weight class., 
ilie aircraft missions are to transport per- 
sonnel and equipment, medical evacuation, and 
ambulance service. Mien equipped with armament, 
it may be used to deliver point target and area 
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 command control. When equipped with an 
armament subsystem it is capable of defense 
against ground based fire from automatic 
weapons and small arms. Helicopter C, shown 
in Pig. 3, is an anned tactical vehicle with 
two seats and weighs approximately 5000 
pounds empty and grosses at 9500 pounds, ilie 
primary mission of Helicopter C  is fire support. 
General data for the three test vehicles arc 
listed in fable I. 

PILLD MHASURLMPXT AXD .WALVSIS 

The flight instrumentation consisted of an 
average of hi piezoelectric accelerometers for 
each of the three surveys, \2  crystal micro- 
phones, 12 low frequency accelerometers (0 to 
160 11:1, a I.vchannel signal conditioning unit 
containing operational amplifiers with external 
circuitry for continuously adjustable gain, a 
voice microphone, and a M-channel PM magnetic 
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Figure 3.    Selected Transducer Location - 
Helicopter C 

tape recorder utilizing 30 ips tape speed and 
54 Kllz center frequency Hi record amplifiers, 
l-'igure 4 shows a block diagram of the data 
acquisition system.    The piezoelectric accel- 
erometers were mounted usually in groups of 
three and oriented to sense vibration along 
the major ajces of the helicopter.    Microphones 
were mounted externally along the longitudinal 
axis am. on the upper surface of the heli- 
copter to sense 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.    Low 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 
limitations of the flight measurement systems 
arc a suiimation of errors contributed by 
transducer, signal conditioning equipment and 
tape recorder,    ilio maximum error of any one 
of these elements  is unlikely to exceed +51 of 
full scale output.    A reasonable estimate of 
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the maxiinuin overall error is the root-mcan- 
stjuarc of the errors of the three contri- 
butors or ^K.7"  of lull  scale output. 

levels uii a   level   reconler.     jiata  saiiiples ne- 
cessary to establish maximum, miniutum, anJ 
average  kn'els,  ami t«i  inJicate filiation  in 
eiui ronjiieiita I   lewis uilb  llii;lil  par,mu.-tors, 
were selected and alialyceJ   in detail.     \  li-t 
of  the selected pel liinnance charactiTist ics 
öl   the analy/.rr are nmtained   in   lable   II. 
Table  III  presents  a sunmary ol   tin   riii;lit 
test  conditions  lur uhich detailed anal'i^ 
analyses uere made.     Ilie  Jala  IVMII I iin;  fruiri 
the analog analysis uere prtm-^sed ii--inj.; an 
II'.M "nl l/"(';i.| computer systiMi.     [he ennputed 
data h'efe  -.«rled   inlo  the ,ii -nrd    ader and 
then plotted i>v an antmiial it   plntlei   havilij1 

tape   input   tapahi I i tv.     \ Idiul  diagram < I   tin 
data analvsis   -vsteß  i-   diifcij   m  I ii'.ure  ,'.. 

L_. 

l-igure 4.    Block lUagnun of Data Acquisition 
System 

Measurements were taken during ground 
runup, take off, clbib, level flights at 
various speeds and altitudes, hover, descent, 
autorotation, combat approach to landing, 
turns, sideward flight, and rearward flight, 
for each flight condition, a IZ-channel data 
sample of 20 seconds duration was generally 
recorded for each of the nine selector 
switch positions. Recorded flight information 
included altitude, airspeed, rate of climb 
or descent, pitch ;mglc, roll :mgle, engine 
speed, main rotor speed, lorque pressure, tuel 
weight, outside air temperature and tail pipe 
temperature. 

TABUi II 

FRHQllfXCY AXAI.VSIS PARAMim;i'< 

Hffeet ive    frequency       True Scan 
BanuKidth       Range       Averaging Kate 

(11:] (11:1 Time '(Sec)     (ll:/Sec) 

3 " 160 5 o.: 

15 0-500 ■1.1 1.0 

S5 501-1000 2.0 ".0 

75 lOOl-dOOO 1.0 ::.o 

[ J 

The data reduction procedures consisted 
of playing back all records on a tape record/ 
reproduce system and measuring overall mis 

figure 5. Block lijagram of Pata Analysis 
System 

DAIA m.SLVlATHW 

Approximately IS' of the anahr.ed data is 
presented in this paper,  figures I through 5 
show transducer locations selected for presen- 
tation for Helicopters A, H, and f, respecti- 
vely. 

four piezoelectric vibration transducer- 
were selected from each helicopter survey at 
similar locations in each cf the following 
areas:  (a) nose section, if i instrument panel 
lei cargo area, and uii tail boom. Helicopter 
B has no comparable transducer in .he nose 
section since the vehicle is small and the 
instrument panel is in the extreme i'orward 
part of the fuselage (fuselage station 5iM. 
The vibration data were projected on a normal- 
ized fuselage scale as a function of the 
measured overall acceleration levels in g- 
units. Data are presented for the four selec- 
ted vihration transducers which were oriented 
to sense vibration in the vertical direction. 
Ihese data are presented in ' iguivs (' through 
12.  In addition, data are presented for these 
four transducers in figures 1? through Id to 
show the variation in overall acceleration 
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rhf I'UMr.mii dinihk' :unpl itude  level* IIKMS- tl-.e Ciiliin floor of each of the three helicop- 
ureJ I'liim .ill  \ihiation 11 MnsJiKers  located in ters  for the flight conditions  listed  in 
the Hose .uki the cargo area are presented  in Table  111. 
I i,;iires   1"  tlinHii;li  22.     lliesc plots  represent 
the niaMirauii levels measured  in the three amplitude probability density curve 
I'ltho^onal dii.-cticns  for all  of the  flight i I'      f the main rotor  fundamental   frei|uency 
conditions  listed  in  Table  111.    Figure 25 is ■.' iputed for data measured in the nose 
a -uirjiurv plot  shoMiig the maximum double ,   .on of each helicopter during a combat 
amplitude   levels measured  for each of the approach configuration.     Hie API 1 was construc- 
helicopters. ted  from -5c  to *5'; using the analysis para- 

meters  listed in Table  IV,     In addition,  Al'H's 
I igiues  Jl  through Jd are plots of the wore computed  for the sane  flight condition 

naMiiiuiii vibration  levels obtained  from two  low for peaks   in the spectrum which occurred 
frequency accelerometers orientated in the between 200-400 II: and 1000-1200 11:.     lliese 
vertical  and   lateral  direction and  located on ATli curves were superimposed on the plot   for 

224 

 m^,mmmmmm—mamtmm*mmimm—umm*—mmmm^mmm^mm^mammmmm^mtäKmmmfmtä 



euch helicopter and are presented  in liyures 
27 through 29. 

D «... 
D „„ 

a ~> 

I   H        D 
Noiwamtd  twiiiagt S)o)>on 

□ 
a 

a    5LlQ  __i 

liyurc 0.    Spatial Distrihut ion for iligh 
Altitudc/IIigh Speed Might Condition 

igiuv H.    Spatial  lust r Una u>n  lur \.m Alti- 
titiJe/Iligh SjK'cd lli.elit t't'riJition 

iigh   *!• 'wdt   -   low   Sptfd 

Vtrl>C0l   0<'«Cl<Dn 

D Hiiitooot c 

JilL 

c 
D 
a 

HG   fl 
NO'moMtd   fult Of  S'c 

[•"igure 7.    Spatial Distribution for lliyh 
Altitude/I.OK Speed Wight Condition 

Hie acoustic data recorded from the 
microphones attached to the pilot's helmet 
in eacii aircraft are shown in figures 50 and 
51,    The graphs are iiiaxlmura one-third octave 
data  levels  recorded under the  flight 
conditions contained in Table  III. 

K1:SIJ1.TS 

Hie results of this study consist of a 
discussion of the  figures outlined  in the 
Data Presentation section of this paper. 

figure '.'.    Spatial  Distrihut ion lor Low Alti- 
tude  fins  Speed I light   Ondition 

1 igutes (1 through 1J  indicate that  the 
overall  g   levels ne.isiirvd  111 the  tailboom are 
S to  Id times lughet   than ihr g-levels meas- 
ured   111  the nose  .111,1    iiitii   -ectinn of  the 
three  he I U opt el >-. 

I igures  I? tlii.'ii.'.li  !•  1n.lu.1te  little vari- 
ation 1 U's>  tli.iii I..H'    in   'Mi,ill  g-levels 
I I'rom  :.  to  :.hH; 1  neaMiied .it   ■■»f.llar   locations 
in each '-I   tin.   tliu-i   ti-t  uhu le--  for the 
■-even  I light   vi'liditl.'li    loif-tdered,     figure 
Id, hohexer.   induite-, v,111,it on-    I   greater 
B.lgli'tude   iSiv   I-'IM-UI r,l   in  tlu   tall   boon.      I'he 
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I ii^uiv II. Spatial nistrihution for Tuko Ofr 
II ight Loiulit ion 

overall g-level« measured in Helicopter B are 
cou.'-isteut ly higher than the overnll g-levels 
me.isured in Helicopter A or I'. 

Hie vibration test curve Isinusoidal) 
rom Ref. 1. Ml l.-STn-810Bil) Curve M for 
.iinpnient designed for helicopter applications 
a lieen included on figures 1"-JI2.  Iliese 
lgares show that in the frequency range of 

t > 5011 II: where the test curve applies, data 
euer.illy fall below the lest curve for H11 
nee test vehicles. However, figures I" and 
■> contain data from Helicopter A which 
xceeds the test curve at Iteijuencies between 
and 10 Hr..  I igures I'J and '0 contain data 

i 'n Helicopter B which fall just below and 
tightly above the test curve at frequencies 
etween 5 and 10 Hr.  1igures 1\  and 22 con- 
in data from llelicorter I' which exceeds 

figure 13. Helicopter Response to Selected 
flight Conditions in the Nose 
Section 

tic test curve at frequencies between 5 and 
35 II: and fall only slightly below the test 
curve between 35 and 500 Hz.  It should be 
noted that although the test curve docs not 
extend beyond 500 Hz,  significant levels of 
vibration exist up to at least 5000 Hz on all 
tiiree helicopters. The maximum vibration 
levels measured in the main body of each of 
the three test vehicles is sunmarized in 
figure 23. A recommended sinusoidal test 
curve for use in design and test of helicopter 
equipment is superimposed on figure 23. 

'lypical amplitude probability density plots 
are shown in figures 27 through 29. These dat.a 
and a considerable amount of additional data 
not shown in this paper indicate a definite 
trend toward nmdomncss above a frequency of 
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TABU: IV 

,\l'l) ,V\AI.V.SIS DATA -   l-iaiRJ.S 2:-2«l 

a  
□ -... 

I n   nDD nDn   nOD   nD n   <nQn   nara 

■igure 14,    liolicopter Rosponso to SolccU'd 
(•light ('undi t ions on thf  Instru- 
ment  Taiifl 
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copter Cl -117. 

A II 
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I-'igure 15.    Helicopter Response to Selected 
Might Conditions   in the Cargo 
Area 

1 iguiv   !('.     Helicopter Response  to Selected 
IIight Condi t ions  in the  l.n 1 ■ 
boon 

approximately 30Ü II:.    The data were converted 
to power .spectral density  (I'slM and an enve- 
lope,  for the maxiimiin levels ol   acceleration 
measured, was computed.     Ilie data  indicate 
that  a PSD level of approximatelv 0.1 (V   Mr, 
over tlic  freiiuency  range of 300  to h.WO 11:., 
would encompass  the ma.xiraun levels vie.isured. 
It should be noted that within  the basic 
fuselage of tiie test vehicle,  this enve- 
lope tends to roll off above a frequency 
of approximately 1,0(10 II:. 

IXiring  linear acceleration or deceleration 
from any speed to any other speed within the 
design flight envelope,  tin.  maximum vibration 

at  personnel   stations   in helicopters  should not 
exceed  the   level   specified   i» Mil-H-K.V'l V, 
Para.   ?.".i|C!>   ref.   1.     Hie specil'icati   ;■. 
curve  is   included  in I igures  21  throiii;!,  !!■  fn 
reference.    The maximum  levels "leasutvd on the 
cabin  floor of lielicofter 1;  and C ixceed the 
U.'t cun'e in the frequencv ranee    i .^i1-.'1' ii: 
and  10-50 iir,   reSjuvtixely a~  shown   in i i,cures 
25 and 2(>.    Otherwise vibration  le\els  ;,ill 
below Mtl.-il-SSt'l \ reoui re;-,ents   i as   referel!Ci.\I' , 

Mll.-A-SSOL-A,   lable  III A.   reference  5. 
lists  the sound pressure  level   '--PI i  not   to be 
exceeded  m .jircrat't where personnel  must  weal 
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igure 25.    Low 1'requency Vibration Data, 
Helicopter B 

Iff 
:iBurc toplitiklc I'robahility Density 

Analysis, Helicopter C 

-3 -2 

F R t ill i «U Y   ■   M f P W 

;igurc 20. Low 1 requency Vibratory' Data, 
Helicopter V. 

l-'igurc 28. Amplitude Probability Density 
Analysis, Helicopter B 

helmets at all times and communicate by elec- 
tronic means, l-or the purpose of comparison 
with the measured data, the specified levels 
were converted from octave band SPL to one- 
third octave band SPL and are included on 
figures 30 and M. The measured SPL for 
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l'igiirt.' ^1. Ni isc h.-it^j, llcl icopter L 

Ik-I icopUTS A :IIK1 V.  gcnfra! ly full below the 
test curve a.- shown in lit;ii-es SO and 51.  HK- 
levels measuieil in lielicopter H exceed the 
test curve in frequency hands 51.5 to 400 II: 
by 2  to 5 dh and as much as 1^ uB in frequency 
hands above IhUn 11: as shown in Figure 50, 

figure 29. Amplitude Probability Density 
Analysis, Helicopter C 

■igure 50. Noise Pata, Helicopters A and B 

C'i)M:i.llSli).SS: 

1. Hie test level specified in MI I.-STD-SIOH 
11) Helicopter Vibration lest Curve M is in- 
adequate for use in design and test of equip- 
ment to lie located in helicopters. Measured 
data from this study indicate that the test 
curve sh-Mild be ehanged both amplitude and 
frequency reuige. '[IK  failure to design and 
test helicopter equipment to the proper levels 
of vibration in the 5 to 10 11: range and a 
complete lack of test and design Criteria in 
the 500 to S00U II: range, may account for many 
of the equipment failures and malfunctions 
that now occur in field use. The following 
envelope curve is considered to be more real- 
istic for use in design and test of equipment 
to be located in helicopters; 5-10 II:, 0.40 
in. double amplitude, and 10-28 II: +2g, 28-44 
II:, 0.0S in. double amplitude, and 44-5000 II: 
IS«. 

2. The increase in randomness of the vibra- 
tion data above 500 II: indicates that in 
addition to sinusoidal vibration testing of 
equipment mounted in helicopters, there exists 
the requirement for random vibration testing 
in the aon to 5000 II: frequency range. Use 
of an appropriate random vibration test cri- 
teria for helicopter equipment would improve 
the service reliability of helicopter systems. 

5. Sound pressure levels in the cockpit area 
of helicopters exceed levels specified in 
Mll.A-SSOlvA, Table 111, by 2 to 12 dB in 
several frequency bands. The sound pressure 
levels are not consi.lered to be of a high 
enough magnitude to cause damage to equipment 
located within the helicopter fuselage. 
However, difficulty in communication by 
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Mi'.  Smith (Boll Aero.spacc'):   This is a general 

questinn aimeil at the session rather than the last 
speaker.    I am pn/./.leil at the1 need   for tht apparently 
large amounts of analysis done on amplitude density 
curves.    I would have thought that in any eompouml 
spectrum, if you know the ratio between the local sin- 
usoidal part nf the sipial and the speetrum level in the 
local one-third octave hand, then you can sketch out 
the amplitude density curve without Roing 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 Klight Dynamics Laboratory): 
We feel it is essential, if you are going to look at 
this data to define rather closely its characteristics. 
This must be 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 mid then at narrow band and 
arriving at the conclusion that ymi may or may not 
have ramlnm data. I would tend to disagree with you 
there.    If you have non-phase-correlated sinusoids 
which fall within a given one-third octave, and that 
is quite possible on these helicopters using one-third 
octave data,  it would tend to give a random distri- 
liution.    The object here was t" eliminate tftat 
possibility.    Docs that get to your point at all? 

Mr.-Snnth:   1 think what you say is true hat I 
.'.till think you can draw the answer without doing an 
analysis. 

Mr. Thomas:   You may be able to do this.   We 
do not believe 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):   I would like to commend you,  Mrs    Bolds, 
on a fine paper.    You gave a wealth of information 
and I am sure we are 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.    I 
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 between.    These data 
are then run through the digital computer and we 
compute acceleration, double amplitude,  and so forth. 
We take 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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