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INVITED PAPERS-PLENARY A

Pyretechnis Shock

Dr. Sheldon Rubdbin
The Aerogpace Corporation
Los Angeles CA

I am very pleased to be here today because
pyrotechniec shock has been an interest of mine
for many years. It ig particularly satitying to
me that the interest has been sustalned and is
continually increasing. Pyrotechnic shock is a
very lively sublect. If you look over the
progrem at this meeting, you will see many
papers addressing ore aspect or another. There
vere a number of papers yesterday, there is the
vorikshop today, and there will alsc be a Jew
papers tomorrov on this teple.

I would like to, first of all, give you a
little it of history as to hov this workshop
came about, The format of this vorkstiop is a
little different from anything that has baen
done before at these symposta, and ve are all
anxious to find oqut hov it will vork out. 1In
May of 1985, a tutorial on pyrotechaie shock was
held on the day after the annual meeting of the
Inetitute of BEnviroamental Sclences at las
Vegas., That trorial wvas very succesafyi, |
vay amazed 3t the attent iveness and the amount
of discussion during that ay. We had perhaps
50 or €0 people sitting st tadbles not two far
from a caszino, and everrbody paid attention ani
egthusiastically participated {s that sgesston.
As $:30 P, M. rollad around, ve ad to think
about giving the reac hack %o the hotel to set
{1 up for that evesatng's function. PFeaple Just
kept an talking, o the chalrsar Mad fo actually
eyt of T the diacuannion,

AL the wverp keginddeg af ‘he tutotial,
Chyck Nownalng, vho was 188 chalrsan, aseed
several quastlofnie o Lty to g come idea of the
arperiance of the audlence oo ko mphlet of
wrcdenkals whosl. The dealsn of The intoriad
tad deos premised on Wlking 3 molges in s
taezhing mle. To gel asme uhderslandlag of the
real situaiicn, mee of 2he -“.ses oa% was: Wheo
i here han Nad 43z tnan § Foars erpetierce in
the nudlect of prrotachnle shnck? Atem' i
percent of the racplie rmlized thelsr kands. So,
the reople gtmes rg wers gemdraily qulte

experiented. The thoughl thatl nocurred <o we
aftervard vas tm' wlorlals are st pralahly
what are neaded, ta mish ar o vorkshap vhee

comm:nicatfon could take place betwveen
experienced practitioners in this fiela. and
50, the idea for today's vorkshop vas born.

When that idea was presented to the Shock
and Vidration Information Center, it met with a
very positive respanse. The next step vas to
create a questionnalire which we gent to the
participants of the IES tutorial and some
others. Questioas vere asked like: Would you
participate in a workshup? Would you be willing
to make a presentation av a vorkshop! The
responses to these quentions vere also very
favorable, and so ve have a vorkshop today.
That tutorial, in May 1935, vas actually a
repeat of a very siasilar tutor{al given three
years ago, and sponsored by the Jrange County,
California chupter of the Institute of
thviranmental Scelences, In effect, today's
vorkghop {8 the third in a series begun by the
Ingtiture of Enviroarental Sciences leading to
woday's sotkalon,  All of those vorkakapa vere
very vell attenved.

1 p=nt’oned O you that 1 have deen
tovolved vith prreotechale shack off and on for a
nustar of yeara, ! started workling at the
Aaragpace Tarporatian 71 pesry ago. Ry very
Tlest assigrment, 1 think the 2ecoad day | 2ot
there, vas to g2 ek East and discuss a lest in
whizh a spaze vehlcle segment vas oyt lcose
c!rccﬁq:c&uallj Trna sirgcture sliaslating the
Frinr stage, with a flecihle linear ¢haped
charge, & ‘s‘..’z::cr af aleetranie "daxes™ vare
tear the weparation piane, knd there raguited a
19t AT challering and tramnfs. of relayps, Sowe
arsaicrosetlers vare on the ldst artizle, and
trare wat grappling wita how to quantissiivaly
Aescride the shock event, 1 %xyizal resylt ves
PEID 22, 0.7 nitligenond, Thiz 1efoired Yn ihe
Tacl thal he ilme Lislery cemlalqed 3 taliest
talee vith a (3D g zeck acceiwsalicn, and that
pylze 'y 2uratisa vng 0,2 alilisesond., Tae
sirastions that | was syppoted 4o sddress wvete:
¥ere those 43t seall 4ro the thoueands of g's
rega iy 7eail  Whet miker lhings might Ragren 2o
rieciranic egalpment ather 3lan relay cratfer?
What zindz of thisge ehound ve W concerned
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about in these "boxes?" How do ve interpret
these data? BEspecially, hov do ve qualify our
asystem for this type of shock event?! And
finally, vhen problems arise such as the relay
problem, what do ve do about them? How do we
correct any problems that show up?
Interestingly, many of those same questions are
still with us, and they will be addressed in
today's vorkshop.

Shortly after that experience, it was clear
that pyrotechnic shock wags & serious problem
that had to be sddressed. My owvn prior
experience had not involved pyrotechnic shock.
To oy knovledge, this problem was not known to
the various spacecraft progams that wvere on-
going at that time, My firat big chore after
this vas to create a briefing for managemert,
project managers, and up to the Vice-Presidents
of the Corporation, to tell them vhat this
prrotechnic shock problem vas all ahbout.

Several undred people vere in the audience, and
most of them had backgrounds in electronics.
Here I was trying to explain what a shock
respcise spectrum vas, why this wvas the most
sensible vay to describe this kind of event, and
trat it should be used as 2 basia for creating
test specifications, I don't know how
successful 1 vas, because even to people with
backgrounds in dynamics, the descrip?icn of vhat
a ghock response spectrum {s&, and vhat it mesns,
18 not alvays clear. But apparently 1 succeeded
in at least identifying this as an important
problem, and one that had to be addressed. My
next assignment was to make sure all the then
curreat spacecraft progrems vere rade avere aof
the problem and given some informtion ma to the
kind of test prograza that aight be required,
and other nacessary considerations.

Because of =y background vith the shock
regpoase spoctrum, {t was very retural for me te
reconmand lta use, Aa a graduate atudent, 1 had
vorked in an eartiquake laboratory and the so-
called Earthquake Spectrusm, vhich s basically
the abock response gpectiruyz applied to
earthquakes actions, vas the standard techaigue
for deacriding shoces for earthiuake slruciural
engineering. 1 Rad vorked {n thisz lad,
amalyzing data, coaverting {t %o ghagk speclla,
and 1 a4 alse done gooe tesaarch alang this
tine., I Xad vrittar in the Shack and Vibealies
Handok an fatarbhrelation of shock secnrds, a9
1t wvay casty for =0 Lo foe lhe walue af thay shocik
resnaane spectlfum After all af these yoars,
and desplle ke leogitimte comeatnn Lhat onfn Ye
raized aluul the description of a shosk evemt in
toten of 3 shock reaponse spectyum, § oetill
think {1t la fhe =08 meaaingful descriplor.
These ate snme other aspecils orne kas Lo deal
with, ™ot thia {2 ke Maxic Jemeripior that
eakas LS acal ganse o Wt Ahe need quaiifyling
gy ipment.

in Lhe intogvening 73 oarg, tun Rilitary
Standards tare deen crealed vhick grecifimaliy
udidiesn the muhjoct nf jproteshals ahork. Many
af you are Tamiilar wits MIL-ETD10&D, "Test
Saguiremnnts Tor Space Venicles.™ Thal vza the

first one that dealt specifically with the
subject of pyrotechnlc shock. Just tvo years
ago, revision D of MIL-STD-610 was created, and
for the first time, {t specifically addressed
tre pyrotechnic shock environment. That
standard addreases environmental guidelines and
test methods. I was involved with the language
that appears in both of those standards. There
is consideradble gimilarity, of course, betveen
those documents even though MIL-STD-810 is more
of a methods document and MIL-STD-1540 is not.

One of the considerations that came up very
early for us in specifying a& shock response
spectrum was that {t left open the possidility
of incorrect application., Given a particular
value of Q, and we had selected a Q of ten
gomewhat arbitrarily, one could perform a
‘{ausoidal sveep to meet a shock response
spectrum or any cther time variation you could
{mzine. Thiz was not really the intent. The
easiest way “o prevent stretching out of the
excitation was to put a limit on the duration of
the shock event; we came up vith 20 milliseconds
az the maximum duration for the event as a
constraint, in addition to meeting a shock
response spectrum requirement. I think this has
vorked out pretty vell. During the revrite of
MIL-STD-810, wvhich vent on for several years
wvhile a number of drafts vere sent out for
compent, [ vas frankly surprised that [ newar
heard from the organizations vho provide
analys{s equipment for the shock response
apectra or vho provide teat control equipment.
They 4idn't seem to think they wvould get bitten
by this; they should have deen vary interested
{n the language that vas going into that
standnrd becaugse the equipoent that they vill
provide {n the future to analyze the test
shocka, and perhape to control the test, will
rave to meet certain requiresants. I am nol
sure All of that lasguage has sunk in. I Rave
heard thinga like, "! Jdon't know what MIL-ST0-
5100 1s beeausne [t han never bees a reguiresent
{rr any of our prezeass,™ IL'y ceatng, #o i
tecoenend ta thasa of you who are interesied in
pyroteshais ahagk programy, even i€ it 18 not 4
requlirencat in your present progtam, to look
over the jwrrotechals shack purtion MiL-STR-8100
and ab jesst decome awvare of ils approsck,  Ib
represents 1Yo recumnended teal welhod for all
thyee of ke atmed services. If you take lasue
vith wdat 12 {=s that docyment, {4 vould be
advizable 1u oeatelully prepare Four arguments ia
advance and Lo propote conulryctiive
altersativea,

i am leaving maet of X6 Lime for Cluck
Moaning becagse [ Rope that hls talk wii}
stimlate o 0 Wolieve 1hiz prrclectnis ahock
grovien is really impartast., | ae 6t supe
everfiomdy cottsiders {1 1o be so. 1 think there
ase uol reamong fot mwany not o Yo gvare of
whal can g0 viwmg ant vhadl kas bWen lhe
esperlioncor aperaticmaliy. OV ¢k will sow
address that guhlercl and | hape will enlighte~
Fou.
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Views of the World of Pyrotechnic Shock

Charles Moeni.g
The Aerospace Corporation
Log Angeles, CA

I vani to szay a fev vords about my
perspective, or my vindov regarding "Views of
the World of Pyrctechnic Shock"™. As Sheldon
mentioned, I have deen in the aerospace industry
for soae 27 years. The data I am adout to show
you, come from a number of people who have
vorked in the aercspace industry for a long
time. The implication {s that my window
presents a perspective from the aerospace
tndustyy. It's important to underatand that
point of reference because if you are vorking in
the shipdoard aree, or raybe in the aircraft
arca, or other areas not mentiocned, the vindow
you are looking through is probadly different
from minz, The seeson 1 sy this is, vith
acroepace vehicles, daslically there is one
chance to eucceed far any given vehicle. It
miat fly coapletely successfully the first time,
or else joss of x complete mission may be the
Tesult.

I vant to talk abouyt the lesscns learned in
these 27 yeare of experience. I vauld like te
precent this erpertence in several differem
formats., Oae format shat I will start with, %o
keep 1t & iletle light, ta ¥¥ai [ eall “Famous
Last Wards™. Pallcoving thiz ! vant Lo aszk a fev
quastions, self-esasinativn questiona of how ve
t{n the Shock and ¥ibdration Comemstiity Mave
performad. 1 will anawer thore quextiess M
revieving Flight fallsee data, and Laen ve mb
drav conciynloes Frox that, 1 i)l clowe Yy
asking the guestine, $a we need o v anyidirs
aifferent? D ve nec? o igiove vi? Seencss of
kas 1L dpen gdeguater Qan ve comiinmse delhg
WAL we have been dalng in the raet? 1 wll) mor
140l thin strictly Lo shock. ! vould iike alss
ta addresa vibratios Lo the criest iral flight
fallures ave oegured due ITn vibratiea,

Lot uwe cwvaider ihe First “Famous jaAs”
Wards® in Figore . There vere egzemkinily my
batilan Lo the jyro-shrst world,  We vere
ereninieg shoek data from a geparatisg teat Lmd
tavolred the ceparalics of ndssife slages ¥y
Tiriag esploeive Moits. Ve Myt Zala that shoed
erirennly High acovlemiinn levols, Wt very
short durulioms. The guestiion vas, do we realiy

need to be concerned with tha® envirocament? The
situation at that time was ocur equipment had
already been qualified to shock levels that vere
typlcally used at the time, 100 g's, 6
milliseconds, vhich came from a MIL-STD,
Vidration testa had been run on the hardvare,
and in thoze days, the missile equlipment
vidration specs vere very severe, in the 50 to
100 g RMS range. The assumption made was that
the high amplitude, short duration shock
environment vas probadbly not significant
compared vith the vibration test. That proved
to be a paor assumptlion, as indicated by the
bottom of Flgure 1 which reflects sudsequent
flight experience. About a yeur later, durlag
laanch of one of the [CHM'a, a relay, which vas
located near the launch ralease bolts, and which
vas a part of the range zafety Jeatlryct system
for the miasle, was transfer;ed closzed; the
relay fired the destruet system, and it caused a
true grrotechalc event over tre xhole launch
pad. That egsentially led =e to degin
accumlating a body of data vhich eventually
resplited in the mdlication of a paper in tae
1984 Acronpace Teutiag Semirar.

Filgpare 2 shous the tisme frame, the cires
194021972, after it wvax recoghized thal
frrotachalz shork actually was an esvliromment @
be contytaed wity | AL tke time e Iadunlry was
2oing fron the Lise domals ta Lthe shock resposse
spmciyinm Jomals Vo define shock exviprnments,

Vs yere Taced witk lovele af atomt € ta § oy
wmrhe 12,000 2's, and yher xjckh Rest levels waolre
givan ta an elenironiis gyiigmest deslgner wWa
var faniitay witk 2's in Lesrs of sigtie
acreleration, i reactiian vas: ™™

oguipresi! TRese is mo chante it wiil paes,”
The erporiofice, =zt rhown al W3¢ Lollam of Flgsre
Ze ax Yeon gl mesl, bt aol all, offothes
22}l avionics egipmest a3 wilkslasmd lewels »f
soveral theg=and g's. 1 will Flscgss bl mage
o litile later whex 1 mviev 1he irpes of
fatlsres whick have accsrsed i= Fiight.

Figire 1 chown anoller zrotlen. Thiz iz a
prablem thal szrises whed 3 pdagvam alresyy das
s eguigment gwalifled. & sFalen tewt is
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conducted, shock levels are measured, and it is
found that shock levels are above what equipment
has been qualified to., Now there are twn
options: (1) Equipment can be requalified or
redesigned which can be very expensive because
there may be many suppliers whose contracts must
be renegotiated, and possibly hardware that
needs to be rzdesigned, and, (2; the second and
easiest sclution is to reduce the shock., That
mey solve the problem. The experience part of
Figure 3 indicates that the second option is not
eagy to do, and in many cases it cannot be

done! With V-bands, the stored strain energy is
the major shock producing part of the event.
With linear shaped charges, we find the
thickness of the material is provably one of the
stronger parameters in determining the shock
level. 1In some cases, efforts were made to
redesign the separation system, and what
hapnened was the separation system did not work.

Figure & shows the case, circa 1964-1975.
It arises often in the following situation:
There are two contractors; one is the payload
contractor and the other is a booster
contractor, Both <ontractors have interface
criteria defined, and neither one can exceed the
interface criteria because the equipment
designer on cne side has designed the equipment
to the levels provided by the anslyst on the
other side. Quite often, when # combired test
of b.th systems is couducted, it is found that
the interface criterla were exceeded, and the
contractor whose hardware causes the higher
shock level hes to dc something to reduce it.
The obvious solution is to insert something at
the interface to reduce the transmitteda shock
level, which would s-lve the problem. In crder
to get significant at.2nuation, a flexible joint
1s needed; but in load -~arrying interfaces it it
also necessary to maintain stiffness. These
conflicting requirenents preclude this as a
practical solution. Neverth:less, as indlrated
on the bottom of Figure 4, on a number of
nrograms extensive efforts were made to use
Nitral rubber, felt, lecad washers, Jiberglass or
comvinations of these and other naterials.
Sorietimes a small amount o attenuation was
achievad in parts of the .(.equency band,
Significet reduction over thes total band was
never achieved,

Refarcing to Flgure 5, I um surc -any of
you have prot-.bly heard these statements, either
cage, the preuicted shock levels are too high ¢
too low. 1 belleve these statments are
symptomatic of our inability to accurately
predict pyrotechnic shock levals. 1Tt ig very
dAifficuls, and gencerally experimental data are
needed to apply to each particular problem belng
worked. It is very easy to be off 6 dB in shock
predictions. For example, recently on a program
th: predicted shock environment from a linear
cutting tipe of separaticn system was
approximately 12,000 g's. & t-g* was rua, and
measured levels were on the ordsi of 25 to
30,000 g's causing & major program impact.
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Arcund 1969, we began to recognize that
drop shock pulse test methods were not the best
way to simlate the pyrotechnie shock
environment because they substantially overtest
at the Zow frequency resulting in unrealistic
hardware failures. It became obvious we needed
to similate the shock more in terms of the real
environment, which is an oscillatory
transient. One method was to use a shaker which
produces & vibrating type of environment,
However, concerns existed regarding whether or
not shocks could be generated using shakers and
would the shakers survive. If we look at the
experience part of Figure 6, we find that today
shakers are routinely used to simlate
prrotechnic shocks., A level of 7,000 g's
response cannot be directly accomplished on the
Lend of a shaker. This level can “e acheived if
a combination of the shaker anéd a resonant
fixture is used. Without rescnant fixtures
levels are normally limited to somewhere in the
2,000 to 3,500 g range.

Figure 7 shows a situation that arises vhen
an engineer has test duta from one separation
test., There is a need to establish design
levels that consider the test-to-test
variability, or the vehicle-to-vehicle
variability if you are dealing with an extended
production line of vehicles. The question is,
what is that test-to-test or vehicle-to-vehicle
varlation? The ordnance people will say that
the charges are controlled to within a very few
percent. Occasionally the argument is that the
shock levels should not vary more than the
amount that the charge in the ordnance varies.
The experience is not quite that way, as can be
seen at the bottom of Figure 7. I would like to
emphagsize one agpect that sometimes 1s
overlooked about measured test data., That is.
variability in shock data is due to teat-to-tost
variations, but it is also due io vehicle-to-
vehicle variations for the same vehicle
de3ign, A paper was presented yesterday that
ghowed a truer test-to-test variability vhich vas
much less than shown et the bottom of Figure
T. I have seen the same thing in my
experience. With a particularly well controllied
test set up, if the ordinance i3 fired a half a
dozen tiwes, the variabilitv {s smmll. A
problem arises when testing addivional vehicles
of the same design., The manufacturing tolerance
differences in the vehicles alone greatly expand
the variabiliy. I am aware of two papers vhich
address pyro-shock variabiliy. One was
published by Terry Schoessow, I believe, at the
1974 Aerospace Testing Seminar, He consluded,
that if a single set of test data vere available
and it was desired to estimate a 95th percentile
shock level, 6 dB should te added to the nominal
of the single test. Another paper presented at
the Shock and Vibration Symposium adout two
years ago drev a similar concluaion.

Figure 8 shows "Famous Last Words" that ve
still hear today. This 18 not to say that the
implication of the statement is true in every
instance. These kinds of statements should be
considered flags. We should be a little

T T I B A SR
A R I S R AT A

g
E

by o Ty o)

A

Azl iiey

-

AL K=

vy
V4

A REN D N TSI,

" a




A1 N30 B, 8 D

R ARV ATRL

N0, 6 ¢ T CCRE

skeptical of generalizacions implied by such a
astatement. If we examine the bottom part of
Figure 8, the experience indicates hammers work
well for 95% of the cases. This is not to say
an ordnance generated shock test is not a good
test. It is the perfect test; the prodlem is,
it is more expensive, There are personnel
safety considerations, which may require a
remote test site. Also a considerable amount of
time and money i3 expended in refurbishing the
test article and the ordnance.

it is interesting to look at Figure 9
becarse it shows, if you remember, one of the
earlier figures where the "Famous Last Words"
wvere that "our equipment will be reduced to
scrap,” we have come full circle. Today, if the
shock level is below 1,000 g's, we are hearicg
people say, "our equipment has always passed it,
let us ignore it, and save the Government some

next line down in Figure 1i, the 41, these are
the ceses vhere post-Tlight fallure review teams
concluded, "yes indeed there i3 enough evidence
for the review team to conclude that the failure
was shock induced.” With thet baskground, I
revieved the rest of the Aata, and it appeared
to me there were an additional 44 failures where
there was a significant probability that these
failures were also shock induced. I made an
arbitrary assumption. I assumed S0% of those 4l
failures were shock induced. That is 22 plus
the 41, with a total of 63 failures; I will
refer to that number in a later figure. My
reasoning for assuming 50% of those bl failures
were likely t~ be shock induced iz the¢ none
occured during the period of high vibration
environments. All occurred shortly after
significant shock events when the thermml and
the vibvration environmemts were relatively
bunign. As to the vibration failures, there
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3'; money."” That statement can result in risk of have baen Juat three among these same 1k
v flight failure if applied on a broad generic aerogpace rehicle programs, two of those vere on
'q basis. Let me show you the flight experience. launch vehiclea, and one on a payload.
4 Two flight failures have orcurred as a iesult of
¢ relatively low shock levels in the . roricd dJdata There have been four flight failures due to
2. btage that I have. A relay failur . -.used by relay chatter or tranafer (Figure 12), and all
- u H00 g 8" ick and another problew .8 2aused by of those resulted in catastrophic losa of the
= a very low level shock of 200 g's. These mizgion. That is, the complete booster and its
Y programs designated HAL to maintain contractor paylowd wvere lost. Shock levels are shown, and
3o anonymity, and are also discuassed in my paper. they range from relatively low levels up to
N (See reference in Figure 1.) quite severe levels et 4,000 g's. AlL of the
: {; shock levels that you ses on this and on
'y Now let us do some self-examination. subsequent figures, are {he peak of ths shock
.' (Figure 10) First, let us ask a general reaponse spectrum. Generally the frequency is
question of all of us in the Shock and Vidration above 2,000 Hz. Often the frequency is not mch
’ Comminity, particularly from the point of view above 2,000 Hz becausa the data cawe from flight
": of the Aerospace Industry: How successful have telemetry gyatems vhich typleally are limited ¥
. :, ve been? Let me defipne what I mean by sonething on the order of 2,000 Hz.
. succestt. Juccess iz definsd here as our
i % collective ability to minimize or reduce flight Another class of fallurea, the hard
. raflures. Tc ansver that question, ve ahould fallures as illustrated in Pigure 13, wvas a real
A X examine hov vell the flight vehicles have beex surprise to we. My flrst pr=septetion of flight
- performing. That is, wiiat has the feilures ves at an IES Pyro-Shock S2minar bald
] succesn/failure histery twen? Specifically we in Orange Ceunty, California in 1982, In oy
AN must ansver the question «t the tottom of Figure origina)l data base, there vere only two or three
~'\'. 10 to respond to the firat question. I have hard fatlures due to Jyro-shock. As s result of
N intted my time frame %o 1900 and later because the presentation at the Orange County seminar,
t that basieally cnincides vith =y experience data and a similar pregentation a w=onth later ax the
N\ base, It ia probably a reasonadle starting 1982 Shoek and Vibraticn Synpostium, a number of
e point because it 2liminates the higher risk induatry people cang forvard and supplied
. periad during the itaitial growth years of the additional data, Since 1932 the data twse has
, acrospace induatry. tripled, Figure 13 shows & total of ¥
. feflurea. It {z ispor.ant to contider the
,\' Figure 1' ts w=zseutially out of » paper I levels, They are all fairly high levels, 3,000
kY referenced earlier, (8ee Figur: 1.) Fourteen g's or better at frequencles of 2,000 H: or
L acrospace vehicle prougrams were gurveyed; tvelve above. There {3 & thecry that the fallure level
LN of thode vere launch vahicleg and tvo vere of hardware in shock i3 related to a constant
- payloada. 1In & given launch vehicle progme valocity line. That means the shock level s
o thera awy be 30, &0, 50, launches. In the tvo mumarically equal to a conotant timea the
[~ Mylozg progreass, those vere single specific frequency. A good reference luvel adbove which
payioad launches. The great prepanderance of fciluree are likely to occur ia perhaps 0.8
Lha date coses from the launch vehlcle area. tizes fregquency., For exsmple, at 2,000 Hz (¢
- Out of 14 programm, there were 83 (allures the espected lave! exceeds 1,600 g's, the risk
associated vith shock o7 vidbration, To state (¢ of Tallure bedomee significant, You will nottice
) another war. there vere B8 different flights rore than 50% of these hard fatlures identified
- vhere & fatlure occurred vhich ves sseat likely to Jtgure 1) rezulted {n ~ataatrophic
N due to efither bk or vibration. Oul of thoee consoquences to the miasion.
e 58 feflurea, % vere potentially akock induced
f,,' and 83 of inose veie on launth vehicles. The
&
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The third, and last type of flight failure,
as shown in Figure 14, is Lasicelly a
workmanship type of problem. An example of this
type of failure is when solder balls are present
inside of a transistor. The shock causes the
gelder tall to bresk loose, and it floats around
until 1t gets into an area where it can rause an
internal short which fails the avionics
component. There were 29 failures of this king
in seven programs. wore thar 50% of them
resulted in catustrophic loss to the mission.
The levels for this kind of problem can range
anywhere from vary lcw levels to very high
levels.

To summarize, T 1will ndd-ess the
question: What weie the design and the testing
deficiencies that allowed these kinds of
failures to occur? Figure 15 lists the major
reasons, First, electronic subsystems were not
tolersnt of intermittents. In one case, it was
a relay in a guldance system circut. The relay
chattered due to the shock, sarambled the
guidance system and caused the loss of the
booster. Poor separation system design was
another case, That seperation system had an
explosive bolt, and the head of the bolt was
allowed to impact against metal. The inmpact
cauged the shock, sonething in the order of
7,000 g's, which caused the hard failure of an
avionic component. There are fallures caused by
components being located near the shock
source, One of the earlieat flight failures was
cauged by a relay being located near the launch
ralease bolts, Plece part designs susceptible
to internsl shorty because of contamipat:ion has
been & major problem area. A design change that
has resulted in a large reduction of
contamination kinds of fallures hes been
passivation of the internal parts of cavity type
plece parts, a transistor for examples.
Passivation i{s basically coating of i.ternal
surfaces with glass o ulher diaelectric
materials so that If the particla breaks looue,
{t {3 leas likely to cause an interral short.
An oxperimnnta) atudy dons abouf 1Q yearas 2go
indicated passivation <sn reduce the failure
rate Wy a factor of 27 to 1.

The testing deflciencies are ahovn at the
bottoy of ¥igure 19. Comparents vers
inadequately quaiified. For axasple, {n one
case A relay vas quatiffed o 100 g'a, and the
frro-ashock levels were in the 1 ,Q00'c of g's.
In many cases no aystes level ahock ledts vere
run, so the dynasiclst d{dn't knov wlat shock
anviron=ents to axpest. Insdequate pleca-part
sereening is another ltes that addregasa the
plecea~part prohlen, Industry has fnstityted
UIND tegtirg, Paztic'e impacy Nolee Reteciion,
Pilld) teating (s ne? nearly as effective ax
coating or paasivation. e atudy indicated
that a miccess ratio on the order of 30% to %04
2 be expncbed with PIND testing., In other
vorde, 30% t2 90% of the paits tha' contained
the contexinanta can b identified, lLaast, o
make uj for inadequate plece part or eospanonta
acreening, sope of the launch vehicle programa
that had the large number of hard feilures, have
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instituted component acceptance testing.
Generally in these instances they are dealing
with fairly high shock levels, I persopally
think that component shock acceptance testing is
a very prudent thing %o do when expected shock
levels are high, for example above 0.8 times
frequency,

Another "Famous Last Words" chart (Figure
16) has Lo do with the spacecraft part of the
aercvspace industry. Often we heer these "famous
last words", usua'ly by people vho don't have
the Yenefit of the booster experieace, and who
also don't have comple.e information about thnir
own hardwvare. LUet re illustrete by & general
example. When a spacecraft is launched, it 1s
usually unpovered. It goes through the ascent
acoustic and vibration environments. Some of
the separation events occur, and 1t is still
unpowered. A few hours later, the on-orbit
powering-up process is regun. If a component
doesn't work, it is extremely difficult to
determine what caused it. The cause-effect time
relationship that exigis with many of the launch
vehicle failures is not availlable, In other
words, there ic not enough information to
determine wnether a shock fallure has or has not
occured. In an attempt to gel better
quant {ification of that, 1 reviewed a report
vhich compiled spacecraft component on-orbit
failures and selected those that were
potentinlly shock related, In a few cases, the
evaluators, or the persons who put the data intc
the data bank, concluded that it had been a
shock failure, There vere viry few cases such
as this, on the order of fouvr or five. From the
report 1 selected many additional fajilures as
being potentially shock related mainly because
"oy seemed to be the kind of thinygs that
booster experienca would indicate, could have
been due to shock., This was only done when the
reviever left the definitien of the causes
unkne#n.,  In sumsary, the faflure histcry of
spacecraf™ due to shock {8 an unknovn.

We can examine the flight and vibration
faflures very qulckly. It von't take long
beocwure there are not that sasy, There have
only baen a total of three failuies as
{lluntrated in Flguse V7. In one cage, &
enpponent had been Flovn that had not ken
acceptance vihration tegted whish vieiates good
erpinearing prantice {n ncceplance testing of
serpspace vohlicle equipment, In the sscond
case, the vibrailon enviranment vas predicted to
he 20 gts RO, On that program the flight
vibration enviroqs nt had been grossle
undetentizatel, 1% van a4 slate-aof-the-art tyre
of vehlels, and haateally, anslytieal toois to
dafine the envirohnment were not avallable, 1
Contt have a (ol of inforsation about the third
falivie. A Ualal of three flight failuren
oceurred in the same 1% vehlcle set of deta from
vhich the shack fallures vere tabulated,

Filgure 18 geta back to the questicy Lhat
vag asked earlier, ¥irst, 1 ¥l susearise the
felluree cuu-] by shock and vihration. We can
positivly say there have taeen st least three
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vibration failures., There may t» others I am
not aware of. One of those three fallures
resulted in a catastrxophic mission failure. In
the shock arem, there have heen 63 failures
walch is baseu on the dlscussion regarding
Figure 11. 3ixty eight percert of those have
“een "iss'on failur.s and almest all of these
have been with launch vehicles. The la: 5 boost
vehicle sheck fa'lure occured in 1977. It
ir.dicates that the boost vehicle part of the
industry has probably learned how to handle
pyrotechnic shock quite well, Referring to the
bottom part of Figure 13: Hov succeessful have
we, in the Shock ard Vibration commnity,
perfurmeal In /it atica, 1 think we cen reach
over our shoulder's and pat ourselves on the
back because I think we have done quite well;
three fallures out of many hundreds of

launches., This 13 &« very small number, and we
have « clear understanding of those which &id
occur. In one case we violated “he basic gro.d
rulus of good ergirceriag p.actic~. 1. the
pyro-shock area, at least throug: 1977, we
didn't do very well. I Aon't believe there is
eaough informetion to determine how well wa have
done in the spacecraft part of the busipngs over
any time frame,

Let's go %o another gquestion {Figure 19):
¥hy has the failure rate for shock “=2en s¢ much
higher tharn fo. vidratfon? I will discuss a few
poscible ansvwers. The first is that possibly
the pyro-shock enviroament is innerently more
damaging. Maybe things just fail more due to
pr:o-shock. That doesn's scem to be a likely
explanation. I revieved a 1982 study (Reference
2, bottom of Figure 20) which contained a survey
of failures that occurred during ground testing
of avionics componernts on four spacecraft
programs. That data indicated tnat when
components were "qual tested™, about 10% of then
failed myro-shock, and about 22% Teilud
vibration. These data discount the idex that
shock environmants are inherenily wo.e damaging
than vibration, The sacend jossible reesson is
tha lack of our ability to pradict pyru-shock.
This {8 probably a partial reason. We do have a
great deel of Cifficulty estimating what the
pyro-saock environments are. Figure Q) provides
acic of the strongest rsasons for the higher
failure rate rar shock taan for viteatdon.
Flrat, fur bost vehicles, 1 velieve ve can
coasidaer these in the pust teuse rz lessons
learned have been applie?, and failures have no®
voeurred in the past several jears., Regarding
spacecraft, the first .2ascn, luck of the proper
denign consideration for pyro-shock, can
probedhly also te referred to in past tense
bechtge dezign consideration for pyro-shock has
been reesnnedly wvell isplemented, Hodever, I
6till have problems with the lack of rigorous
and concis'ent %est recuiresments being applied
to spacecraft programs, The 1983 rctudy on four
recent spacecraft prugramy {Refereuce {2),
bottom of iigure 20), indizetea thal aionica
compcnents are conaistesa®ly nested for

vibration, i.a., 100% of thes avionics somponenie

are acceptance vibrvation tested, and 130% are
Qualification vibration \es*ed, That tind of

PN ML LA AL LT AL CE AR LA ' '-..'“-. ’-‘.‘i' \-‘\‘.—x:‘...)‘-

NP ARG
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practice is not rigorously adhered %o in the
mwro-~ shock area, Of the same four spacecraft
programs, none performed accegtance shock
testing, and only 58% of the components were
being qualified to shock. In the boost vehicle
part of the industry, I believe the percentage
of componerts subjected to pyro-shock
qualification would be closer to 100%, and
scceptance somewhere tetween zero and T0%. 1In
some cases boost vehicle have had vad
experiences and have implemented acceptance
testing of a sizable percentage of their
avionicu,

To close, Figure 21 provides a summary of
what we can do to elther maintain our level of
success or to improve it? In the vibration
world, it seems obvious to me we should ¢ontinue
doing what we have been doing as we have done
quite well., Some people may argue that we aze
over-doing it. But I dourt if there are meny
people who are willing to step up ard say let us
relax our vibration test requirements because ve
are go successful. In the shock world, we
shouid apply the lessons learned from our past
experience, and they are summsrized at the
bottom of Figure 21, I want to refer to the
last item, perfcru shock acceptance tests. My
recommenatiun elicited in the paper (Referenced
in Figare 3), is: When shock levels exceed .8
cvimer frequency, then serious consideration
zhould be given to performing shock acceptance
testin, of avionics equipment.
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PYROTECHNIC SHOCK

THE PRE-PULSE IN PYROSHOCK MEASUREMENT AND ANALYVSIS

A. E. Galef
TRW Electronics and Defense
Redondo Beach, California

.iAcceierometers are usually incapable of faithful measurement of the nearly
instantaneous velocity change occurring when a structure is subjected to
excitation that closely approaches a true impulse {as is often the case with)
pyrotechnic or X-ray induced shocks). The imperfect accelerometer behavior
can lead to a serious error in the shock spectrum calculated from it. A
i method of correcting for one of the coummon accelerometer insufficiencies is

Ce A A 4 s sammmraw=TRTL A B A EENEEW R N 2 A S SR TR EN. B Ped TR T ® o oy Wy SRR W & W W S

provided.
NOMENCLATURE If we were capable of measuring such motion
directly and used the measurement as the input
I = Impulse causing motion; to calculate the shock or Fourier spectrum,
. the difficulties to be dealt with in this paper
M, = Generalized mass of nth mode of strc- vould not exist. They arise because the ordin-
ture excited; ary method of measuring shock motion is the
accelerometer, and we generally use the measured
t = Time; acceleration to calculate the relative displace-
ment spectrum and from it the equivalent static
X = Hotion of measurement point, acceleration shock spectrum. (Ref. 1)
<, = Vamping, as fraction of critical damy- In the process of differentiating £g. 1 to
ing in nth mode; yield the acceleration that our instrunent will
be subject to, we should observe that at the
§ = Damping used in shock spectrum calcula- instant immediately after the completion of the
tion; postulated impulse application the velocity is
Gon-2er0 -
¢ * Nodal deflcction in direction of impulse, X
bn of nth mode at point of impuise applic- N le @ 1
ation: Xqo) =) PRS0 (2) !
¢ = Moda) deflection fn *X* direction, of nel N,

QM nth mode at measurement point;

Since the velocity just before the event
is zero, it should be clear that the diregt
result of two differentiations of tq. 1 - ‘

¥_ = Phase angle of nth modal acceleration
tera; v * cosH(1-2¢ )

o, *dodal frequency.
N

- 2 e =n
H ft n
INTRODUCT 10N X {a.t) - - Z BT .
el “n\’i Y
Whern a linear, viscously damped structure
is subjected to an impulse ! at point p, the
motion at point q after the corpleticn of the
jupulse application can be written as -
Note e is not complete; it has reglectsd the implicit
e, )wy —BL L ___ iz 0 0 Heavistde unit function multiplying Ea. 1 2nd
' MG ‘r—’| T LI therefore conceals the very high acceleration
ny )

expi- ¢ ) ® slnw’l—- 1y Gpt o 0 {3

nel n prevaiiing for the very shert time which is
sialyft - < 0 ap t)iD) tharacteristic of the fmpulsive excilation
n
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that was assmmed at the sutset and which caused
ihe Eq. 2 velocity. The missing termm of Eq. 3,
(which is the "pre-pulse" of the title) is un-
1ikely to be measured faithfully, because of
both the frequency response and the ranging
necessary for accurate measurement.

It is suggested that the pre-pulse is
often the cause of accelerometer and/or ampli-
fier malfunctions {zero-shift, saturation,
slew-rate 1imiting} and when that occurs this
paper can offer no procedures for repairing the
defective data. When, however, the effects of
the measurement system insufficiencies are
1imited to clipping* of the apparent magnitude
of the pre-pulse, the procedures of the paper
will be usefyl.

PROBLEM IDENTIFICATION

An equivalent static acceleration shock
spectrum! whose magnitude increases linearly
with frequency implies that there was a net
velocity change contained in the shock event;
the magnitude of the spectrum slope is the im-
parted valocity.

There are some shock events (most common-
ly, collisions or drops) where significant net
velocity is imparted to the rigid body mode,
but the expected net velocity change resulting
fron the very short duration, small net impulse
of the events of primary interest in this paper
is sufficiently small (and is zero if the con-
figuration is such that there are no rigid body
modes) that we should expect the shock spec-
trum to be dominated by the motions of the
flexidle mades. [n most cases of pyrotechnic
shock the dominance should be expected to be
complete at two octaves or more below the fre-
Gguency of the first structural mode. 4hen the
shock spectrum of a pyroshock continues to in-
crease at the rate of &ib/octave through a
broad frequency range it wi’l usually be found
that the veloctty change implied by the sensed

TFRGch eTipEing will often be concealed by the
limited freguency response of typical azpli-
fiers which may, subsequent to the clipping
that ocsurs in the input stage, spread the re-
sult in tine while reducing 1ts apparent
magnitude.

T If the preferred form of shock spectrux
should be that of the absolute 2cceleration,
there weuld be 3 region of acceleration pro-
partion2} to frequency even thdugh there wet
ne net velocity implied by the fintegral of the
avceluration {or, eqivalently, if the proced-
ures o7 *his paper had been deencd 2pplicebdle
and had Been eaployed). This regicn of & dbf
veodace would he where the speciral frequenciey
are less thao to. ! am indedled lo Devid
Smallwood, whose directly applicable saper,
"The Shock Respomse Ipectinam ot Lok Freguen-
cies™ appears elsewhere in these Praceedings,
for valuable discussiocn on {his aspect of ihe
probles.

30

acceleration is implausibly high, indicating
that the physical acceleration has rot been
measured faithfully.

In many cases, inspection of the acceler-
ometer trace will permit an immediate identifi-
cation of the cause of the excessive velocity,
which might be a drift or zero-shift in the
amgplifier output (see, for example, many of the
accelerometer traces provided in Ref. 2, with
Fig. 1.A.1.8, (the third accelerocgram
provided in the 7-Volume document) being all
too typicall) and such data should have been
discarded. For the cases we propose to deal
with here, however, the recorded acceleration
is of the form of Eq. 3, with no obvious in-
strumentation system malfunction that would
cause a sophisticated technician to discerd the
data, but there is nevertheless a significant
apparent velocity change associated with the
“invisible” pre-pulse. The common inability to
record the pre-pulse accurately is the cause of
very frequent distorted shock spectra. An
approach to correcting for this is offered
following.

(Given the physics of the problem out-
1ined in the preceding sections, the reader
m3y be led to believe we are claiming that the
problem is universal, and that there are !itiie
valid data on pyroshocks available. This would
be an exaggeration of my position, since the
potential problem manifeste itself primarily
when attempts are made to make shock measure-
ments so close to the source of the shock that
structural dissipation has not mitigated the
high levei, high frequency content of the pre-
pulse sufficiently for the remainder to be
measured. A further and often equally import-
ant beneficial effect of separation from the
source is that the sodal velocity terms of
Eq. 2, which are additive when p has the same
sign as 3,,will be increasingly variable in
sign uhen%neasureaents are reasonably romoved
from the source because of the typically high
rates of change with position of the high fre-
quency eigenvectors of concern.)

SOLUTIONS AND RETGRMUNDATIONS

hen the cavse of feplausibly high appar-
ent velucity change in & shock record has been
fdentifisd 25 the inability o record the pre-
solse faithfully, the cure is abvious: ore
necd oaly 3dd 1o the acceleration data 3 short
dyration, high amplitude pulse with syfficient
amplityde and appropriatle sign so that the in-
tegral of the suomenled Jale fs zero. The
adided fapuise should We Toosled irspdiately
before the noxingt beginning of the Jote, ond
“rero-time™ should be redefined.

{The same resul? witl Lo oblained if one
mpdifins his shock specirum program so that,
i each soluticn for the reietive motion of
the hypothetical oscillator there is provided
2h initial welocity eguwal to the regative of
thie velocity determiacd from inmtegration.
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Depending on one's program, one or the other
equivalent procedures may be more convenient.)

The results of the suggested technique are
shown in the figures, which are the results of
shock spectrum analysis on what is offered as
a representative shock of the form of Eq. 1.
The uncorrected spectrum has much higher re-
sponse levels at low frequencies than the cor-
rected one of Fig. 2; anitem of equipment with
critical frequencies near 200 Hzmight be severely
damaged if the uncorrected spectrum was assumed
to be valid and was reproduced in the environ-
mental lab, whereas the device might very well
be able to withstand the “correct” spectrum
easily Conversely, if a properly measured and
analyze  severe field shock had a spectral
level of .30g at 200 Hz, equipment would be
grossly undertested if it were subjected to the
shock of the figures and it was deemed a satis-
factory shock on the basis of an analysis such
as that of Fig. 1 that did not account for the
pre-pulse.

At high frequencies, the corrected spec-
trum is seen to have high spectral levels.
This is a direct result of replacing the miss-
ing pre-pulse by a very short duration (12.5
usec, for the example} high amplitude pulse
which dominates the high frequenCy spectrum.
Little quantitative weight should be attached
to these spectral levels, especially since they
are partially a product of the time step ysed
in the analysis, but it should be appreciated
that when we concede the rostulated ‘existence
of the pre-pulse we are recognizing that the
correct spectrum does nl_ed have very high
levels at the high frequencies that “feel” the
instantaneous peaks. [t would be necessary to
establish correct values (using iastrumentition
capable of seasuring correctly the entire ac-
celeration including the pre-pulse) only if
there were concern about the ability of equip-
geat to withstand high Tregquencies, and that
wuid he rare.

Persons using generel puriose compulers
with software shack spectrun routines will have
o difficulty in modifying their progeans to
inplenent the correclion suyggested abave. Per-
sonts usimg 2 “hlack-bos™ shock amelyrer will
have Lo w2il unlil mseenfaclurers make retrafit
Efls availahle. | urge that warufaclurers do
indecd slart o provide relrofit kifgy and cer-
tainly start W give thelr nowm ed:ipment the
sption of ¢orrecting for the partially or com-
aietely zissing pre-pnise.

Ahen Rardwara or sefamre capable of yiing
the pre-gulse correction fs aveilable it will
be recessary (o wie i with caulion] 17 yied
ingiscrimtrately, {1 ~oy dhiguiee But will cer-
teinly not Correst for data contaminated by 2
jerc-3hift or aliasing. (f ysed on celliston
dat3, where 2 sigaificent velocily change has
been indiceled corvectiy, iU will distort the
resulls 1o yieié o wrong specitun.  These {om-
ments are provided 21 the rise of belatering
the poind that critflal review e physicai

3

understanding will always remafin necessary in
any data orocessing and interpretation proced-
ures; attempts to automate and otherwise remove
judgment. from the process are perilous!
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SUPER*ZIP (LINEAR SEPARATION) SHOCK CHARACTERISTICS

By ¥urng Y. (hang and Pennis L. Kern
Jet “ropulsion Laboratory
California Institute of Technology

Super*2ip is a high lcad carrying pyrotechnic device which
sepurates ring-shroud structure without contamination. Explosive
separation devices, such as Supertzip, employsd during the
spacecraft launch phase and space flight generate a rhock
enviroment that oould have a deleterious effect on the
spacecraft hardware, This paper presents the results of a series
of tests designed to study tne dynamic charactsristics (anu hence
the shock response level) produced by detonation of the Super*zip
joint, Tests performed include separation of straight and curved
panels and of complete full-ring hands for spacecraft syrtems,
Data obtained fras these tests have provided qualitative
indications of the shock responge levels for different test
configurations. huring the study, oonsiderable effort was
extended to evaluate the shock directivity, distance attenuation,
boundary condition effects, and firing-to-firing variations.
Representative results are shown and the information can be used
as a reference hase for analytical predictions as well as flight
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equipment design requirements,

JINDCRIXCTION

Supertzip is a high load carrying pyrotechnic
joint which activates without contamination,
Thisa structure cutting device ic ocamonly
used to separate  missxle  stages  and
spaceczaft fram their boosters. It wes used
on the Voyager spacecraft and the Inertial
Upper Stage (IUS) and is curreatly part of
tha design for the Wide Body Contaur (WHC)
and the Galileo spacecraft. Such explosive
separation  dovices employed during  the
spacecraft or booster launch phase and space
flight cenerate a ghock enviroment that
could have a deleterfous effect on the
spacecraft or booster hardware, eapecially on
electramchanical equipnent. The erwiroment
iz s0 complex that no amalytical tool is
presently available to adeguately describe
the baslc mechanian of shwck tranamission and
to predict shwock responses. Various tast
pograe  {Referenceg 1 thru 5) have been
conpducted on Super*tip devioes in the past,
byt measured shock data s minimal and
inconsivtent,

B S LR ¥ Ny

In the Galileo spacecraft mogram, a serjes
of super*Zip test firinge hao been ocampletad
on several different oconfigurationa. Theee
tests  evaluated the czpability of the
Super*Zip to properly separate with margined
extemes of charge grain size and temperature,
During the tests, instrumentation was
installed on the test articles to measure the
intengity of shock dwe to detonation and
material separaotion both near the joint and
at other locations on the spacecraft. The
shock data was analyzed to develop the pyro
shock envirament design and test
requirements for Galileo spececraft hardware,
N effort was also expanded to study the
dynamiv characteristics ot Super*zip
nerated shock, auch as directivity and
trangnission path,

This paper describes tha Galileo Super*Zip
scparatioh joint and the various test
—onf igurations, discusses the test results as
well as  subjects related to the sghock
character istacs, and of fers oonclualons,
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SUBER*2IR CEPARATIGN .JOTNT

Super*zip is a fuil circumferential ring
which joins two shroud structures, Its
crosa-gection, as shown for Galileo ir Fiqure
1, is a flattened tube filled with eilicone
rubber extrusion with a single strand HMX
detonating cord molded in position, (In an
earlier design for Galileo, a dual oord
system was used, The change was necessary in
order to reduce the possibility of tube
rupture during explosion), Outside the tube,
two frangible aluminum Jdoublers with a V
notch in the middle are held together by
steel huckbolts as illustrated in the figure,
Two detonator blocks are used to actuate the
explogive charge., Table I lists typical
Super*zip dimensions ané manufacturing
tolerances for the Galileo application,

‘e explosion of the charge cord causes a
bellows type expansion of the tube which
cracks the doubler notch by tensile failure,
In this design, the intenzity of the shock
generated is considerably leas than other
structure cutting devices such as the
Flexible Linear shaped Charge (FLSC) due to
the joint type damping effects of the
huckbolts holding the two doublers together,
Nevertheiess, the separation of the doubler
creates a shock pulse which could be severe
enoush to cause damdge and/or failure to
structure or equifment located near by, and
is considered to be a daninate shock
generation device in the Galileoc spacecraft,
Determination of the Super*sip shock
erwiromment is required in order to design
and to verify the adequacy of the spacecraft
system in flight operation,  Experimental
tests with actua! firings of Supertzip bands
have been conductad to measure and to study
the separation shock characteristics,

\ STEEL NUCKBALTS
CRES TURE ~_ "Eif "
SINGLE OEICHATING CORD
SLCONE RUBSER MATRX
FRANGISLE
DOLALER

Ffigure 1. Galileo Quper*zip Cross-Section
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DESCRIPTION OF SEEARATION TTSTS

Experimental tests of Super*zip band
separation conducted in this study include
separation of band segments in straight and
curved panels and of complete full~ring bands
for the spacecraft Develoment Test Model
(DIM) and for the flight spacecraft systems.
A camplete list of the tests performed along
with their results is shown in Table II,

In the panel tests, a short band segment,

oximately one foot long, cut from the
flight lot was used to separate the test
paneis, For straicht (or flat) panel tests,
as shown in Figure 2, two short, aluminum
plates were installed along the two edges of
the Super*zip segment joint. However, during
the curved panel tasts, the panels, as
illustrated in pigure 3, were two segments of
55 inch dlam:ter ghrouds which simulated the
adjoining spacecraft adapters. ‘The right
side panel of the Super*Zip bend, shown in
Pigure 3, is an aluminun despun ring segment
and the other side is a honey-combed graphite
epoxy adapter segment. The panel tests were
designed primarily to evaluate the Super*zip
joint configurations being proposed for the
Galileo spacecraft, In the test firings, the
ahock respcases generated in the immediate
vicinity of the detonating cord and at the
outer edges of the panels were measured.
While it iz recognized that the dynamic
characteristics (and hence the shock spectral
response) of the test panels differ
significantly fram those of the complete
ring/shell joint system, data obtained from
those tests oould provide qualitative
indicotions of the relative shock levels
vhick can be anticipated in the full-ring
srction,

Table I. Gallleo Super*Zip Dimensions and
Manufacturing Tolerance
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For the full-ring band DIM tests, only
rtions of tne mock-up  spacecraft which
olved the essential parts adjacent to the

Super*Zip ssparation band were utilized to

determine the shock enviroments, The

Development Tast Model (DIM) consigted of the

Galileo prototype Despun section with a mass

mockup of the truss mounted eiectronics bay

(Bay Ej attached, and the Centaur upper

adapter joined to the Despund section via the

Super*2ip joint, All test hardware were

assembled in a vertical stacked position,

The test article was suspended from the

support beam attached to the removable door

of the test chanber, as illustrated in Figure

4. Three cushioning honeycomb pads were

placed under the test article and the vacuum

and  temperature conditions (-38"C) in
spaceflight were simulated and maintained

inside the chamber during the separation
bend's pyrotechnic actuation. The primary
objective of this test was to verify that the
Super*Zip joint would properly separate when
exposed to flight qualification temperatures
and minimam cord grain size, Secondary
objectives were to obtain measurements of the
generated shock near the Jjoint and at
representative equipment locations and to
compare the measurements to the results fram

the panel segment tests.

Finally, a full-scale flight spacecraft was
agsenbled and tested t¢ verify the shock
envirorments of the previous panels and DIM
tests, as well as to measure the shock
response levels at other spacecraft hardware
interface locations, During the test firing,
the Galileo flight spacecraft, as shown

Teable II. Galileo Super*zip Tests Summary _.t‘.
Tegt Item , Detonating Cord = Test Conditiop N, of Testing Firings Coments**/ £
= £
10 gr/ft -38% 1 Low Margin/ o
Normal Separation .r:.
Straight Panel o
13 qr/ft Roam Temperature 1 High Margin/ !
Separation but
Doubler Sheading R
S
9 gr/ft* Foom Temperature k| Normal Separation “&
12 gr/fte Bot and Cold 2 High Margin/ ﬁa
Tube Rupture
CQurved Panel r!
o
7 gr/ft Room Temperature 1 No Separation N
8 gr/ft -38% 4 Low Nargin/ -
Normal Sepuration .»:‘
12 gr/ft -38% 1 Bigh Margin/ o
Norma) Separation :
o
NY
9 gr/ft -38% Low Margin o
Galileo tegm 1 Qualification/ N
R Full 55" diameter and vacuum Normal Separation ;\:
band .
e
Galileo Flight 11 gr/ft Roan Tesperature 1 Flight Operation/ K3
Smacecraft Full tand Normal Separation N
v
N N
. Dual cord was used in earlier test program. ¥y
*¢  low or high margin refers to a low or high cord charge size in cucparison v
vith flight configuration, to demonstrate device sepa.ation capubility. 8
.
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Fiqure 5, was suspended by an overhead crane
through the lifting eyes on the bus and was
positioned one-tenth inch above the
cushjoning pads on the support cart, An
irorted flight spare lower adapter was
avtached to the bottom of the spacecraft
lower adapter to simlate the COentaur
interface, The support trusees of all flight
equipment were removed fraw the spacecraft
adapter since they are released before the
Super#zip firing separates the lowe:r z2dapter
in the flight missjon pyrotechnic firing
sequence, A stabilizing fixture was attached
to the top of the bus with two adjustable
cables to support the appendage equipment,
The test was successfully completed with full
Super*zip band separation and no evidence of
structural damage in the Spacecraft was
observed,

e
]

2,

el S
SEr

o

In all four of the above test configurations,
selective sets of tri-axial accelerameters
(Endevo Mode 2225A) were installed on the
test articles at varjous locations to measure
the structural shock responses. All
accelerameters were stud-mounted to metal
blocks and these blocks were bolt-mounted and
bonded to the test hardware. The measurement
locations for the test series are shown in
the photographs in Pigures 2 through 6,
Accelerameter inputs were reocorded and
Figure 2.,  Super*zip Straight Fanel Test analyzed, and are presented as shock response
Conf iguration spectra.

Fiyure 3. SupertZip Qurved Panel Test afjguration
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Figure 4.  Galileo DM super*zip Pull Band
Test Confiquration

Pigure 6a. Super*2ip Band and Adapter
Acceleraneter Locations
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Pigure S, Galileo Spacecraft Supec*Zip Test Figure 6b, (entaur Adapter Accelerameter
Conf iguraticn Locations
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A JEST RESULTS AND COMPARISONS
1
R Tests were successfully accomplished and the
: overall test objectives were met, although
Ty some data were not satisfactorily recorded | :
a‘ due to instrumentation problems, In the
.- following comparisons, the shock response "
E . sSpectrum is used to define the shock
- \El erviroment for the various test
o oonf igurations, corditions, and
L instrumentation locations, The shock spectra
, are analyzed from the measured acceleration '
; ! responses with a dynamic amplifiation factor 8
o (Q) of 20. 3 !
¥ by
, Figure 7 compares the maximum envelopes of .
ne shock data obtained fram the curved penel ' ;
A tests for both Super*zip normal separation ‘
- and test failure (i.e., non-separation or I
tube rupture). Clearly, the shock levels
MY generated by Super*zip detonation fram normal Q- )
,; , separation are much greater than those o iaaas A HL“J NPT '
\ obtained fram tube rupture cases. It appears o . I e }
R4 that, because of tube rupture, significant !
\ mechanical energy was absorbed by other FREQUENCY (Ha) f
Ny sources,
K Figure 8 illustrates the shock response Figure 8. Shock Meaturements Near Super*zip
e levels reduced from the data measured near for 8 gr/ft at -38%
N the Super*zip band in four repeat panel
y fi;iiggs withfthe szixntzldurged grain size (8 .
oy grain per foot single element detonating higher than the other three test £irings. '
. cord) and tenperature (-38%C). The shock in?elsticpting the acceieration meaaurhe?:nt '
::21_ response spectrun of four firings does appear this channel, it was found out that a
repeatable except at the low frequency *half-e'ne® pulse ahift (or low frequency
paction, where one test seems to be much content error) existed and the data is not X
considered to be valicd, Overall the ,
) firins-to firing variations of Super*zip !
) shock erviroments are much less than 3dB. '
W) w Figure 2 shows the overall oomparisonas of !
iy shezk levels for different cord size firings, i
. The shack spectrum levels as plotted were
3 Kgmal Fepafation L reduced fram the data measured near .
:s : RIMC R 2 0Y Super*2ip bard (approximately within 3 '
\)_ | = nchws), thus should not be affected by the
) | e a variations in test oonfiguration, It was

alse predicted that the effect of cold
tenperature (-367C} would be eguivalent to a
decxease in the chwrged grain size by one and

3
™

N\
P~
3
]

. would have no effect on the Super*Zip )
> . -~ . v . function as well as the structure &hock !
W oi'iz g drd Indrcate that ok 3 e et fraancten :

) . cate evels a requencies )

N g my above 600 H2 ave quite similar awong all test \

N firings. fowzver, oconsiderable scatter in i
A ! ' the low-freguency region is evident, Further '
e ¢ / analyses were performed and no definite [

w relaticnehip between shock mpplitedes and 1

3 Qe charged grain size oouid be defined, In )
N Al £act, because of the instrumnentation ranging )
R o ¢ ¢ ¢ e e s W a» . st e o W Rd)lm and E'wail mg sigml-to—noisc ‘
i. 1%a0cT 1) ratios, the data for the lower irequenciesiis :
ey likely to be influenoes by the system nolse :
p: *: floor., JM, test results dewonstrated that '
X Figue 7.  Oorparison of Shock Levels During during the normal separation of the Super*Zip

Super*Zip Nomwal Separation vs. joint, the effect on the induced shock lewel !
= Test Faiiure of inageasing the charged grain size is :
G ‘
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shock Level variations Near
Super*zip Band with Charged Grain
Size

Pigure 9.

insignificant and can be neglected. Prior to
these tests, based on analytical predictions
for linear pyrotechnic devices, the higher
charge was expected to increase shock levels
by 1 @ for every 2 grain/ft increase (shock
level is ptog}rtional to the square root of
charge increase). Since the
firim-to—firing variation of shock levels
vith no difference in test configquration is
typically in the 1 or 2 dB range, the above
tests were not able to verify this
prediction.

Fiqures 10 and 11 include the data measured
at locations further away fram the Super*zip
joint, In thn previous figures, the data was
baged on the measurements near the shock
source, and as expected, no effects dwe to
the test boundary oonditjons on the shock
ervizorment were noticed, As the shock
pulse propagates through the structwre,

response acceleration amplitude ie eriuzcted
to attenuate and the wvave form is modif

reflections fram the boundary. Near the edge
of test article and at the interface of the
mounting equipeent, tie cffects of the
boundary  conditions  oould  be  guite
pronownoed,  Flqures 103 and 10b ogmre the
maxizme  envelopes of shock spectra  data
cbtajned fram both the panel and ful)
circuxferential ring tests. Clearly, the
shock levels measured at both ends of the
test mnel during the cpen-panel tests are
conaiderably higher than the full-rinq tests,
Both fiqures show a similar hig\er shock
level (above 9 B or higher) at frequencies
above 1 ¥Hz, This is probably the result of
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shock waves reflected back fram the two open
edges which run perpendicular to the
Super*zip joint, However, the test results
also indicate that the additional structure
attached on the edge of the shell adapter for
the spacecraft test has relatively 1ittle
effect on the shock enviromment., 'This is
demonstrated in Figure 10a for the
measurement at the forward ring frame
location, (Mata at the upper adapter frame
fram the full-scale Spacecraft test was not
available for comparison due to
instrumentation failure). This result was
contrary to expectations. It was anticipated
that the shock enviromment at the shroud edge
would be affected by weight differences., No
explanation can be concluded.

Also, it was predicted that the shock levels
would be higher in the direction
agiaandicular to the test panel or in the

al direction of the shell structure, In
Figure 10b, shock response levels in three
perpendicular directions, at a distance away
fram the Super*zip joint, are shown, AS can
be seen fram the figure, all three responses
are quite pronounced, However, by reviewing
the test data, same variation in the shock

response  spectra for  the  different
measurement locations oould be observed,
Further comparisons were performed to

determine whether or mot a trend existed
which defined the shock propagation
direction, No specific relationship could be
defined, It was only found that the shock
levels in the longitudinal direction
(perpendicular to the Super*zip joint} are
the strongest in the high-frequency ramge
(above 3000 Hz) and the shock in the radial
direction dominates the middie-frequency
range (between 1K Kz to 3K Hz). 'Thus, there
is an indication that the tangential

accelerations are slightly graller than
either the  radial or longitudinal
accelerations,

Figure lla shows the overall comparison of
the maximom envelope of shock response levels
at several different measurement locations in
the sheil structure during the Super*Zip
detonation. Normally, one would expect that
the shock lsvel will be attenuated fram the
source a5 measured along  the  shock
propagation path, However, the results show
that the levels are virtually constant over
the entire shell adopter ({i.e., corgore the
Despun Section and the Upper adapter), amd
only a slight reduction observed at the
Centaur Interface which is a far distance
bolow the Superszip sepration  plane
{apgroximately 100 inches fram the Super*Zip
joint). This is probably due to the fact
that the Super*2ip pyro device is a line
source instead of a point source. A peint
source [romagating into & plane decays at the
ate [xoportional to the travel stancr,
vhile a line source [xopagating into a plane
decays considerably more slowly, or virtually
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no decay over short distances, ‘The only
R significant attenuation was noted between the
shock levels in the immediate vicinity of the
Super*zip and the remainder of the shell
adapter, This reduction (apmoximately 6dB)

har to do with the joints the shock muat

1 W travel through to reach the adapter,
/‘\p,{\':j.p.\ Pigure 11b ghows the maximum envelopes of the
8 gr/te anel l/‘ shock response measurements at the interfaces

of strut support locations (Probe and Bay E,
illustrated in Fiqures 4 and 5). The support
struts are shock isolation structures, As
the shock wave propmgates through the strut
and reaches the equipment package, the
acceleration amplitude is reduced by a
considerable amount, comparison of this
fiqure with the response levels shown in
Figure 1la shows the shock levels in the
strut are about 8 A8 less than the responses
measured at the shell adapter. Figure 1llb
also shows a response measurement at the Bus
location, This shock response spectrum
1 1. 'K e illustrates a typical structural response in
the flight spacecraft during the Ssuper*zip

FREQUENCY (o) band separation. The Bus is located same

distance above the shock source. The shock

responses are affected by the local structure

Figure 10a, m mm’m"t at Forward Ring resonance as well as the structural interface
erence 6) joints, The shape of the shock spectrum is

highly dependent on the  structural
tranamission path and is primarly dominated
by the local dynamics characteristicg. For
example, the high shock response of the Bus
at the frequency around 800 Hz is probably

PEAK G REPONSE
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e the local resonant frequency of the
structure.
smemeeres X Bivect teef
—— T Bienctief SARY, CONCIUSIONS AND RECOMMENDATIONS
| Bl R UL U A The experimental test mogram designed to
o N e v study the Super*zip shock characteristics

went as planned and the data obtained from
these tests have provided qualitative
indications of the shock environments for
different configurations, This study
reported herein indlcates the following
conclusions and recomendations,

4 gr/it Panel

PEAK Oh EESPONIE

- Firing-to~firing variations of the shock
responoe levels during the Supertzip

F AN B B EN,. L T AT Y B A S B . L U I S N S 3

- A’\A\\..- band separation are quite amall and are

AV Da typically 1less than 3 & fram all test
firings.

Qe - A higher grain cord was selected for the

2 WY TT A A A 2 AAi) A Ak .Q.AM Galxleo gm@uaft fo‘r assm&nm Of full

) v 18 ws Semration charge. The increase fram 9

to 11 grain per foot was expected to

FRETUENC Y (Ma) inq&se shock levels by amffclt .
‘zt:us increase is not obsecrved in the
) . 4t results, In  ocamporis. {
Figure 16b. &hock  BErwirtorment  at  Gpper . , ! son with the
Mapter Fraoe (Refcrence 6) (fmf ing~to~firing variations, the effects

shock levels of increasd cord
sizes can be negligible. e

Qranging  test temperature conditions
were expectad to pxoduae changes in the

8 L . e e a4 @ M T, w e . = @ ¢ ¢ & e @

.: -‘.“f\-"\-‘\:\(\f.‘;\r\r‘..c ARG SN

~ . K - o > 0 LR
N RN Ta v e T T e T e ¥ % RO \o-'l.’i\f\f\'aa."\ %f N IS PG G
A T N I e A A A A A A AL A ACACAC TR SOROA N 2GR AL 20 L2 GO ANCN EX 24 00 CR LN TS
A U S R S A SO A ST S R WA S xS A S R A A T Y R TR Yy . > S Ay



shock envirorment, but test results show
that the effects on shock responsea due
to temperature are insignificant, (The
change of tesperature on the Galileo
Spacecraft operation is between -38°C
to 152%.)

-~  Effects of boundary conditions on shock
response at a distance away fram the
Near Super®liy

."\"\3..4}.4,
i/ source (i.e,, Super*zip joint} are quite
Y 'k'f significant for the  open-panel

106

A oonf iguration, N  significant he
' > difference was observed in shock
Torvard {4y Tppar % measurements  between  the  partial

Mapter) Wiag Freme o

stack-up and full Spacecraft tests,

" L -  Dpistance attenuation of the shock pulse,
he r,) A e tacartace generated by Superszip detonation and

PEAK Cw RESPONSE

popagating into the shell~type
structure, is extremely small and can

7/

/’ / Qe be disregarded in short shell adapters.
v NN 1|1ul Ao A4 n;l-l-l.é.;_._..l——u—“-“;';‘ - shock responses in all three directions
" e that were measured are quite pronounced,
FRECUENCY M2} There is an indication that the
tangential acceleration, at a distance
away fram the shock source, is slightly

Figure 11a. Overall Camparison of Super*zip amaller than the other two directions,

shock Response Levels

Figure 12 is a sumary of the shock
ewirorment that was used for Galileo
spacucraft equipment design, Basically,
three locations were sampled: 1) te
immediate vicinity of the Supertzip joint, 2)
any place else on the shell adapter, and 3)
equipment attached to the shell adapter

]

a}"

- through standard types of struts. These
envelopes of the measured eshock spectrum

curves as mxesented along with the other V

dynamic characteristicas described herein can i

be used as guidelines applicable to flight A

1 equipment design requirements in relation to i
the Super¢zip separation shock problem and is

g typically hov JM. appcoaches the problem, ::
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3 e out by the Jet Propulsion Laboratory, )

- (alifornia Institute of Technology, under a

" ocontract wvith the Mational Aeronautics and N

). Space Administration, o

4 .:‘.[;"‘ Q'

At idiag A saddsl PO N W .

L <] LN 3 WX r

1

FREQUARCY Taad &

By by By
ata’s
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‘5“ Discussion
'J\;’_ Voice: I noticed the higher charge gives less
;:,,’ acceleration below one kilohertz., Thirteen
0 grams per foot gives less acceleration than
}!: eight grams per foot. Is there a rough
3‘0 explanation why? There ia more energy in 13
,'L‘: grams per foot than eight grams per foot,
Y )

Mr., Chang: I know what you are talking about.
. 1 guess that is typical. There {8 probabd!:
" noise i{n the low frequency range, 80 we are not
Y 4 gure of the level.
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NUMERICAL SIMULATION OF ATLAS~CENTAUR STAGE-SEPARATION
SHAPED CHARGE PIRING AND STRUCTURAL RESPONSE

Steven Hancock, David Davison, Jim Gordon, Pius Chao
Physics International Company
San Leandro, CA 94577

and

Norm Viste and Jack Weber
General Dynamics Convair Pivision
San Diego, CA 92138

tests.

Numerical simulations have heen made of a flexible linear shaped
charge missile stage separation gystan.
firing and the missile structural responge are modeled in detail.
The numerical approach is verified by good agreement with labora-
tory ballistic pendulum tests and full scale stage separation
Parameter studies with the model have helped to identify
a particular sensitivity of peak stress to a gap dimension.

Soth the shaped charge

W
L)
INTRODUCTION the aft end of the vehicle.) :‘_‘
[ gt
In June 1984 an Atlas-Centaur The dashed lines in Figure 1 A3
launch vehicle, flight AC62, experienced indicate an alteraate design, in which I!
an in-flight failure due to a leak in the aft part of the ISA ring has been
the liquid oxygen propellant tank immed- undercut. This modificalion was made :;
iately after the firing of the stage- partly as a result of the presant study %
separation shaped charge. This paper and was used in the subsequent flight, Nﬁ
describes some numerical simulatians AC63. The reason for the modification i
of the stage separation event which is that it reduces the speed with which :ﬁ
were made in support of a failure inves- the aft part of the cut ISA ring impacts e
tigation, and compares the resulrvs of the blast shield, which in turn reduces i'
the caleulations with full scale tests the dynamic stresses in the tank. "y
conducted at the General Dynamics Syca- ia
more test zite. The simulations charac- Ngmerical Method o
terize the dynamic stresses in tha vehicle W8
aftar the shaped chavge firing and show The calculations were made with )
the dependence of thase stresses upon the PISCES 2DELK computer progranm, éé
the paraceters which may have a range a two-dimensional general purpos=e finite ™
of values ov which were different in difference program for problems involv- !!
f1ight ACHI than in other flights. ins transient stress waves |Reference o~
1). PISCES has been used extensively o
Figure ! shows a sirplified cross- te pradict the performance of shaped .
sectional view of the Atlas-Centaur charges (Fqference 2) and other ordnance 5¢
stage-sepatvation systen. A flexible devices (Reference ), and in the nuclear }i
linear shapaed chavge encircles an alusmi- industry it has been ysad to predict &
nuz forward adapter ring (also cailed fluid-structure interactions (Reference ]
the interstage adapter ving, or ISA 1. It is therefore well syited to s
ring) and is aimed radially inwvard simulating the transient stresses in LY
toward a bliast shield, which pratects the Tentaur tank due to shaped charge R
tha under-lying liguid oxygen tank. fiving. )
When detonated, the shaped cherge cuts ?'
the adapter ting. The probable failure In PISCES calculations, an analyst ‘f
point was determined ta he near station may choose 0 represont material with \i
413. (The station aumber is an axial 3 thin shell, 2 continuum Lagrangian,
csordinate, mmasuved an inches, in a T Sulertan formulaticn. The Lagrangian o |
frane oriented f{yom the forward to formuliation uses guadrilateral continuum }‘
I.
|"
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elements to follow the motion of mater-
jal undergoing moderate deformations,
and can follow severe deformations
with the aid of rezoning techniques.
The Eulerian formulation uses a mesh
which 18 fixed in space, and is appro-
priate for fluid flows. Eulerian and
Lagrangian meshes can be rezoned, and
Lagrange meshes can be mapped into
Euler meshes when required. Bot,.. of
these rezoning features were used 1u
the course of the stage-separation
calculation to improve accuracy and
reduce cost.

The very large variation in time
scales for the stage-separation problem
required the use of two separate, coupled
numevical models. An "early-time"
model covered the details of the shaped
charge detonation and initial tank
loading out to a time of about 100
microseconds (us). A "late-time" model
was used to continue the solution out
to 10 milliseconds. The late-time
model included the entire liquid oxygen
tank so that long time fluid-structure
interaction effects would be included
in the simulation.

EARLY-TIME CALCULATIONS

The perspective drawing in Figure
2 of the region in the vicinity of
the linear shaped charge shows stagjered
spot welds, rivets, bolted components,
and stiffeners that are non-axisymmetric.
In addition, there are numerous other
agymmetries not shown in the figure,
including circumferential gaps in the
ISA ring as well as variations of the
tank thickness in the circumferential
direction duye to doubler plates at
seams between gore sections. Despite
these asymmetries, axial symmetry was
assunmed for both the early- and late-~
time calculations. Although we could
not hope to reproduce the local stresses
near asymmaetry points with this approxi-
mation, we expected the axisymsetric
model to give a good indication of
the dynanic tank stresses avay fron
asymmelyy points because the stage-
separation iz essentially an axisym-
metrie event. The cumparison with
the Sycamore test data {n the next
section confirms this expectation.

The welded, bholted, and viveted
cozponente were idealized as beinyg
rigidiy joined rvogether in the msdel.
Since this idealization neglects the
danping and dispersion of waves which

i3 axpected to occur as small gaps

apen and close, the conseguance of

this assunption «1i! be that the computed

the higher frequency peaks.

Pigure 3 is a global view of the
computational meshes representing
the regicn in the vicinity of the
shaped charge. Th. boundaries of
the mesh were far enough from the
region of interest that no artificial
boundary reflections could return
in the duration of the early-time
calculation.

To simplify the early-time analysis,
the initizl static stress in the tank
was taken to be zero. (The appropriate
initial static stress state was included
in the late-time model, however.}

The consequence of this simplification
is considered to be negligible.

The calculations all begun with
Lagrange meshes in the vicinity of
the shaped charge. After 1 us the
liner and explosive were transformed
from Lagrange to Euler zoning. This
was done to accurately follow the
deformation of the jet and the gas-
dynamic flow of the detonation products
during the penetration of the ISA
ring.

The initial Euler mesh, containing
bSoth the explosive and the liner,
was maintained until 8 us after detona-
tion. At that time the zone dimensions
were increased by a factor of two,
and the mesh boundaries were extended
to cover the entice cavity between
the shaped charge confinement and
the ISA ring. The change decreased
the computational cost significantly
without affecting the computed trend
in the pressure history of the explosive.
The Euler cell dimensions were doubled
again at 20 us. For calecuylations
that ran longer than 40 us, the EBuler
mesh was dropped along with the con-
finement, since virtually all of the
impulse had bean delivered to the
structure by that time.

Table t lists

the seguence of
leading svents ia

a ¢aloulation which
is representative of AUH2 conditions.
This calculation, which is referred
to as the "TSA Impact” calculation,
had an ISA ring/blast shield gap of
0.127 =z 10.003% inches).

About 0.5 s afeer detonation,
a shock was transcitted through the
fiberglass body and into the ISA ring.
The shaped charge jet and the edges
cf the liner impacted the ISA ring
at about 1} The jet penetrated
and zepavated the ISA ring in the
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in the slot created by the iet,

blocked the ventiny of the explosive
through the slot, and pushed against
the walls of the slot for a few micro-
seconds. As the slot opened, explosive
gases, followed by the slug, emerged

from the vear of the ISA ring to impact
on the blast shield. Meanwhile the
very intense initial impact stresses
had propagated indirectly through

the aft tank ring (identified in Figure
2) to accompany the direct stresses.

The liguid oxygen contained in

the tank propagated pressure waves which

interacted with the stresses that move

along the skin. The explosive pressure
continued to load the ISA ring and to

launch the confinement maas during the
last part of thn calculation.

Tehle 1. Load paths in the ISA impact shaped charge calculation.
Infiuences on peak stresses were deduced from the late-
time calculations. The amounts of momentum transferred
along selected paths are indicated.

Loading Event

Transmission of detonation shock
through confinement to ISA ring

Impact of edges of liner onto ISA ring

Jet impact and penetration through
ISA ring (80 kg-m/s radial, 20 kg-m/s
axial)

Motion of the aft tank ring

Impact of slug and early expansion
of explosive (20 kg-m/s radial,

30 kg-m/s axial)

Impact of residual jet and explosive
gases onto blast shield

Impect of aft part of ISA ring onto
blast shield (40 kg-m/s radial}

Impact of forwar . part of ISA ring
onto blast shield (20 kg-m/s radial)

Compression of LCX

Late expansion of explosive (20 kg-m/s

radial, 80 kg-m/s axial)

Contact between tank skin and LOX
(120 kg-m/s radial, 30 kg-m/s axial)

Interval Influence

0.0 to 0.5 us Small

1.1 us Small

1.1 to 2.0 us Accelerates
ISA ring

2 to 20 us Secondary

4 to 8 us Accelerates ISA|
ring, increases
tank tansion

4 to 12 us Small

8 us Causes high
p=ak stress

18.5 us Secondary

8 Lo 30 us Secondary

8 to 40 us Increasas tank
tension

8 to 40 us Secondary

)
'!\ \E\

u \‘:i
~ .&L\ -hi \

Results of Parameter Studies with the
Early-Time Model

Parameter studies were made with
the early-time model to study the sensi-
tivity of the results to such variables
as the ISA ring/blasi shield separation
distance, the type of blast shield
support, the distance between the blast
shield and the tank, ard the tank con~
tents. The key conclusion regarding
the effect of the ISA ring/blast shield

47

separation on the peak stresses »ill

be illus rated by comparing the "ISA
impact" calculation, mentioned above,
with a calculation of the undercut

ring configuration, which had an ISA
ring/blast shield gap of 1.52 mm (0.060
inches}.

Figure 4 is a mesh plot of the
region in the wvicinity of the shaped
charge with symbols macking some points
of interest. The radial wvaelocities

» < 4%
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of the points labeled with squares

are compared in Figure 5 for the ISA
Impact and Undercut Ring calculations.
The velocity of the aft part of the

ISA ring was at its peak at the moment

of impact for the ISA Impact calculation.
The impact velocity was much lower

for the Undercut Ring calculation (bottom
plot).

In the ISA Impact calculation, the
aft part of the ISA ring impacts the
blast shield at about 8 us, It has
a relatively high velocity at the moment
of impact which iz transmitted to the
blast shield and the tank skin. This
contras“s with the undercut ring config-
uration, where the aft part of the
ISA ring impacts the blasc shield much
later, at 83 us, and the velocity at
impact is much lower.

The peak velocity of the tank skin
beneath the blast shield is plotted
in Figure 6 for the two calculations.
The peak velocity is much lower for
the undercut ring, and the continuation
of these calcuvlations with the late-
time model showed that the peak tank
stresses are algo lower for the undercut
ring.

Parameter studies of tank contents
were made because the Sycamore tests
used liquid nitrogen instead of liquid
oxygen in the tank. The presence of
liquid nitrogen in place of liquid
oxygen increased the peak velocity
from 20.7 to 23.8 m/s (68 to 78 fps)
due to the lower impedance of liquid
nitrogen, so the Sycamore tests should
have overestimated the peak stresses
and strains. A calculation was also
made with an empty tank to simulate
a large bubble of helium gas situated
directly under the tank skin. and it
produced the highest peak tank spceds.
(The actual occurrence of such a bubble
was considered to be unlikely, however.)

Verification of Shaped Charge
Performance Calculations

The computed performance of the
shaped charge was verified with tests
against an ISA ring mockup and with
ballis~ic pendulum expariments. The
tests waere made with a given lot of
shaped charges that was considered
typical of the ones used in flight
AC62.

The mockup included scctions of
the ISA ring and the two layers of
the two-piace blast shield attachment
(sce Figure 1l). The tlast shieid attach-
ment was pitted by residual jet and
its surface was spattered with material.

The left (front) side of the ISA ring
was bent by the action of the shaped
charge and its profile is in good agree-
ment with the computed shape at 20 us
(Figure 7).

In tl: pendulum test, illustrated
in Figure 8, a short length of the
linear shaped charge was fired into
a suspended metal block. The momentum
delivered to the block was derivel
from a measurement of the height that
the pendulum swirgs.

The observed momentum was 241
kg-m/sec when scaled to a linear shaped
charge length of 962 cm, the circumfer-
ence of the shaped charge when employed
against the ISA ring. The calculated
momentum for the ballistic pendulum
simulation was 247 kg-m/sec, and the
good agreement validated the shaped
charge model used in the calculations.

LATE~TIME MODEL

Figure 9 shows the model used
in *he late-time calculations. The
liquid oxy:2n, helium, and insulation
were computed with a Lagrange mesh,
and the tank parts were computed with
thin shell grids. £lip was allowed
between the liquid oxygen and the tank.
The helium was assumed to be entirely
at the top of the tank. Fluid-structure
interaction was neglected in the hydro-
gendua to its relatively large distance
from the failure location.

The numerical model necessarily
neglects weld details. In regions
of the structure where shells are over-
lapped, sliding and gap opening were
not allowed, and the bending stresses
were computed by each shell independent-
ly, rather than based upon the full
thickness of the layers. It would
have been more conservative to use
the full thickness for pending in rogions
where welds are closely apaced axially,
but the results at station 41% {(the
likely failura location) ave probably
affected vory lit.le by the rhoice
of shell bending thickness, since sta-
tion 415 is in a single thickness reyion.

Prior to shaped charge firing,
the Coentaur tank is wressed by the
internal pressures in the ligqutd oxygen
anil hydrogen tanks and by the thermal
stresses :nducoed by the low temperaturoes.
This initial stress state was fuund
in the late-time model with the method
of dynamic velaxation. The late-time
mndal was started by driving cach of
the nodes near the shaped charge with
the velccities computed with the ecarly~-
time model. The noder welre then alliowed

»

v

LA

A T A A T N N AT AT AL T R NN
A AT A A A A S R S R AN L AL AL SR P
WRSTATRE SR L O AR RO L S LA W oY )
RA {s&;gxﬁs{sxaﬁauhz\ﬁiustzfﬁi&iﬁ\‘ S




AL AT, n o }

FATAY NN N \& e
O A RATRSNASe 2 "kmi.-;kfte.ﬁel R --:

to move without constraint after the
time of completion of the early-time
calculation.

Comparisons with Sycamore Tests

Two full-scale Sycamore tests were
compared with numerical results. A
test which took place on 1 March 1985
had a 0.28 MPa (41 psi) tank pressure
and used an ISA ring which was undercut
from between 0.76 to 1.52 mm (.030
to .060 inches), and it will be refer-
red to here as the "AC63 conditions"
test. A test which took place on 13
March 1985 had a 0.35 MPa (51 psi)
tank pressure and used the original
ISA ring, which had a nominal gap size
of 0.127 mm (0.005 inches) between
the aft edge of the ISA ring and the
blast shield. This test will be referred
to here as the "AC62 conditions" test.
The major differences between the Syca-
more test conditions and flignt condi-
tions are that the Sycamore tests used
liquid nitrogen rather than liquid
oxygen and were at l-g rather than
zero-g. Measurements from the two
Sycamore tests were compared to avail-
able calculations which most closely
matched their conditions. The first
of these two calculationa is a true
representation of the Sycamore test
conditions, with a tank of liquid nitro-
gen, gravity, and a model of the support
structure. The second is representative
of flight conditions rather than test
conditions, since it was made with
a tank of liquid oxygen and zero gravity.
However, thegse differences are thought
to be of secondary importance as far
as the initial response at station
415 is concerned, so a meaningful com-
parison could be made.

The Sycamore tests were instrumented
with both high frequency (2900J Hertz)
and low frequency (4000 Hertz) strain
gages. The aumerical calculations
wore carried out with a time step of
0.3 us and therefore contair f{requencies
considerably above 20000 Hercz. Since
the computed stresses near station
415 did contain a significant high
frequency component, they were filtered
in order to make a meaningful comparison
with the test results. PFigure 10 shows
the effect of filtering on the response
at station 415 for ACE] conditions
test. The peak stress is reduced from
a peak of 1.16 GPa (168 ksi) in the
calculation to 0.897 GPa (130 ksi}
with the 20000 Mertz filter and to
0.724 GPa (105 ksi) with the 4000 Hertz
filter.

Figure 11 compares thc computed
and mcasured meridional stress for
the AC63 conditions test at gage J,

AT MG SORCRL
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which is located at station 415 in

the single thickness tank skin region
between gore doublers (see Figures

1 and 2). Strain gage measurements

were made on both the inside and outside
tank 3surfaces. The agreement of the
inner and outer gages is remarkably
good, with the main feature of a bending
wave arriving at a time of 300 us clear-
ly seen in both calculations and test.
The p2ak computed stress at the outside
surface was 0.897 GPa (130 ksi) as
compared to the measured peak of 0.827
GpPa (120 ksi), and the minimum computed
stress on the inside surface was 0.31
GPa (45 ksi) as compared to a measured
0.124 Ggra (18 ksi}.

Figure 12 compares the computed
and measured meridional stress for
the AC62 conditions test at gage 3
(station 413). As in the AC63 condi-
tions test, the agreement of the inner
and outer gages is remarkably good,
with the main feature of a bending
wave arrivirg at a time of 300 us clear-
ly seen in both calculation and test.
The computed 0.97 GPa (141 ksi) peak
stress at the outer surface compares
well with the 9.99 GPa (144 ksi) level
seen in the test, and the computed
minimue stress of 0.17GPa(25 ksi' on
the inside surface is in good agree-
ment with the 0.23 GPa {34 ksi)} measured
value.

To summarize, the agreement between
the calculations and the Sycamore tests
is quite good, especially considering
the axisymmetric assumption and the
shell junction simplifications that
were used as well as the uncertainty
in the ISA ring/blast shield gap diman-~

sion.
Pcak Stresses

All calculations showed a peak
stress occurring at station 415, or
very close to it. Figure 13 shows
the peak hoop and meridional stresses
in the calculation of AC&2 conditions.
These peak stresses are the maximum
surface stresses seen at sach location
during the 10 millisecond duration
of the calculation. There are sevoral
peaks in the meridional stress. The
highest peak occurs at station 415.
Another peak occurs near station 410
in the structural cylinder which carries
the load between the two tanks. Near

the aft end of the tank, there is another

peak which is the result of a simple
reflection of the initial membrane
Strass wave at the massive motor ring
locatad there. The width of this peak
is approximately equal to ona halg

of the width of the initial stress
pulse, and its height above the static
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curve is about twice the amplitude

of the initial wave. The hoop stress
peak near station 415 is quite low
compared to the meridional stress in
this and all other calculations that
have been made. This was also observed
in the tests.

Results of Parameter Studies with
the Late-Time Model

Calculations made by driving the
late-time model with different loading
conditions showed that the peak stress
at station 415 increased approximately
linearly with the peak inward radial
velocity imparted to the tank due to
shaped charge firing. Since the early-
time model showed that the radial vel-
ocity imparted to the tank depends
critically upon the size of the gap
between the ISA ring and the blast
shield, the size of this gap is a criti-
cal factor in determining the peak
tank stress, and this is one of the
ma jor results of this study.

Since flight AC62 used a higher
tank pregsure than previous flights,
parameter studies with different initial
tank pressures were made. They showed
that peak stresses generally differed
by less t¢han the difference in static
stress levels, so the tank pressure
is not a critical factor in determining
peak stress.

SUMMARY

We constructed an analytical model
of the Centaur tank and flexible linear
shaped charge, «nd used the model to
gimulate the dynamic stresses in the
tank during stage-separation. The
model contains several simplifying
assumptions, the main one being two-
dimensional axial symmetry, and anocther
being the neglect of sliding and gap
opening between structural components.

The early-time model was checked
by applying it to a ballistic gendulum
test, and very good agraement was
achieved. In additjion, the early-
time model produced ISA ring deforma-
tions similar to those seen in experi-
ments.

The late-timo model, which was
driven by the carly-time model, was
in good agreement with the Sycamore
tests, giving credioility to parameter
studies made with {t.

The paramecter studies with the
madel suggested that the peak tank
strosses are most sensitive to the
size of the gap between the aft
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part of the ISA ring and the blast
shield. Calculations made for a modi~-
fied ISA ring verified that it produces
lower peak stresses than the unmodified
ring.

All calculations showed that a
moderately high stress, in the range
0.86-1.24 GPa (125-180 ksi), occurs
in the skin of the liquid oxygen tank
within 300 us after firing. Thig stress
is not considered to be high enough
to have caused the tank leak experienced
by flight Ac62, however, since the
tank material has a yield point of
about 210 ksi and an ultimate strength
of abou“ 300 ksi.

The most probable cause of the
tank leak is thought to be an augmenta-
tion of the detonation by external
solid oxygen, a discussion of which
falls outside the scope of this paper.
These calculations are relevant to
the detonation augmentation hypothesis,
however, since they have shown that
a dynamic stress peak occurs at station
415. An augmentation of the detonation
would be expected to raise this atress
peak without changing its location,
so the leak experienced at station
415 is consistent with our results.
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Figure 5 Radial velocities of thea point on the aft pait of the ISA Ring at the
locations indicat:.d by the squares in Figure 4. After 12 ps, only the discrete
values indicated by the dots werc obtained from the ISA lmpact calculations.
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Figure 7 Comparison of the shape of the forward part of the ISA Ring at 20 us in
the ISA Impact calculation to that obtained in a mockup experiment in which the
shaped charge was fired through a section of the ISA Ring.
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PYROTECHNIC SHOCK WORKSHOP

Pyroshock Workshop
Session I
Chairman's Remarks

Daniel L. Van Ert

The Aerospace Corporation
El Segundo, California
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This session will be involved with the when shock levels in the thousands of g's are
interpretation of pyroshock data, and the imposed, because they think of it in terms of
formulation of design and test requirements. steady state acceleration. We think of {t as
Other topics related to pyrotechnic shock humans and not as mechanical devices, 1 have
will be addressed in two additional sessions seen failures occur in components when they

are shock tested at levels that look to be

this afternoon.
rather insignificant to the eye.

1 conducted a survey on pyrotechaic

shock predicticn techniques some time ago, Shock spectrum is a conventional way of
and I discovered that, by and large, we specifying test requirements. The presenta-
predict pyrotechnic shock environments by a tion by Richard Chalmers will perhaps raise
two step process. First, we define a source some question about whether acceleration is
level based on previous observations for the the appropriate shock descripter. Rounding
type of pyrotechnic device that is involwed. out this session, Henry Luhrs will present
Ken Kalbfleisch will present an excellent guidance for designing components to with-
review of shock sources. Next, we attenuate stand pyrotechnic shock. The real value in
thege source shock levels in accordance with this sessicn is the interchange we can de-
eapirically determined loss factors for the velop among ourselves, because we have an
path of transmission frow the source to the aggregate of thousands of years of exnerienmce
receiver. In most cases we conduct separa- sitting in this room. So 1 encourage free
tion tests which are aeant to validate those discussion.

predictions. In wy experience, however,

the data are seldom studied to gain further
insight. Perhaps we don't have the luxury

or the motivation to do a more thorough
evaluation of the test results. We will hear
a paper today by Chuck Meening which examines
data from a series of system shock tests tlo
determine more than general cenformance with
predicted levels, We are dealing with a
phencacnonh that shows afgnif {cant event~to-
event vartation, and that makexs the prediction
task more dificult. Assessing the accuragy

ef predictions iz complicated by the varia-
biliey fnherent in the shock phenomenan.

Often afmulation techniques iafluence the

vay we develop the cviteria. Wwhea I worked
for the Hartin Company, ve began (o recognize
taat pyrotechnic shock was an eavironment to
be considered, hecause xeze very significant
conpequencer wete in evidence. Aftor consult-
fng with our test lakovatary, 1 developed

a 160-g terminal-peak saviooth pulse that |
belioved o be a suftable prrosheck simula-
tion. I8 turned cut the (60-z pulse was far
from appropriate, %uat had heea deviszed in
teras of what I delfeved te bo ouy tent
capability. 1t (s difficuit te sppreciate
the significance of the jevels {nwvelved. A=

Hr. soening nentioned earller, some people :
skgert, “prrotechnic shock is mot even wnrthy
of our censiferation.™ Yet, otherm overveact
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PYROSHOCK WORWSHOP SESSION [I CHAIRMAN's REMARKS

Glenn Wasz
TRW

San Bernarding, CA

The topics of discussion in this session are instrumentaion, data
requirements and databanks. One of the main subjects to be discussed
in this session is zero-shift, which will be addressed by three of the

speakers,

This session will begin with a prasentation on the use of existing
database systems to store and to access pyrotechnic shock data. This
will be followed by a presentation on determining the special require-
ments of accelerometers used to make pyrotechnic shock measurements,
and to measure other very high amplitude, very short rise time transient
shocks. Freguency response, survivability, cabling effects, and
mechanical design characteristics of accelerometers will also be included
in this presentation, Several presentations will be made on the temporary
change in the zero level (2ero-shift) of the instrumentation system. These
presentations also will include methods for preventing the zero-shift.
This will bhe followed by a presentation on the effects and the desirability
of high-pass/low pass filtering both internal and external to the accelero-
meter. These presentations will be followed by a general discussion at the
end of the session.
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A VIBROACOUSTIC DATABASE MANAGEMENT SYSTEM

AND ITS APPLICATION FOR A PYROSHOCK DATABASE

W. Henricks and Y. Albert Lee
Lockheed Missiles & Space Co., Inc.
Sunnyvale, California

The development of a pyroshock database management system is proposed.
A candidate data structure for this system is developed from that of a simi-
lar system previously configured for vibroacoustic data.

INTRODUCTICN

Proposed herein is the development of a pyro-
technic shock database management system utilizing
software that was developed for handling a
vibroacoustic database system. First discussed will be
the advantages of having a pyrotechnic shock data-
base management svstem, particularly one that is
complemented with prediction routines for supporting
the development of test requirements. A vibroacoustic
database management system named VAPEPS will
then be described along with a discussion of how the
data structure of this system can be modified to allow
for the storage of pyrotechnic shock data. Finally, a
brief discussion will be presented concerning an
approach for developing analytical and empirical
pyroshock predictions.

DATABASE MANAGEMENT

Setting pyrotechnic shock test requirements is an
uncertain task. It is usually done empirically with
each aerospace contractor using the data sets they
have generated, or the data sets with which they are
most familiar. Structural parameters are accounted for
as their previous experience indicates appropriate. As
indicated in Table 1, the existence of a universally
available database, formed from data sets contributed
by the aerospace community, would provide contrac-
tors with a broader data source to use for setting test
requirements. It is also a way of distributing new data
throughout the community in a timely manner. The
shared usage of prediction schemes that have been
incorporated into the database software, and updating
these prediction schemes when the community, as a
whole, thinks appropriate also provides the contrac-
tors with the best available prediction procedures.
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TABLE |
Advantages

¢ PROVIDE PAYLOAD CONTRACTORS
WITH A MUCH BROADER DATABASE
THAN PREVIOUSLY AVAILABLE

* TIMELY DISTRIBUTION OF NEW
DATA THROUGHOUT THE AEROSPACE
COMMUNITY

¢ PROVIDE FOR A WIDE DISTRIBUTION
OF BEST AVAILABLE PREDICTION
PROCEDURES

A vibroacoustic database was developed to serve
as a repository for vibroacoustic data obtained from
flight measurements and ground tests of Space Shuttle
and expendable booster payloads. It also has environ-
mental prediction software which uses the data in the
database (Table 2). The name “VAPEPS” is an acro-
nym from the character string shown in Table 2. Its
software is compatible with the computers shown in
Table 3, and it has been well documented as a NASA
contractor report. That report contains users man-
uals, a programmer’s manual, sample problem man-
uals, and a technical manual. This activity was spon-
sored by both NASA and the Air Force. The software
is nonproprictary, and it is available from the NASA
Goddard Space Flight Center.



R |
i

L e
MR
AR L)

"

};‘;‘}-\ 1 :.g:' ?3:?:.:"\?;1::;:(.:1..:\'.:;.\. . ‘;\4 ‘)‘ e A N{ N - 4,
- » . “ ) - 4 f * - . o -
i:ﬁ’r. “y M\i\?‘i‘rg‘[iﬁ&?&‘.ﬂ.ﬁ 3 mﬂhﬁm_?»m

TABLE 2
General Buckground

TABLE 3
Software compatibility

* DATABASE MANAGEMENT SYSTEM TO
SERVE AS A REPOSITORY FOR

* VAPEPS (VibroAcoustic Payload Environment
Prediction System)

* VAPEPS SOFTWARE INCLUDES SOFT-
WARE THAT CAN BE USED TO PREDICT
THE ENVIRONMENT OF NEW PAYLOADS

Briefly, “VAPEPS” has been configured to either
serve the needs of a local site, or data may be
exchange between local sites as shown in the upper
left an right corners of Fig. 1. The data may also be
exchanged between one local site and another local
site with one of the local sites acting as a global data-
base administrator — this is shown at the bottom of

VIBROACOUSTIC DATA {

¢ VAPEPS SOFTWARE IS COMPATIRLE
WITH:

-=- SPERRY (UNIVAC)
— DEC VAX

— CDC

— CRAY IS

— MASSCOMP (UNIX)

* DOCUMENTATION
— NASA-CR-166823
* SPONSORSHIP

— NASA/GODDARD SPACE FLIGHT
CENTER

— UNITED STATES AIR FORCE SPACE
DIVISION

Fig. 1. The latter arrangement is the best way to han-
dle a pyrotechnic shock database, i.c., having a global
database administrator distribute data to other user
sitcs.
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GPERATIONAL MODES

e FLIGHT AND GROUND TEST DATA
o STRUCTURAL CHARACTERISITCS

DATABASE

OPERATION
PROCESSOR DESCRIPTION
DATA z PREDICTION ENTER - SEPCTRAL DATA ENTRY
CROCESSING | oPeRATION Shin  ADMISTRAT o
OPERATION ADMIN - ADMIN
I SERCH - DATABASE QUERY

|
e DATA
® ENVIRCNMENTS OF
EVALUATION NEW PAYLOADS
o ENVIRONMENT
DEFINITION

Fig. 2 VAPEPS software architecture
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The “VAPEPS” system has two basic operational “ADMIN™ processor, (Fig. 2) is for the database
modes, a database management mode and a data pro- administrator, no ¢cne other than the administrator
cessing and prediction mode. The prediction mode can enter data into the system. The administrator’s
allows the user to make theoretical or empirical pre- function i35 to examine the data 1o ensure the data
dictions using the database. The data processing mode have been properly classified, and most importaat, 10
accommodates arithmetical, statstical, fogical and ensure the validity of the data. Finally, the processor
various other operations such as matrix manipulations “SERCH™ allows retrieval of data with attributes of
of data sets and power spectral density analyses of interest as selected by the database user.
amplitude-time series. The database operating mode
has four phases, spectral data entry, event definition, Fig. 3 shows one of the subprocessors that make
administration, and Aatabase search and query op PREP™ It is the subprocessor named “BOOK.”
(Fig. 2). Euch phase is controlled by . processor as By calling it the user is prompted 1o name the agency
named on the right hand side of Figure 2. that proeessed the data, his contractor and the cogni-

zant government agency, the datetime of the test or

The “"ENTER™ processor brings in power spec- flight, the type of evem (liftoff, transonic, staging,
tral density or spectrum level data into the database in salar array deployment, ground test, efc.). the Joca-

x any user-definud format. The wser only has to identify tion of the event, and the vehicke from which the Jata
A she analysis filter, units, cte., used to process the data. was obtained. The location, if a flight, refers to the
& A similar provessar for pyroshock data would have to faunch pad, either the Bastern Test Range or the
- accommadate shock spectram and amplitude-time sig- Western Test Range. If ihe event was 3 ground test,
nals. The "PREP™ processor consists of many sub- then the location refers o the site of the ground test.
AN, processers which are used to characterize a data set. The vehicle refers to whether the pavioad was flown
Y } It provides for constructing configuratien tiees to oh the Space Shuttle or on an expendable booster. 1f
.‘}: describe 2 payvioad and also provides for bnildit_zg the velucle was the Space Shuttle then the Shuttls s
% modules of structural parameters and the associated named as the class of the vehicle and the specific
.3 measured respunse data. It s these modules that form Shuttle flown is the type of sehicle. The vehicle con-
! the basis of empirical prediction schemes. Addicnal f1guration names the payload. e.g., Space Telescope,
details concerning "PREP™ arc discussed below. The Space Lab, and the like.
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Fig. 3 Subprocessor

Once these data are entered, the processor
“SERCH™ allows the user to pull out data sets assogi-
ated with any of the characteristics named in the
fields of the arguments of the “BOOK™ subprocessor.
Several free fields exist for including special data of
user interest which for a pyroshock databise might
indicats the source of the shack, pin puller, separation
nut, or the ke, Another subprocessor allows the user
to build “configuration trees” such as are thustrated
in Fig. 4. The user is alloned comiderable frecdom in
the construction of the free. The Space Shuttle in big.
4 for example; it is broken down into the main cabin,
the cargo bay, SRB, SSME, the expendable tank (ET),
and the OMS pod, The cargo bay s furiher divided
into a DFT palletand an FSA pallet with its paylead.
There are 100 different lovels that can be employed
for detailing a dructure.

The ““data = dule™ processor dlustrated schemat.
tcally at the teft of kg, &, pulls together the data
teeded to perform empirical predictions. The use of

this processor is demonstrated for a payload on a
ESA pallet. The configuration tree for this payload
and pallet is shown at the right of Fig. 5. The pavload
has been numbered. Each number corresponds to a
statistical energy element; statistical energy rationale
frrms the basis of the prediction scheme. Each ele-
ment is abso labeled. By emploving this processor the
user is prompied to identify pertinent structural
parameters and the measured response data (by identi-
fying channel numbers) associated with each of the
labeled statistical encrgy ciements. The “data mod-
ule” processor allows the user to include such generic
mformation as to whether the structure is a flat
panct, a curved panel, or is of honeycomb construe.
non, e¢tc. For pyrotechnic shock, the users may wish
to speaify the direction of the measurement, lateral or
normal, the distanee from the source, and the pyro-
rechnie shock device. Onee this data module, is con-
structed another command “ATTACH™ allows the
user to assactale ther data with an appropriate mem-
ber of the configuration tree.
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DFI PALLET

™ 3\
FORWARD
SECTION
— SHROUD >UPPER
FORWARD STAGE
PAYLOAD
PAYLOAD { SECTION EXPENDABLE
) LAUNCH
_ ADAPTER  AFT ADaPTER VEHICLE
ESA PALLET SECTION - i
AFT SECTION BASE
STAGE
CARGO BAY SoMiE ) J
CABIN ~ EXPENDABLE
<t ¥ LAUNCH
] OMS VEHICLE
ro, oo T H'l,r'[_ - 1
< il L Jud UPPER STAGE BASE STAGE
L er SR8 SHROUD  PAYLOAD
SHUTTLE r T 1
>
AFT FORWARD  ADAPTER
L aRes 1 L 1
A CARGO g SEWE ET ONS SECTION  SECTION
FLIGHT MID I;lf:l ESA L L
ENGIN STER TANK
OLCK DECK PALLET PALLET CINE  THRUSTE
!
PAYLOAD
-
[ L 1
AFT FORWARD ADAPTER
SECTION SECTION
Fig. 4 Configuration tree
. TABLE 4
Ongce structural parameters are entered into the . Coe : . -
database, nondimensional parameters are automati- E"ﬂ'f‘s‘ys‘“{‘V"H}f{rff‘_"‘g Nondimensianal Parameters
cally created using the scales shown in Table 4. These [ o . e
nondimensional parameters allow the database to be ¢ "ANEL'UH“_ S1 RUVTURES Jas
scarched for dynamically similar data sets on which 1o LENGTH SCALE ﬁ\f’“_”
base predictions. The search can also include the con- 1 l‘-"’}f SCALE @ ¢ Ap/C,
figuration trees such that dynamically similar data FORCE SCALE : P APCE
sets are obtained from payload configurations similar o BEAM-LIKE STRUCTURES
to that of a new payload for which an environment INGTH CCALE -
N od in flieht i be blished LENGTH SCALE : B,
&ipccl n hg it 15 {0 estanhshed. 115‘& S('-All; : B,/‘C,
To develop an analytical pyroshock prediction FORCE SCALE PuBiCi
scheme it is proposed to make use of the statistical o ACQUSTIC SPACE
energy concepl, a number of relatively successful \ LENGTH SCALE @ vy
investigations using 1his approach have already been l' TIME SCALE @ vy
performed. As previously mentioned the database i FORCE SCALE ¢ pVICE
supports empirical predictions in that users may I . . ) con o,
search for dvnamically and configuration.similar data ct FLUID DY N,}M[C' PP:[;:S‘;L;_,RF FIELD
sets having the appropriate pyrotechmc excitation i LLN‘(’J Ili "’_(,A I‘IE_ : B, ,
sources {pin puller, separation nuts, etc.). These data ! .“'5 - S('A vl B,/Vel
sets could then be operated on to make corrections (o P ’OR_CL SCALL = opvel
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the constant velocity and acceleration slopes that ful prediction scheme would be one that resulted in
characterize pyrotechnic shock spectrums. A success- conservative but reasonable test requirements.
CARGO BAY

@f ACOUSTIC FIELD

DATA MODULE

ADAPTER 2
4 ™ h
Y
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DISCUSSION o
Mz, Baca: How much disk space dv you prosently a
Mr. Baca (Sandia Laboratories): Is your database have? ~
system as it is currently configured, stored on dishks so v
it is always on line? It secms as if you have a great Mr. Henricks: We presently have over 2000 spectral Q
deal of data, do you have the space on the disk to data-sets. The spectral data-set frequensy range }g
handle it? extends from 10 Hz to 10,000 Hz. .
[]
Mr. Henricks: Yes, it is always on line. The actual ‘
database could also be on tape, and then we can bring =
it on linc. ::'
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Discussion

Mr. Baca (Sandia Laboratories). Is your
database system as it 1s currently configured,
stored on disks so it is always on line? It
seems as if you have a great deal of data, do
you have the space on the disk to handle it?

Mr. Henricke: Yes, it 18 always on line., The

actual database could also be on tape, and then
we can bring it on line.

Mr. Baca: How much disk space do you presently
have?

Mr. Henricks: We presently have over 2000

gpectral data-sets., The spectral data-set
frequency range extends from 10 Hz to 10,000 Hz.

RO SOAT
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STATE-OF-THE ART ACCELEROMETER CHARACTERISTICS

FOR PYROTECHNIC SHOCK MEASUREMENT

Jon Wilson
Consultant
San Juan Capistrano, CA

ABSTRACT

This paper presents a brief history,
a brief summary of a user survey, and a
brief summary of a manufacturer's survey
that was conducted to find the state-of-
the-art for pyrotechnic shock measure-
ments, It provides a chart summarizing
the characteristics of several different
manufacturer's accelerometers.

INTRODUCTION

Last night Dan Powers said he has
been coming to these meetings for 20
years, He has heard the same complaints,
the same problems, the same discussions,
and the same responses from the accelero-
meter manufacturers. For 10 of those
years I was providing some of those
manufacturers' responses, so I am quite
familiar with the stories. The basic
problems have been survivability, zero-
shift, and low frequency noise.

USER SURVEY

I conducted a survey of users. I
contacted eight users of accelerometers
who are currently making pyrotechnic
shock measurements, either in-€light, or
in the laboratory; so this covers both
applications. 1 asked the users what
thelir current problems were. The
problems shown above the line in Fiqure
| were given to me by the users: they
are survival, zero-shift, low frequency
noigse and satucration. Until the last
fow years very little had been done
albout thess problems. There wis very
little development on the part of the
accelerometer manufacturers hecause of
the perceived high investment and proba-
ble low return on a limited matket. But,
the gtate-of-the-art has begun to change
over the last few yvears. For example,
on the probiem of the survival of accel-
erometers, Scott Walton gave a paper
yesterday on how he soived his lnetru-
ment survival problems. Some of his
techniques might be applicable to pyro-
technic shock measurements.
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On the problem of zero-shift,
Anthony Chu gave an excellent paper yes-
terday on zero-shift, and three presen-
tations in this session will address
that problem. Anthony Chu mentioned the
low frequency noise and saturation pro-
blem in the context of the zero-shift
problem, but I think they contribute to
other problems as well,

The four problems listed at the
bottom of Figure 1 are not necessarily
perceived by the user as being a problem;
they may be a worse problem, or they may
cause some of the problems, shown above
the line in Figure 1, that the users are
aware of., Fred Shelby, from the Sandia
Laboratories, gave a paper on using
internal filters to supprcss resonances
at the 1983 Transducer Workshop. Anthony
Chu mentioned this in his paper yesterday,
and Endevco is doing this to suppress the
resonances to get rid of the resonance
problems. Calibration has always been
one of my pet concerns. How are pyro-
technic shock accelerometers calibrated?
How meaningful are thosec calibrations?
Cable and connector problems are being
solved by eliminating the connectors,
going to low impedance, and work on cable
and connection schemes. Base strain is
a problem which will be discussed later,
and Anthony Chuy mentioned that as a
contributor to the zero-shift problem.

Figure 2 is a
shack time-history
amplirude negative

typical pyrotechnic
trace; notice the high
peaks as well as the
very high positive peaks. I will mention
later why they may be important in the
problems we are having.

The importance of an accelerometer's
frequency response and resonance are
often overlooked. The top plot in Figure
) shows a test shock response spectrum
specification and the actual gshock
response spectrum that were gendrated
durino that test. The dashed lines are
the poszibilities of what might be hap-
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peniag above 10 kHZ, where the test spec-
ification ends. The test shock spectrum
ends, but the energy does not end. The
lower plot in Figure 3 is a possible
frequency response cvrve of an accelero-
meter. Notice, at the resonant peak the
response peaks at 45 dB above the flat
portion of the curve. What does that do
to the response spectrum if significant
energy is present at those high frequen-
cies? I believe significant energy is
present at those high frequencies. You
need a high resonance frequency accelero-
meter to get away from, or to reduce, the
effects of the accelerometer resonance;
or, as in the case of some recent devel-
opinents, you need some way to suppress
that resonance so it doesn't get into

the signal.

VENDOR SURVEY

Table 1 shows the characteristics
of some accelerometers presently on the
market; the information was furnished by
the manufacturers. All of the accelero-
meters were rated for 100,000 g's full
scale. I asked each manufacturer what
is the zero-shift of your accelerometer?
How much zero-shift would I most likely
see in a pyrotechnic shock event? Notice
the first two manufacturers didn't know
the answer to that question. The next
two manufacturers' data sheets showed
"no zero-shift." The data sheet for
Brand E showed "imperceptible® zero-shift.
Brand ¥ showed less than 0.1% zero-shift
on their data sheet, and both Brands G
and H showed “negligible™ zero-shift on
their data sheets. The initials (S.T.)
for the Brand G accelercmeter mean it
was sample tested; “eval” for the Srand
H accelecrometer means it has been evalu-
ated vy their customers.

For survival: Brand A said, “we
test our accelerometers for survival,”
while Hrand 8 gaid, "we don't get very
rany of ther pack.,” Brands € and D
analyzed their designs te ensure they
would survive, and they also did some
sample testing. In the case of Brand D
their accelerometer was also évaluated
ta high accelegation levels by 3 cuyfito-
mer, and it wan zhown to sourvive. 8rands
F and O wore tested for survivabilivy
while the zurvivability of Hrands £ and
H wan unknown,

At to the calibration methedd, thywe
was ane af =y concerns when | wag tiying
ta gell accelerometersn for shoce. Moaut
sccelerosetera wete calibrated Py uzing
very 1ow lewel wibration, and firands A
and B worc iadeed calibrated by uting
vibratinn, The rest aof the acrelerone-
ters wore calihrated by shock. The noxt
line, calibgatian 1o . el, showe Hrands C,
D, and ¥ are calibiavred by low level

-

shocks, and the levels were not given.

Brand F's accelerometers are calibrated
at 10,000 g's, and Brand H's accelero-

meters are calibrated at 5000 g's.

The frequency response character-
istics of most accelerometer brands were
not specified. The resonance frequencies
varied. The resonance frequency of Brand
A was specified at 180 kHz. The resonance
frequency of Brand D wis suppressed with
an integral electronics design internal
filter. The resonance frequency ~<f
Brand F is 300,000 Hz, and its resonance
is also suppressed. Brand G's resonance
frequency is greater than 250,006 Hz.

The maximum tolerable transverse
motion refers to the manufacturers'
specification of the maximum transverse
motions thetir accelerometers can survive.
It does not refer to the transverse
sensitivity. We are told the transverse
motion is approximately equal to the
motior in the sensitive direction in
pyrotechnic shock tests. The motion is
supposedly the same in all directions in
pyrotechnic shock. After looking at this
data I decided perhaps this is why some
*100,000 g" acceleroimeters break at much
lower levels during pyrotechnic shock
tests. Some accelerometers have no
specification for the maximum allowable
transverse motion. Some accelerometers
have a 20,000 g or a 30,000 g specifica-
tion for the maximum allowable transverse
motion. The maximum allowable transverse
motion for Brand F is 100,000 g's or
greater. Likewise the maximum negative
shock loading leaves something to be
desired in most cases.

LLast, but not least, 1s the problem
of base wtrain. We know from technical
paper®, and Dan Powers showed ys an
illustration in this morning's sessjon,
5f the kind of mation at the moynting
surface of a test plate. we wnow an
aeeelerometat s rounting sufl soe ynder-
goen a great deal of stresn and ztrain,
and yet some of the acoelerameters shown
16 Table 1 have fa1tly high bate ntrain
specifications.  Yot¢ of the othef actel-
crotetert have bate fltain dpecificstiank
that are diffiocult for 2e to bLe'lieve,

bocoaune [ xanw how they sie designed.
CONCLUS TN

Toogoneluyde, 1 othite the 2t tp-nfe
the-att of acgeleoremeler vhatacteristics
12 not yet whore §t nhould Be, byt gt
seemst Yo have inpioved over the lagt

few vears., The manufactuters ate gtaste
ing o respond ta the uaersa’ needs, and
1 heye these comparizons will hely both
user s and »3nyfacturers ta sec where
Iproverent s are needed. 1 alan kope
they will atazmulate o discagsion of
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requirements, that is, are some of these
characteristics really required? I think
Dan Powers had some questions whether the
frequency response and the resonance
frequency characteristics of accelero-
meters have o be exotic. 1 hope this
will also encourage the manufacturers

to imprave their specifications and the
information for their customers,

because my calls to the manufacturers
were similar to a user's preliminary
ingquiry to a manufacturer, and in many
cases, I did not feel I got many good
answers. I believe, in some cases, even
though this represents the information I
got, it may not represent the manufac-
turers' best performance. I hope the
manufacturers who are present can point
out areas where this relatively poor
performance is really not that bad.

DISCUSSION

Mr. Rubin (The Aerospace Corporation)

T A I 2P S

SURVIVAL
ZERO-BHIFT
LOW FREQUENCY NOISE

SATURATION

CALIBRATION
CABLE/CONNECTOR

BASE STRAIN

Figure 1 - User Problems

Were all of the accelerometers plezo-
electric?

Mr. Wilson: No, they were not.
Some accelerometers were piezo-electric
and other accelerometers were piezo-
resistive. Some accelerometers had
internal electronics while others were
high putput impedance charge type
devices.

Mr. Maier (Endevce): Of the speci-
fications you showed, are there others
that should be included? Also, has any
thought been yiven to an acceptable limit
to zero-ghife?

Mr. Wilson: 1 think you should ask
the users 1f any other specifications
should be included. As far as acceptable
zero-shift 18 concerned, 1 prefer to
leave that to the other three speakers,
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Pigure 2 - Pyroshock Time History
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Discussion

Mr. Rubin (The Aerospace Corporation): Were all
of the accelerometers piezo-electric?

Mr., Wilson: No, they vere not. Some
accelerometers vere piezo-electric and other
accelerometers vere plezo-resistive, Some
accelerometers had internal electronics while
others were high output impedance charge type
devices.

Mr. Meyer (Endevco): Of the specifications your
showed are there others that should be
i{ncluded? Also, has any thought been given to
an acceptable limit to zero-shift?

Mr. Wilson: I think you should ask the users if
any othey specifications should be included. As
far as zero-ghift is concerned I prefer to leave
that to the threce speakers.

. - s - - c e e . .~
AR NEAR L CREALS {,\‘_-- ROAARRR N
JECRAE SR S S A AR A, WL L S YL

T or XN AKX DR T

W

e e e e —— P o > at a A a o A& &




——r e e e S e e R W W e R R R R R E R R R R TR T RER WRW

ZERO-SHIFTED ACCELEROMETER OUTPUTS

Arnold Galef
TRW
Redondo Beach, California

cussed.

In this presentation it is claimed that the commonly appearing :ero-shift
in Pyro Shock data is usually a symptom of a malfunctioning measurement
system, so that the data can not be “repaired" (by high-pass filtering

or equivalent) unless tests can be devised that permit the demonstration
that the system is operating in a linear mode in all respects other than
the shift. The likely cause of the zero-shift and its prevention are dis-

The first two figures are presented in order to
make clear the phenomenon we are discussing.
These are accelerometer traces recorded during

a pyrotechnic  separation of a missile from its
mount as a‘'part of the launch sequence.

The first figure is a very typical zero-shift,
of the type to be discussed today. (The "double
shock" present on the trace is not an aspect of
the problem nor is it a symptom of any other
instrumentation malfunction. This was measured
during a redundant separation. A joint was
blown with a shaped charge and another was blown
a few milliseconds later to ensure that we
don't stay in the hole. Two separate.events
have occurred). The accelerometer used for this
measurement was piezoelectric with integral
charge amplifier, and was ranged more than 20db
higher than the highest apparent acceleration
seen on the trace. This ranging may make it
appear difficult to attribute the zero-shift

to amplifier overload, as I will. In fact, I
believe that the most likely cause. of the shift
ijs a saturation caused by the very intense but
exceedingly short duration "Pre-Pulse" which is
discussed in greater detail in the paper* ap-
pearing elsewhere in these proceedings.

Before subjecting the first figure to further
discussioh it will be useful to examine Fig. 2.
This trace is from an accelerometer nearby that
of Fig. 1, but ranged much lower. It was in-
tended that this instrument measure the vibration
that was expected to occur immediately after

the shock. The shock of thousands of g peak-
magnitude caused the expected saturation of an
instrument ranged at 250g9. This completely

* Galef, A.E. "The Pre-Pulse in Pyro-Shock
Measurement and Analysis".
Proceedings, 56th Shock and Vibration
Sympos ium
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expected instrumentation system malfunction is
not the sort of thirng that works its way into
data/bases, because everyone recognizes that
the type of time history present during the
first .5 seconds of Fig. 2 is pure junk, and

we had better not treat this as a shock and
subject it to detailed spectral analysis.
Counterparts of Fig. 1, however, quite frequent-
ly find their way into data bases. But I am
convinced that the phenomena of Fig. 1, 2 are
essentially the same with the difference being
one of degree and not of kind. This hypothesizes
that, in Fig. i, the amplifier is operating in
2 quasi-saturated mode. The next speaker will
present six or seven possible causes of Fig. 1
type behavior, including amplifier saturation;

1 feel that the amplifier is the most frequent
culprit.

But, upon examining all of “hese possible causes
of zero-shift, it appears that it is not neces-
sary at this time to identify the explicit

cause in any particular case of judging the
validity of shock data. A1l the postulated
causes imply that the zero-shift is an indica-
tion that the system is not operating linearly
so that the data should be discarded!

The above adamant position is not universally
accepted, although there is probably universal
agreement that the principal spectral symptom
of zero-shift, a nearly horizontal shock
spectrum at implausibly high levels at low to
medium frequencies, is nonsense and should be
ignored. However, it is believed by many that-

o The spectral levels at frequencies well re-
moved from the region of thenear-horizontal
spectrum are nearly correct, so the high
level, high frequency portions of the
spectra are valid without further proces-
sing.



e The zero-shifted data may be corrected by
removing the bias (using a high-pass
filter or curve-fitting technique) and
the subsequent shock analysis is valid,
so that if the time history has been re-
tained the entire correct shock spectrum
can be generated.

Both of these optimistic viewpoints may be
valid in some cases. However, I hold that in
order to justify their application in the
presence of a significant zero-shift it would
be necessary to show that, for the specific
accelerometer and ampli€irr used *o take the
data, the zero-shift represcnis the entive mal-
function and is not merely a symptom of some
other malfunction (specifically, measurement
system behaving significantly non-linearly).

Since there have been no causes of zero-shift
in a piezoelectric measurement system yet pro-
posed which do not imply a high probability
that the shift is merzly the most apparent
symptom of a malfunctioning measurement system,
it appears only reasonable to insist that the
burden of proof remain in the lap of the op-
timist who would like to salvage some or all
of the data. And, it should be clear that a
successful demonstration of the validity of
"corrected" data for a particular case should
not be generalized to cases other than that
for which the ad hoc linearity investigation
was performed since any individual case un-
doubtedly has its individual peculiarities.

An obvious corollary to the proposition that
zero-shifted data may not be repaired in a
post-processing procedure unless the cause of
the shift is well understood, is that data
must not be taken in a manner that would hide
the zero-shift if it had had the tendency to
appear. But I know of test laboratories of
two highly respected companies where a high-
pass filter is routinely used in the data ac-
quisition system for the specific purpose of
avoiding (more properly, concealing!) a zero
shift. A major accelerometer manufacturer has
recently introduced a line of transducers with
integral charge amplifiers that incorporate
high-pass filters for the same purpose. If
these peopie are doing something that is tech-
nically inappropriate, as I believe they are,
they are certainly doing it in all innocence
and in the belief that after the symptom is
hidden the patient is well. And, of course,
they may be right. But I repeat that the
burden of proof is theirs.

We will now leave an annoyingly high fraction
of the data presently contained in major doc-
uments such as NASA CR 116437 in limbo, and
address the problems of avoiding questionable
‘or wrong data in the future. We will largely
have to lead each other on this, for the in-
strument manufacturers are generally much less
helpful on this than we might have hoped. I
call attention to the Paper by Jon Wilson,
presented at this session, where Wilson reports
on asking eight major accelerometer manufac-
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turers regarding their zero shift character-
istics, and found that two of them were unable
to say anything and the others, while claiming
superb performance ("none", "negligible" or

.1%) were unable to provide test data to sup-
port their claims. 1In the manufacturer's de-
fense it must be conceded that performing
quantitative tests is certainly difficult, with
the difficulties exacerbated by the frequent
presence of the essentially unmeasureable "Pre-
Pulse". Their task is complicated still further
by the likelihood that in some cases, the rate
of change of acceleration is as important or
more so than the magnitude, so that informatic.
attained by applying a haif-sire pulse woisid
be misleading for an equal peak magnitude
versed sine and grossly in error for a sawtocth.
But these comments clearly suggest that a
promising approach requires sacrifice of the
ability to measure all frequency components of
the shock, and this approach has been recog-
nized for some time by the manufacturers who
make either mechanical orelectronic low-pass
filters available. ok
I have had good (but limited) experience with
commercially available mechanical filters. 1
can't recommend them unequivocally, however,
both because they are not being made for all
designs of accelerometers* (they are not usable
even with some of the accelerometers made by
the manufacturers of the filters!) and because
it is clear that there must be a level of ac-
celeration above which the filter is signif-
icantly non-l1inear but the manufacturer has
not been able to conmit himself (at least to
me) where that level begins.

The very good dynamic range of most piezoelec-
tric materials makes feasible an electronic
filter that will minimize the very high fre-
quency components of charge generated in the
absence of a mechanical filter without signif-
icantly affecting the low and middle frequen-
cies of greatest concern. I have again had
good but limited experience using the filters
of one manufacturer, but have learned to an-
ticipate resistance to their use by many test
engineers, who don't like the sensitivity to
cable length of the frequency response of the
resultant system with filter between the trans-
ducer and charge converter stage. It will
seem to many that this {is a regression to the
days prior to development of the charge am-
plifier, when cable length was a major factor
in system sensitivity, but 1f that is a price
that must be paid to achieve valid data then
people should prepare themselves to pay it!

* I would 1ike to caution people against
trying to make a home-made filter, either
to deal with the unavailability of production
devices or to save money. A filter of this
type is in principle very simple but in
fact is hard to make successfully.




A very rational response to the cable length
problem is the elimination of cable by in-
corporating the amplifier with filter in the
accelerometer, Several manufacturers are now
supplying such instruments, and although I
have not yet had experience with them [ am op-
timistic. (However, as previously noted, I am
concerned about one manufacturers inclusion of
a high-pass filter as well as the desirable
low-pass filter.) For extreme environments an
accelerometer of this type mounted upon a
mechanical isolator may be optimum.

I will caution all against trying to solve the
zero-shift problem by the brute-force approach
of increasing the ranging sufficiently to avoid
saturation, First, users should be reminded
that this can't possibly help {f the attempted
range change involves using the same trans-
ducer and charge amplifier with a higher range
setting on the control, since the range ad-
Jjustment affects the output amplification
whereas the potenti{al saturation occurs in the
charge converter, or input stage. When this
error is avoided, however, the problem of
finite dynamic range remains and a range
sufficient to avoid saturation will often
prohibit data at frequencies below 500 Hz,
approximately, that is usefully above the
noise level.

In closing, and as a reminder that we may never
be sure in all cases of what causes the zero-
shift and of how to prevent it, I offer Fig. 3,
from the same test that provided the previous
figures. Note that the accelerogram provides
no obvious indication of malfunction until

well after the shocks have been sensed! When
we understand this we may understand other
phenomena as well., [ solicit your comments.
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QUESTIONABLE EFFSCTS OF SHOCK DATA FILTERING

Paul R. Strauss
Rocketdyne Division of Rockwell International
Canoga Park, Catifornia

Measurements of Pryotechnic Shock events are unpredictable
and often unexplainable. Filtering of accelerometer sigrals
{s used and misused in processing the data. This paper is
an attempt to show the effect of some filtering processes.

A sample case of an electrically simulated measurement is

B presented to exemplify the effect of filtering on the Shock
2 L Response Spectrum, the final data product.
X Pyrotechnic Shock is a complex environment. The questions are: What portion of the

J Inadequate devices for measurement of this data is real; what portion is distorted; how we
W environment add to the complexity. Because of distinguish between the two; and whether or not
K. problems with the measurement system, mani- we can retrieve useful information from it. My
N pulation of raw and processed data is often main concern is that the data can be mani-

performed. The term "manip.latic~ i this pulated into whatever shape the customer has

\ case refers to various type: of i1+ ~ing requested in the shock spectrum.

. that are used to make the data fit cur needs.
%' As an example, I would 1ike to expound on

Is filtering necessary? Does filtering
\ cause distortion? It appears that the
J answers to both questions are "yes." All
shock data is filtered whether filtering is
desired or not. Fi]terin? {s an inherent
product of recording, digitizing and ampli-
N fication systems. Filtering does distert
the data; ovten far beyond the known, or
assumed, transfer function of that filter.

. Filtering is said to be necessary because of
W& the zero-shift apparent in most Pyro shock
k. measurements. It appears necessary to do

something to the data to determine what portion
of the data is real and wnat portion is not.
! But, filtering does not show us what is real,
it only changes the data to something that
looks real or useful.

Pl

The manipulations performed on shock data
sometimes go beyond necessity; it is usually
an attempt to make the data fit our require-
ments. We are using low-pass and high-pass
filters. In our digital recording systems,
we ysa anti-airasing filters., Our tape
ko recorder is offectively a low-pass filter. All
of our instrumentation is limited; it is
filtering the data; and it is biasing the data.
Qur a-celerometer's response also has a
filtering effect on the data.
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the distortion caused by use of a high-pass
filter. This is often used to "eliminate" the
zero-shift from time-history data.

Figurs 1 is a typical shock time history,
typical of the type of data that I receive. A
definite zero-shift is apparent immediately
after the initial high amplitude pulir. The
corresponding shock response spectrum shows a
flattening of the low frequency area. On this
particular set or data, a vertical line was
cleverly drawn, explaining that everything to
the left of the line is noise, and everything
to the right is data. The diagonal line shows
the spectrum we were trying to meet in this
particular case. We have basically said that
everything above that diagonal line and, there-
fore, not in "spec," will be noise. Everything
that is in "spec” will be data.

This is not necessarily being used to our
advantage. To get away from just blindly saying
“This 15 good, and that is not gcod," we have
come up with a filter. We insert a high-pass
filter at 20 Hz, and the data looks better
(Figure 2). The shock response spectra shows a
hump in the curve that wasn't there before. It
appears to be indicative of a resonance but is
really a response of the filter.




Figure 3 shows the same data with a 200 Hz
high-pass filter. According to the inplt
requirement, we are right where we are supposed
ty be. Therefore, the decision is made that
200 Hz is the proper filter to use. We are in
“spec,” and everyone is happy.

We decided to play directly with the
electronics since, mechanically, we knew that
some of the data cannot be real, but we didn't
know exactly what to do with it. Most of these
conditions were easily simulated in the
electronics lab, A time history of a damped
sine transient which closely simulates some
of the real pulses was set up electrically. A
reasonable shock response spectrim is easily
produced from it. Figure 4 is a 2,500 Hz
pure damped sine wave with the corresponding
SRS.

Figure 5 shows what we felt was a true
zero-shift. Starting at zero, a steep slope is
induced followed by a 25 millisecond decay,
returning to zero. Below it is shown the
shock response spectrum of that pulse. We
have added ihem together in Figure 6, which
appears to be a very good representation of a
raw pyro shock measurement. The time history
exhibits motion away from zero, followed by
high-frequency ringing and the dacay to zero.
The corresponding shock response spectrum shows
a very flat low-frequency region.

Fijure 7 shows the same pulse, but with
the addition of a 200 Hz high-pass filter.
This procedure simply shifted part of the time
history such that the signal is now centered
around zero. Apparently we have, inadver-
tently, added a sinusoid, which is one of the
effects of the viltering. Just by putting in
a 200 Hz high-pass filter, we get a sinusoid
that was not there before. This causes the
added "hump" in the shock response spectrum.
Figure 8 shows this same time history but with
the removal of the signal prior to the initial
pulse. The shock response spectrum looks
slightly better in the 200 Hz area.

Dees filtering work? Like any good

medicine, we must examine the side effects. We

saw that by adding zero-shift to damped
sine transient signal, we can simulate a signal
which looks like typical test data. What
happens when we subtract a zero-shift from
our data? In Figure 9, Curve C is the SRS
of our simulated distorted shock signal from
Figure 6; B is the SRS of the zero-shift
from Figure 5. Subtracting B from C does not
yield A, the pure damped sine of Figure 4.
No combination of digital or analog filtering
will free a shifted signal from the distortion.
The data is distorted when it exhibits a
2ero-shift, The effect may be only in the
first 100 Hz, it may be in the first 200 Hz.
It depends on the system. It depends on the
accelerometer, on the range, on the proximity
to the charge, and it depends on the instry-
mentation. Filtering by itself, the way we

.
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Mr. Kalbfleisch (TRW):

are using it today in most of our test
labs, is not giving us a clean signal and a
clean idea of what is really happening
nechanically.

Again, I mentioned I am not presenting
answers. I am presenting further questions
along the same line. We don't have a
direct answer to the question as far as how
much of the data is good. If an SRS exhibits
high levels at low frequencies, that in
itself doesn't necessarily mean the data is
distorted. I have performed one test where
the shock simulator had a resonance at a low
frequency. It fooled us. We broke nardware
because we assumed the data were not real.
There was a resonance in the low frequency nf
the input device that was causing a low fre-
quency increase in the SRS surve. So you must
be very careful. You must examine the data
carefully, both filtered and unfiltered.
Hopefully, there will be greater understanding
and a solution to this with new type accelero-
meters or new instrumentation in the near
future.

DISCUSSION

Before you can
entertain processing the data with filtering,
you have to make an assumption that the sensi-
tivities and tha calibration remain consistent.
If it is a piezo-electric accelerometer,
during the zero shift your pico-coulomd

per g calibration factor remains constant, or
the amplifier calibrations continue to remain
constant. What data do you have to support
that you can continue to use the data, and
attempt to process it to remove the zero shift?
Or, do we subscribe to Arnold Galef's theory
that says it is a nonlinear situation? If
there is zero shift, we just discard it
completely.

Mr. Strauss (Rocketdyne): We cannot afford to
discard all distorted data but I certainly
agree with that. Once we know that the

signal is distorted.we must label it as dis-
torted or filtered, whichever is applicable.

Mr. Kalbfleisch: Are you attempting to
process and use a distorted signal?

Mr. Strauss: That is correct. And today we
are using Information from that signal. We
know it is distorted, but we are still using
it.

Mr. Kaibfleisch: So the questions really

are can we do that? Is the calibration
correct, and can we process that data? What
guidelines does cne have to attempt to process
the distorted signal versus completely dis-
carding anything with any evidence of zero
shift?

Mr. Strauss: I guess one way to look at this
Y5 by assuming that the distortion comes from
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the accelerometer itself; if we have a
piezo-electric accelerometer, if we know there
is no permanent damage, if we know there is no
motion of the crystal, then maybe we can say
yes, the calibration is still adequate. On the
other hand, if we assume that distortion comes
from the amplifier, maybe we can use one part
of the data where we know the amplifier is
stable.

Mr. Chu (Endevco): That depends on what causes
a zero shift. If it is the crystal problem,

at that instant that you have zero shift, some
of your crystal is depolarized and the sensi-
tivity is not the same at that particular
moment; you don't have the same calibration.
But if the zero shift is caused by base-strain,
or some other factors, then your crystal is
still putting out what is seen. At that
instant, maybe your calibration is still valid.
But as to how to offset or how to justify a
zero-shift, how many g's that is, no, I

don't have an answer.

statistically. But also, if you go to a higher
and higher word size, 1ike to a fourteen and
sixteen bit word size, obviously the bias
diminished, and the problem went away. It is
somewhat insidious, and you really have to pay
attention to what is going on in your digital
electronics.

Mr. Strauss: Thank you. We have now added one
more possibility as far as the source of this
is concerned. As far as the filtering, I

agree with you,

We try to represent here the type
of data, the type of filtering techniques, and
the types of responses that we are seeing in
data. I agree that there are certain types
of filters that do minimize the distortion.
It all has to be watched very closely.

Mr. Si1l1 (Endevco): We use a two pole Butter-
worth filter with our piezo-electric accelero-
meters. The reason we use that is we looked

at some of the work being done at Sandia. 1
think Pat Walter had a paper on different
kinds of filters: Chebychev, Bessel, and
Butterworth. He favored the Butterworth
because of all the combined factors.

Mr. Kalbfleisch. It sounds as if it is also
the charge converter or the amplifier, then
those data are very suspect. It would be

very difficult to assume that we could use data
with any evidence of zerg-shift,

Mr. Strauss: That is correct. Until we can
define the exact source of the shift, then we
can't really say for sure that any of the
data are good.

Mr. Kalbfleisch: Can we ever define that?

Mr. Strauss: 1 believe that we will in the
near future. But obviously we can't define
today where these particular things are coming
from.

.z -

XS

Mr. Favour (Boeing Aerospace Company): You
mentioned you had a high-pass filter, and you
injected the sine wave. I would guess that

e

you had a high-pass filter of a box-car . ey
function. If you take the inverse transform of FIGURES NOT AVAILABLE AT TIME OF RELEASE: Y
that, you get sine X, and you get exactly what AVAILABLE FROM AUTHOR -
X

you expect there. In our experience for any

transient work like this, you should use a o=
Bessel, A Gaussian or a linear phase filter, .

L]

as against the Butterworth filter, because they
produce far less ringing. The Butterworth
filter is maximally flat, but it doesn't have
the best phase characteristics. We found over
fifteen years ago you can get some DC bias in

your data depending on the quantization [
intelligence of your A/D converter. For Fq
instance, what jumped up and bit us back around rs'
1970 was our A/D converter would quantize by y:,
chopping to the negative full scale direction. o
This, in effect, put a half a bit bias on all o

data. When we took a Fourier transform of
that, we ended up with low-frequency aber-
raticns, somewhat similar, but not as severe as
the zero-shift that you are seeing here. We
were able to remove that and we did it
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:: COMPARISON OF RESPONSE FROM DIFFERENT
t
t.\‘l ) RESONANT PLATE SIMULATION TECHNIQUES
)
)
)
)
30‘.' Robert E. Morse
X TRW
f,§ Redondo Beach, California
N
3
)
. I will talk about two applications of one tech- axis. You get these at about the same time, but the
iyl nique, the "Resonant Plate” technique, which you have transmission path is attenuated by going thraugh a
oy heard other speakers talk about earlier. It is nota couple of interfaces.
i method that I developed., The two systems that | will
3 describe have been developed by two different test labs. Figure 4 is the fixture, and it reflects the total
b One was developed by the TRW test lab, and  think set-up and the parameters that we had to work with,
oA Don Pugh gets the biggest portion of the credit for We had a compression system where we could put dif-
', developing our "Resonant Plate” technique. The other ferent compression loads into the plate to tune it to dif-
Ty one was developed at Lockheed. They did a verv good ferent resonant frequencies. The width of the plate and
IR job on their "Resonant Plate” system; we are presently the length of the plate affected it. The weight of the
2 using it on a program I am involved with now. hammer, the distance of the drop, all had an influence
P, o on the amount of shock we would get into the unit. We
£ e I want to give credit to several people for had some rubber compression members. and we have
‘S.‘-j Figure { which essentially depicts the Pesonant Plate also tried several different materials to influence the
o system in terms that we all should understand. This is shock response of the plate.
N essentially what we are trying to accomplish with the
Resonant Plate system. Figure 5 is a labeled picture of that system.
; Again, the unit was mounted at the center for two axes,
30 The first plate is one we developed at TRW with and it was mounted at the bottom of the plate for the
'{i a longitudinal impact. The shock response spectrum third axis. The slide hammer slides on the rod, it uits
. requirement that we had to meet was the same in all the anvil, and it transmits the shock down the plate and
ey three axes so the spectrum for our component was the into the unit. Three curves (Figures 6 - 8) show the
AN same in all three axes. The spectrum had fairly tight response spectrum and the tolerances that we got with

the box mounted in each of the three axes. The data at

- tolerances on it, but we got some relaxation later. We
the low frequency end are not really valid. However,

had a major problem in the low frequencies where we

were out of the dynamic range of the measurement
system. and it took a great deal of work to convince the
customer. and even some of our colleagues. ihat the
data were poor and the reason was that the measured
data werc out of the instrumentation dynamic range.
We were getting about a 4,000-g peak response spec-
trum. We mounted the specimen in three separate
orientations on this plate.

Figure 2 shows the response spectrum that we
were required to meet. It peaks up to 4.000 g's at
about 3,500 Hz.

Figure 3 shows the plate we developed for this
response spectrum at TRW. The specimen was
mounted at the center for two of the axes. We can just
rotate the box itsell to get the two axes - with the plate
impacted at the top. We mounted the box for the third
axis on the bottom of the plate. The advantage of the
plate over the shaker is that when you impact the plate
at the end. you get a traveling wave shock: the trans-
mission path approximates the real path much better;
vou do not over-correlate the input at the mounting
points. The shock arrives at each mounting point at a
different time, and the shock is closer to what it would
be in real life. That is not quite the same for the third

we did & fair job of staying within the tolerances that
were finally negotiated. Again, there is not too much
difference in the data we got on each of the other two
axes. You would expect the same from those two axes
because the box is essentially merely reoriented. This
particular fixture was developed by the Environmental
Test department at TRW, and 1 thought. it did a good
job by providing for our 4,000-g shock requirement.

We had other projects that had the same order of
magnitude shock response requirement. Figure 9 shows
a similar "Resonant Plate” system that did the same
thing. This plate is a little bit different in length. and a
bit different in width, The general arrangement and the
technique are the same. Some of the things that we
varied were the width and the thickness. We also tried
aluminum plates and steel plates. You can vary a few
parameters to accommodate some differences in your
requirements, and we have had some success in this;
this is the state of develoment of the resonant plate
shock technique at TRW.

Figure 10 shows our approximate status at the
resent time, We have added a system to measure the
orce that we actually apply to the hammer, so we know

what that force is. We use some Bungee cord, which is
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not very elegant, but by adjusting the cord tension, J'ou
can get some added force to get a higher impact an
vary the load and the acceleration that are input to the
specimen. Again, it is the same general arrangement
and technique of the resonant plate, impacting at the
end, getting the transmission down through the plate
into the specimen,

The next system is a "Resonant Plate” system

that was developed by Lockheed. We are using it on a

rogram that we are performing for them. The vertical
impact in this case is perpendicular to the plate. The
spectrum requirement we have is for one axis only, We
get the response spectrum now in a single axis, and we
don't have to meet a particuiar requirement in the other
two axes, which simplifies the test requirement con-
siderably, Tolerances are also more reasonable for this
response spectrum. 1t is a 4,200-g peak response
spectrum, and we mount the specimen in two different
orientations so that we do get some variability in the
amount going into the component,

Figure 1 shows a sketch of the general test
arrangement., The specimen would be mounted on the
plate, and a pneumatic actuator impacts the plate. It is
an aluminum plate about 1/2 inch thick and its size is 4
feet by 6 feet. The plate has a 3-inch foam pad under-
neath; the rest of the structure and control panel are
built up to support the plate and handle it.

We have a single axis response spectrum that we
are trying to meet with this particular arrangement: a
4,200-g proto-qual requirement. Figure 11A shows the
response spectrum that we will be obtaining with that
system. Figure 12 shows that test set-up. Again, the
unit is mounted on the plate, and you can vary the dis-
tance from the impact point to the test unit. Some
damping material can be put under the hammer, and in
this particular case, it is some paper and a felt pad.
The pneumatic actuator is controlled by a panel.
Figure 12 shows the foam and the plate. Figures [3
and 14 show the test setup trom the opposite end. You
can see the foam pad and the plate a little better in
Figure 13. Figure 14 is essentially the same as Figure
13: you can see the hammer and the damping material.

Figure 15 gives a pretty good idea of how well
Lockheed did in meeting the requirements with this
particular piece of cquipment. The 4,200-g spectrum
with the tolerances is shown, and they met it pretty well
except at the low frequency. Then we tried to vary
some of the parameters. The distance was 2 {/2 inches
from the unit to the measurement point, and the dis-
tance from the measurement point to the impact point
was 6 172 inches. The actuator pressure was 150 psi
and 5 sheets of paper were used for damping; that is
not real elegant, but it does the job.

We decided we wanted to know what would hap-
pen if we changed the actuator pressure, and Figure 16
shows that. We have gone to 250 psi, using the same
damping and the same distances. The higher pressure
has raised the whole spectrum. Then we thought we
would try changing the damping. We got 26 pieces of
paper; we use the same pressure, 250 psi, and the same
distance; the damping knocks off the tail of the high

you want to bring the high frequency end down. Then
we tried varying the distance to the impact point. We
went from 6 1/2-inches to 8 1/2-inches. It knocks
down the whole high frequercy end of the spectruin,
not just the tail of it, not just one end. So increasing
the distance between impact point and unit brought the
entire high frequency range down nicely (Figure 18).

Figure 19 shows the effect of adding a felt pad
which as you can imagine, changed the damping con-
siderably. That is evidenced by the amount of tail-off
we got at the high frequency with much more damping.
So, the few thinﬁs that ,5u can vary on that system
don’t look like they are very significant but you can do
quite a bit with the spectrum by just varying a few of
the parameters.

Initially when this requirement was imposed, we
didn’t have a very good idea of what kind of shock ihis
would put into our components. We took exception to
the requirement until we could get some feel for the
response on a specified plate, since Lockheed did not
have the data at the time. We collaborated with
Lockheed on a test. We supplied an instrumenied unit,
just a dummy mock-up of a couple of slices of elec-
tronics that are typical of the type of equipment thai we
will be using on this project (Figure 20). We had many
response accelerometers mounted inside the test unit for
this test. Figure 21 is a prototype of the system that
we are using on this project. It is a little bit different
but essentially the same set-up. We took data at the
input to the box, and we measured some responses
inside to see how much attenuation we were getting.

1 mentioned we are doing this in two axes of
orientation. Figure 22 shows the other axis where we
are mounted face-on to the shock wave as opposed to
the shock wave coming in from the unit edge. Figure
23 is the same picture but with the labels on it showing
the impact hammer and the pneumatic cylinder forcing
the hammer down against some damping pads on the
large resonant piate. When you hit the pla:~ the plate
goes into some sort of resonance. To get what we
wanted on this particular test, the plate was free at the
middie, and we had foam at each end of the plate. So
there are several ways that mounting the plate can be
handled.

Figure 24 shows the instrumented test unit, We
mounted accelerometers at the top to find out how
much of attenuation we got all the way up. We
mounted some accelerometers right near the mounting
feet to find out what we were getting across the mount-
ing interface and we mounted many accelerometers
inside the unit to show how much acceteration we got,
inside in the middle of the boards and where parts
would be located, because we have sensitive parts that
we are concemed about. Our major concern was
whether the parts inside the components could survive
the 4.000-§ shock requirements imposed on this
resonant plate when we were not exactly sure what type
of attenuation or amplification would occur.

_ Figure 25 shows the instrumentation we had
inside. An accelerometer is inside at the middle of
some mocked-up boards to get responses inside.

frequency-response (Figure 17). It did a very nice job; Figure 26 shows close-ups of the accelerometers at their
it shows What yor can do by adding a little damping if mounting points.
86
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Figure 27 shows the instrumentation mounted at
the corner. If you want to generalize on the attenua-
tion that we got goinﬁofrom the input of the box to the
inside the box, it is about a 3 dB attenuction. It is not
as much as Hank Luhrs measured in some of his space-
craft simulator tests, or what we really expect to see on
a real spacecraft. On a real spacecratt it is probably 6
dB or more. If you look at the way vibration specifica-
tions are developed over limit load. there is about a 2-1
margin on that. So the 2-1 margin on the shock is
probably not too bad a margin. as fong as you
recognize you have a margin when you are testing, and
you are overtesting the equipment. The margin is over
and above what you would see in real life. The test is
not too bad considering you want a margin for
qualification. If you design to meet this type of
requirement. you shouid be in good shape in real life.
That is the purpose of the qual test.

Discussion

Mr. Mardis (General Dynamics - Pomona
Division): | had seen this apparatus before. How
much did it cost? How did you establish your material
selection and the contact geometry between the hammer
and the plate?

Mr. Morge: | don’t have an exact answer on the
cost. You can cee from the material we used to put it
together. it is not expensive. However, quite a few
dollars were involved in the development work to artive
at the system that was shown. We did quite a bit of
work on several programs with it, so the cost to TRW,
to develop the three particular plates that we showed,
probably does not represent what somebody like you
might have to do to go into a program now, because
you have a pretty good idea of where to start. With
regard to material selection, we initially tried steel
plates, and they ring much more than aluminum. Prob-
ably. if you use magnesium you can get more damping.
So, you would have to look at your particular require-
ments and try to tailor the materials that you want to
use toward the spectrum that you have and the Jevels
that you have from the other parameters. " The details
are left to the student.” About the contact geometry,
each of those hammers that you saw in the figures
shown are slightly curved so it is not a pointed impact
point. but it is rounded in a fairly small area. In many
cuses we did use a Delrin washer at the impact point,
We tried different thicknesses. and different thicknesses
gave us different tevels. So you would probably end up
doing some development work to develop your
particular spectrum with the impact point and using
very different materials. We used a steel hammer and
an aluminum anvil,

Mr. Rosenbaum (General Dynamics - Convair): |
guess we at General Dynamics should tafk o cach other
more because we have been using an impact tester for
seven or eight years that we made out of an old HYGE
machine which we use for the pneumatic hammer. We
have done a similar type of testing for electronic com-
ponents for a fong time,

Mr. Morse: Many years ago [ was very irritated
at the mefhods used for high impact shock, and 1
thought. “Boy, the Navy is really unscientific with their
high-impact medium weight shock machine.  They just
have & hammer hitting a plate.” 1 thought, "How could
anybody be so unscientific as to just hit a plate with a
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hammer and expect to get the right shocks.” Yet, the
Navy stuck with that system, and the equipment that
went into submarines and ships passed those tests, and
never had problems. In retrospect, it was not a bad
system. They didn't have much data on it. They may
net have known exactly why they were doing it, but
they were doing it right; maybe for the wrong reasons,
but probably for a lot of the right reasons. So you have
to temper some of the judgments you make as a young
fellow as you get older.

Mr. Rosenbaum: In retrospect, tatking about
what Henry Luhrs was talking about this moming, we
found "off-the-sheif” 250-g relays that would barely
pass drop-tabie or drop-tower shocks but they would
easily pass orders of magnitude more than that on a
resonant-type table like this.

Mr. Morse: 1 discussed the advantages of the
resonant plate in a paper that | presented three years
ago. One of the advantages of the resonant plate is that
the transmission path is simulated and the shock arrives
at the box in a similar way as it does in the real world,
Also, you do not overcorrelate the input as you do on a
drop table or on a shaker. These are the major aspects
of simulation that the resonant plate performs. The
mounting impedance is still not good because you are
using a piate instead of a honeycomb panel, a space-
craft structure, or whatever the real structure is.
Although the compliance still is not matched, you at
least match the transmission path in some respects.

Mr. Rosenbaum: Like you. we have used felt,
rubber, Delrin, and all kinds of things by trial and crrov
to vary the widths of the pulse.

Mr. Morse: Again, this just shows a couple of
ways to solve the shock simulation problem. You have
a problem,. You wan* to perform a shock test. How do

ou do it? "Resonant plate” technigues are not too

ad. You have a few things that you can vary; you can
vary some of the parameters and get where you want by
using paper for damping or whatever works.

Mr. Dotson (Lockheed): [ was involved in the
development of this system.  One reason we tried this
approach was we were trying to develop a system that
would cover a particular spacecraft that had many items
mounted on honeycomb panels, and which had very
similar characteristics to a flat plate. It was also a
svstem that had a lot of low frequency response. We
started off trying to use explosive joints to excite this
plate. 1t was hung vertically at the time, and we found
we couldn’t generate the low trequencies.  In checking
one of the accelerometers one of the technicians hap-
pened to hit the plate with the sledge hammer, and we
got the exact spectrum we wanted.  All of a sudden we
got real excited about it.  So. we laid it horizontaily,
and because we didn’t have an air-impact device at that
time, we just dropped an aluminum cylinder down u
plastic (udc: lo and behold. we were getting all hinds of
good results. Then we started varying the parameters;
the thickness of the plate, the type of material, the
damping material, and the distance from the source,
We put it on foam, we put it on sand. and we could
vary the spectrum shape widely. 1t was very suceesstui.
I should mention that by putting it on sand. you can
move the low frequency modes and steepen the slope.
So that is another parameter if you ever need it. As an
asidv, something that came out of this is that this is a

w

ERERE AR 3 o e ot SRR SR, o L e T i 1o | » 3 P R

ANEFP s a 2 o L A .0 WHEST Y T3 YTV RERLT LY,

TN CTETs ATaT 4T




single directional-type device: but many companies who
wish to use this device require three-dimensional
equality. We have recently put book-end shelves on the
system, and we are getting significant in-plane
respunses. It is still vertical, but you can rotate ihe box
on the shelf. Another point is when data are taken on a
spacecraft, or even on this plate, many times you have
a tri-axis accelerometer that is mounted on a littie
aluminum block or some other type of device. The
rocking of the plate, or the rocking of the structure in
the spacecraft, can give you what you think is a
longitudinal or an in-plane response that is not really
there. It is not true in-plane motion. So beware it you
are mounting your accelerometers above the neutral axis
of the structure or plate if that is the case, because up
to about 7,000 Hz and higher, just the rocking effect is
equal to the normal response. Once we went back and
tooked at all of our spacecraft data. we realized that ali
the enveloping of what looked like in-plane response
was really a rocking effect due to normal response due
to the bending waves. So, ! think many of the three-
dimensional spectral requirements came from non-true
three-dimensional effects.
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Mr. Morse: That is a good point. | have to
agree with what is mentioned in the lead-off chart: that
our requirements are only for a single axis. 1n a pre-
vious projcct we had to meet the same shock require-
ments in all three axes. If you look at the way
components are mounted in a spacecraft, shock really
comes ta it along a single avis. You don't get the same
response in all three axes. You get a major response
perpendicular to the plane on which the component is
mounted. You don't get the same response in the other
in-plane axes. 1 think that it is well recognized in
vibration because many vibration specifications now
require different levels in-plane, and normal to the
mounting plane. | think that eventually the method
snould be the same for sho-k requirements.

Voice: The last two or three minutes of discus-
sion satisfied the comment | was going to make. [t was
about the compromise that one might have to accept in
a lateral axes, but 1 thought Ron addressed it real well
by saying with book shelf-type fittings you can get the
lateral axes as well.
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Resonant Plate Developed to Mect a
Component Response Spectrum

Figure 3.
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FIGURE 15 - Impact M1, Initial Conditions
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FIGURE l'T- Impact #3, increase In Damping of impact
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FIGURE 19~ Impact #5, Additlion of Felt pPad for Dampl:g
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Discussion

Mr. Mardis (Genera) Dymamics - Pomone
Division): I had seen this apparatus before,
How maich did it cost? How did you establish
your mterial selection and the contact geometry
betveen the hammer and the plate?

Mr, Morse: I don't have an exact answer on the
cost. You can see from the material we used to
put it together, it is not expensive, Howvever,
quite a few dollars vere involved in the
development wvork to arrive at the system that is
there. We did quite & dit of vork on several
programs with it, so the cost to TRW, to develop
the three particular plates that we shoved,
probably does not represent what somebody like
you might have to do to 29 into a progras nov,
Yecause you have & prett; good idea of vhere to
start. With regard to material selection, ve
initially tried steel plates, and they ring mch
more than aluminum. Probadly, if you use
nsmesium you can get more damping . So, you
vou,1 hwve to look at your particular
requiiesssts and try to tallor the materials
that you weab tc use tovard the spectrum that
you have and the [evels that you have froa the
other parameters. “'he details are left to the
student.” About the coclart geometry, each of
those hammers that you sav ara eslightly curved
so it is not a pointed impac: polot, but it e
rounded in a fairly small area. In many cases
ve did uae a Deirin wveahyr at the (gpuat

point, VWe tried ditrferent thicknesses, ac*
different thicknesses gave us different

levels. 3o you would protabliy ead up doing a
lot of development vork to develop ymir
particular epectrua with that i{mpact polnt end
using very different materials. Ve used a atecl
hammer and an alu=minum anvil.

Mr. Rosenbaum {Qeneral Dynamica - Convalr}: I
gaess ve at General Dynamics should talk to each
other more because ve have been using &n impact
tester for seven or eight years that ve sade out
of an ald HYGE mechine which v2 ugse for the
preummtic hareer. We have done a alafilar type
of testing for alectronlc componenta for & long
Lirma,

Nr. Morge: Many yeard ago I wan very frritated,
and I theaght, “Aay, the Kavy L. rer)ly
unectiomtific with helr high-lmpact medium
veight ahock machine, they tuat have s hammer
Bitting a plate.™ I thought, “How could asgbody
be a0 unsclentific &8 o Just hit a piaste with a
hammer end expect to get the right ehocks.”
Yot, 2he Xavy gturk viih that syustem, and the
aquipment thal vent into culmarines and ships
prased those lesis, and never Ywad problams. In
relrospect, i1t ves ol a ded aystem. Ther
aidn't Mave mich 4ata on {t.  They 4ida‘'t keow
exaatly viy they wera dolng (%, bat they vete
doling 1 right aarde for the wrong ressons, but
prodadly for a lot of the right ressons. 5o you
rave 10 Legper swme of the ludgemenste you ntke
s ayoung fellov es you get clder.

e h e e e e e e v e e+ e e e e

1

Mr, Morse:

Mr, Rosenbsum: In rutruepeit, talking about
vhat Henry Luhrs was talking about this morning,
ve found “oft-the-shelf" 250-g relays that would
barely pass drop-tabdle or d&-op-tower shocks but
they wvould easily pass orders of magnitude more
than that on a resonant-type teble like this.

Mr., Morse: I discussed tie advantages of the
resonant plate in & paper thatv I presented three
years ago. The adventag+s of the resonant plate
&re the transmission path and the fect that the
ahock arrives at the box in a similar vay to the
real vorld; you do not overcorrelate the input
as you 40 on a drop table or on a shaker. That
is the ocest porticn of the resonant plate
simlation that you can do. The mounting
inpedance is still not gocd because you are
uzing a plate instead of a honeycomb panel, a
spacecraft structure, or vhat have you.

Although the compiiance still is not matched,
you at least match the tranaaission path in some
tamt.a

Hr. Rosenbaum: Like you, ve have used felt,
rubber, Delrin, and sll kinds of things by trial
and error to vary the vidtha of the pulse.

Again, this juat shovs a couple of
vays to solve prodlem. You nave a problem. You
vant to perform a shock test. v do you do

1t? "Resonant plate” techniques are not too
bad. You have a fev things that you can vary;
you can very soae of the parameters and get
vhere you vant Yy neing paper for dawping or
whatever vorks.

M-, Dotson (Lockheed): I wvas involved in the
devaiopment of this syatem. One reason ve tried
this upproach vas ve were trying to develop a
eten that vould cover a particular spacecraft
that dad mayy of itews mounted on honeycosd
pansla, and vhlch Mad very aimtlar
characteristic2 to & flat plate. It vus also a
system that had a lot of lov frequency
responae. We started off trying to use
explosive loints to excite thie plate. IR waz
hung vertically at the time, and ve found ve
coaldn't generate the lov frequencies. In
checking one of the scceleropetars one of the
technicians happaned Lo Mt the plate with the
sledge hamr, and ve gotl the ézacl epectirum wo
varted. All of a mdden ve got real excited
abrut (3. So, ve lald it karizoetally, amd
bacause ve Aldn't Mave an alr-impect device &t
that time, ve jJust dropped ae aluminuz cylinder
doutt & plastic tube; 1o and dehold, we vere
gelting all kinds of gund resulta, Then sre
started varring the paremsters; tRe ih'isfegs o7
the plate, the iype of mtortsl, the damping
mmterial, and the distence {rom ihe source. Ve
put 1t o foaz, we pot it o0 san!, and ve could
vary the specirum shapr wilely. IR vas very
suceegaful. I ebruld mestieon thatl Iy putting iR
on gand, FPou .an move ke lov freguensy andes
an? sleepen Lhe alope, Sop ihal la ancier
pareaster IT you ever need 1%, Ax an ealde,
sonething thet came oot of thils iz that this la
s ningle Jlrectional-type device; Wut maty
corpanies vho vish to uze Lhis deviee reguire
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three~dimensional equality. We have rocently
put book-end shelves on tha aystem, and ve ars
getting significant in~plane responses. It is
still vertical, dbut you can rotate the box on
the shelf, Another point is vhen data are taken
on a spacecraft, or even on this plate, many
times you have a tri-axis acceleromster that is
mounted on & 11¢tle aluminum block or some other
type of device. The rocking of the plate, or
the rocking of the structure in the spacscra’t,
can give you wvhat you think is a longitudinal or
an in-plane response that is not really there.
It is net tiue in-plane motion. 8o bevare if
you are mounting your sccelerometers abov: the
neutral axis of the structure or plate, if thag
is the case, because up to adout 7,000 Hs and
highar, just the rocking effect is equal to the
norml respose. Once ve vent back end looked
at all of our spacecraft dats, ve reslized that
all the enveloping of what looked like in-plane
response ves really & rocking effect &ue to
noYmal response due to the dending wmves, 8o, 1
thisk many of the three-dimsnsicaal epectral
requirements came from nog-true three-
dimensional effects.

Mr. Morse: That is a good point. I have to
agree vith vhat is mentioned in the lead-off
chart, that our requirements are only for a
aingle axis. In a previous project ve had to
seet the sane shock requirements in all three
axea. If you louk at the vay componants are
sounted in & spacecraft, shock really comes to
it that wvay. You don't get the same 1eepoase {n
all three axea. You get a major reaponse
perpendicular to the plane in which the
component is mounted. You don't get the same in
the other in-plene uxes. I tnink that is well
recognized in vibration decause many vidration
specifications nov require different levels no
plene, and normal to the mounting plane, I
think that eventually ehould be the eame Toy
ahoct requiremsats.

Voice: The last two or three minutes of
discussion satiefled tha comment I waa going to
mXe. It var sdout the compromise that ane
sight bave to accept fn a lateral axes, dut }
thought Rot eddressed 1t resl well Wy sayicg
with bodk ehelf-type fittlangs you can get the
lateral axes s well.
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The Controlled Response of Resomting Pixturee
Used to Sisulate Pyroshock Enviromments

Neil Davie

Zandia National laboratories
Alduquerque, New Mexico 87185

ABSTRACT

This paper desoribes the test teohniques used at Sandis Nationsl

Latoratories for sisulating pyrotechnic shock on components,
*lesonating FPixture® approach, sometimes known as a hammer test.

It s &
This

paper drings together information that ia availadle separately in the
literature, and adds details, not previously pudlished, which should enable
the reader to reproduce these techniques for their oun use.

Vhen vorking with scme pyrotechnic device, or
some otler impulsive stimuli on a real structure,
(rig. 1), experience indicates that somewhere
near that pyrotechnio devicy, very high g levela;
perhaps greater than 100,000 g's, and very high
frequencies, perhaps greater than 50-100 kKa,
sxiat. In this region (Region I, Fig. 1), the
shock is best desorided in terms of otress wave
propagation as opposed to structural respoass. I
descride this regicn &s the Fgaterisal reapoame to
the astimuli.* In mcat structures, sosevhers
remote to the pyrotechnic Sevice, g levels tend
Lo be lower, typically less than 20,000 g's, and
dominant frequencias are also lower. Yhose
dominant frequencies are on the order of 1,000-
10,000 Rz, The response of the structure in this
regton (Keglon II, Figure 1) s domirated by the
atryctural respoaze of the entire atruoturs.
Noast of the prrotechnic shock eavironments
sncountered st Sandis are of the Raglon IY type.
Thia Region II eavironmeat cat e edeguately
simlated vith mechanir]l fmpact twet texdeiquest
s nuwber of tiase mechanicel fmpact tachaigues
are descridbed in the litsrelure.

Figure 2 ahows desigo philosophies for some of
these impact teat techniques. JIn Pigure 2, the
test componant is sttached to the sctual struo-
ture 18 will be uped in. The test atructure is
struck in & trisl end error feohion umtil) s
responee which satisfies the test requiremsnt is
cbtained.

Another test techaigue (Figurs 20) siso usse &
trial and error melkod of determining the
resgonse 8t the test item. Inatesd of using the

sctual structure wbich may be very cosplex, &
teat fizture of o sispler geomelry, asuch sa @
plate fixture, §s used.

Source of
shaock \

Figure 1.

Two distinct regioay of
pyrotaechale shoek.

Sandis has many differect test Stems with varlous
skock apsotrum requirexsnts, 3s opposed to a
production sgercy that might have only o few teat
itemn with the same rteGuiresant. We zuet have @
test technaique wherw we can essily develop e
veriety of shock spectrs without an eladorate
effort to dasign & very specific test spperstus.
Figure 2¢c shows how this is done. We have a teat
fizture to wikich we mount the test item. That
tesd fixture ia struck with efither s perndulum
tamper or &n slrgun-fired projectile. That test
fisture 1a anaiyticzelly Cdesigned so the response
of the test fizture end the test item tre inow
prior to perforsing the sctual test.

The fixture respcnae in some function of the lest
ftex material and gecoetry, the lest fixture
saterial and geometry, tLe impeact forcing Nioc~




tion, #au its location and direction. This could
te a very complex z.alysis, but fortunately the
analysis can be simplified in several ways.
First, a simple test fixture, e.g., a beam, thick
plate, or bar fixture whose modes are simple and
a known function of geometry can be selected,
Secord, the fixture can be made relatively stiff
and massive so its response is essentially inde~
pendent of the test item to which it iz mounted.
Thus, the test item can be neglected and the
solution to the analysis decoupled., Experience
indicates we can assume that the impaot is ap-
proximately a half sine pulse with variable
amplitude and duration.

The two fixtures selected for this purpose are a
bending plate fixture and a longitudinally
resonant bar fixture, hereafter referred to as a
Hopkinson bar. The bending plate fixture is a
square plate whose dimensions are L by L by
thickness T (Fig. 3). It is struck on the center
of one side, axd the component is mounted on the
opposite face in the center of the plate., The
first bending mode of the plate is the one which
we attempt to use, This ie approximately given

by equation 1.2 For this case, the component, as
shown in Figure 3, is located at an anti-node for
the first bendiing mode, The response we excite
is perpendicular to the base of the component for
this configuration.

The Hopkinson bar, (Fig. 4),is utilized in a
similar manner, but impact occcurs on one of its
ends, thus exciting that fixture into its lon-
gitudinal modes of vibration. Those modes are
calculated from the one-~-dimensional wave

equation. The result is given by eguation 2.3
In the configuration illustrated, the input te¢
the test item would be tranverse to the base,

The method of using the first modes of a plate
fixture or a Hopkinson bar to simulate pyrotech-
niec shook was first proposed by Bai and

Thatchexu“ In their paper, they selected a pair
of fixturss, a dending plate fixture and a
Hopkincon bar fixture, which have the same first
modes, They tesied the component perpendicular
to its mounting direction on the bending plate
fixture and the two transverse direotions on the
Hopkinson bar fixture.

These fixtures are designed in a simple way, so
that their struoctural mode(s) match the frequency
content of a given test apecification (i.e.,
shook spetrum), Figure 5 shows a normalized log-
log shock spectrum of a single degree-of-freedom,
damped linear ossillac¢or; uhile not exactly
drawa, the character is shown. If the first mode
of one of these fixtures is exoited, the restl-
tant shook spectrum would resemble that in Figure
5, 8ud vhe time history would resemble the inset
drawing.

A shock speutrum from an actual pyrotechnic shook
is shown in Figure 6. The shock speotrunm from a
single degree-of-freedom oscillator van be over-
layed in such a marnner as engineering judgment

2
a) Test

Component

Impact

2b)
Test
Component

2e)
Test
Component
Impact /"
Test Fixture
E
Figure 2, Test design philosophies.
Impact /
\ L

T

/
~ j\\/ componont

Figurs 3,

Bending plate fixtura.
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would dictate to be the best envelope, Figure 7

;
3 4] illustrates this envelope, It turns out that a 10
il fixture resonance of about 2,000 Hz with a peak
O acceleration of about 2000 g's is needed to 9 A c
gi simulate this particular environment. g o
3‘& | 2 )
§ ;
e o 1
v %
. 2 @
S
" £, = 22,440 o
i, 12L°p e
f? [
'\V @
}p' where E = modulus of Elasticity . .1 7
u g
ﬁé p = density s
. ~
T T = plate thickness s
N 5
v’ L = plate length and width z
P 9 O].'01 0.1 1 10
b‘g '
Qc' Equation 1 Normalized Fraquency =
X =queriof = £,

r

oy,

Figure 5. Normalized shock spectrum of a

Test damped linear oscillator.

Componeat

Impact @

L

—  —

Figure 4. Hopkinson bar fixture.
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n 2L « /
where n =1, 2, 3...
¢ = wave speed in bar Tiw YT
. &
Freguuncy
L = bar length 4 Y
Figure 6. Shock spuctrum of actual

pyrotechnic shoca,
Fguation 2

e G ap

\ environments seer at Sandia Laborataries it tha*
" ahape very well. Once the fixturs geoantriea are
: The first modos of theee Tixtures are used since selected and their sizes determined, their moces
- the response shook spectrum is approximately of vibration ere fixed. We then impact the
X known. The dimensions of these fixtures are fixture in order to excite tho firat mode, This
. desipned 80 their firat modes correspond with the is dona by cortrolling the amplitude and duration
8 peak on the shock speotrum, This method applien of the input pulse which {3 applied by & hammer
~ to s somewhat limited olass of pyrotechnic shook or projeotile, For exaople, a beam with a firat
- environments that have a shapo similar to that mode of 1,000 hz, roguires an {nput pulse dura-
2 one-dimenaional decayed osoillator, Most ustual tion of about one millisecond. The amplitude of
A
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that pulse is simply varied by inoreassing or
decreasing the impact velooity; the duration is
controitled by various shock programmers,
Sometimes an elastic programmer (Figure 8) {s
used, which consists of a piece of Delrirn plastic

o~ 1000
L}
o
L)
0 L
ol ’
[} . Y4
o1 N
® 190 ,/
2 . /

1 KMy 10 XMy

Frequency

Figure 7. Frevious shock spectrum showing

envelope.

Plate
Fixture

Projuctile .

.
lmpact Surfacne

(£elt and Dulrin)

Figure 8 Detail of typuial impact

aurface,

and & plece of felt., This is typically for
plate~ - {th a low patural frequency (<1000 Hz).
For l.guer frequencies, a metal-to-cetal impact
{3 used. 1In these cases, the prograceing
material is usvally a piece of aluminuz. The
Rluninum is indented with a projsotile or hammer
which has efther a apherical or conical nose.
The duration ia varied by changing the spherical
radiuas or cone angle., For exasple, {f the cone
i{s made sharper, the impact duration would be
longer. VWith only minizal trial and error, the
{epact duration can be lengthened or shortened ao
that the firat sode of the plate or a bean fix-
ture 1s excited,
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Fixture damping is another parameter which needs
oontrol. These structures are fairly uniforn,
continuous media, hence they have very 1little
damping of themselves, A component mounted to
that structure inoreases thu mechanical damping,
however, these fixtures still resonate for
hundreds of milliseconds. This i{s not desirable
because the actual pyrotechnic shock environment
typically lasts less than 20 milliseconds, These
fixtures can be mechanically dampened by clamping
various bar or plate materisls to the fixture
itself, These bars tend to lower the first mode
of the fixture by not more than 20%, whioh is
usually acceptable, This simplifies the analysis
since the damping clamps do not have to be ac-
counted for when calculating the first mode
frequency of the fixture. For example, a damping
arrangement on the bending plate fixture as shown
in Figure § 1is a square alumizsum bar clamped to
two edges of the plate with C~clamps or bolts,
The same thing can be done for the Hopkinson bar
by clamping a amall plate stock on its impact end
(Figure 10). The small x's indicate the presence
of either a bolt or a C-clamp attachment point,
The damping may be increased (or decreased) by
using more (or fewer) clamps, The maximum pumber
of clamps needed does not greatly affect the
caloulated firsv mode of the structure.

Resonant Plate
Fixture
X
p
X
X
X

X
X Damping Bars

N\
N

Figurse 9, pPamping bars added to banding

plate fixturc,

Dampincg Hupkinion Har
flaten Fixture
o x 1)
i__ v

Figute 10, Damping plater added to

Hopkinson har fi{xture.
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Controlling the response of the Hopkinson bar
fixture with these damping olamps is the subject
of a paper presented by the author at the 1985

IES Annual Technical Heeting.h The basic result
of that paper states *Masses clamped at the nodes
of the ith mode cause the response to be
dominated by that ith mode.® For example, the
nodes for the second mode of the Hopkinson bar
cocour &b L/§ from each end., Figure 11 shows a
pair of masses (plates) clamped at the nodes of
mode 2 for a Hopkinson bar., If that plate is
impacted longitudinally with the appropriate
duration pulse, the fixture can be excited into

damping plates
£ e

Impact
——
—

Figure 11. Damping plates positioned on
a Hopxinson bax, 30 that the
saecond mode is cdominant.
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Figure 12. xhock spectrum zhowing a

dominant mode 2 te:ponaa.

{ts second adde response. The Hopkinson bar used
consisted of a two-inch by ten-inmeh by eight-fcot
long aluninum bar which was the basic test
rixture, Pilgure 12 i{)lustrates the shoek
spectrun of such an arrangenent. The firat mode
of that fixture 1a 1,000 liz. Note that the 2,000

123

Hz seocond mode is dominant and the firat mode is
suppressed and shifted to about 800 Hz, With
this method, the 1st, 2nd, or 3rd mode of this
Hopkinson bar can be selectively excited, At
higher modes the nodal spacing becomes closer and
there i{a a tendency to overlap different nodes
with the clamps placed on the bar,

The tecbniques described provide a very practical
means of simulating pyrotechnic shock of the
structural response type (Reglon II of Fig. 1).
These techniques eliminate most of the trial and
error required by other test methods.
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APPENDIX

Transoript of discussion following presentation
of this paper at the 56th Shook aad Vibration
Symposium,

Mr, Sarford {Agabian Asscolates): About 1971 or
1972, Pat OtNeil and Chuck Tierman or TRW did
some hammer-type impact tests on long bars where
they hung weights that were gasketed with an
elasto~plastic material. They were locking to
attenuate the shock front. They did a lot of
very nice work, It might be applicable. It is
published material and easily accessibile. It is
a nice little article; it might help you.

Mr. Galef (IRH): It looks like you are hitting
that free-free plate with a rather good sized
mass going at a rather good speed. You are also
exaiting the rigid body mode in addition the the
first mode that you want to excite, I believe
you are applying a test wvhich is quite unrealis-
tic in comparison to pyrotechnic shocks. You
will have much more energy than you want at the
low frequencies uniess you somehow restrain that
plate,
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Mr, Davie: It turns out that the velucity change
of the plate, whiob is very massive, is very
snall., The hammer may be large by what your
experience indicates, bdut the velocity change of
the plate due to the impulse is fairly small.
You oan se¢ that by looking at the shook spectsun
that we have gonerated from these techniques.
The velooity change is usually well under ten
feet per second, perhapa even leas., Jt is true
the velocity cohange might be higher than what you
vwould see $n zn actual pyrotashnio shook
environsent; hovever, as far as the shook apeotrs
ia ooncerned, if you had snh undesirably high.
veloocity change, that would be indiosited in the
shoak spaotrum, and that is not the case.’

Mr, Povers; I really appreciate Heilts idea of
defining two distinotive areas, I think many
people do not realize that there i1eslly are tso
distinotive areas in pyrotashnic shool. ¥hen you
are very near the zdurce, ve make couknts like,
*The shook rasponse apectrus in all three axes 1s
spproxizataly equal.® We also have to reslize
about the comment aboui three osalercametirs that
what we are looking &t aro ail mounted on a
little ore~iaoch blook. Howvever, 3s you (ravel
further away fros thia Zone 1, the basic struce
ture is no longer excited primarily due te¢ the
epesd of cound. or through the longitudinal mides
of the structure, It 13 excited pore in the
clapsical uods of vidbration and dvnsnaies. Az 1
said sarlier today, € you go awvay trep & sourue,
Y don't reaily thi=k it would make sueh dif-
ference what you hit the aft end with, By the
time ¥ou are far frogt the wource, if you sonitor
on a telemebry reck, 4t will resonate at its own
natural frequeacy.
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MULTI—AXIS TRANSIENT SHOCK SIMULATION
USING MECHANICAL PULSE GENERATORS

F.B. Safford*
Agbabian Associates
E! Segundo, California

two-axes with extension to three-axes.

Pyrotechnic shock is represented by a very short time duration, accelerations into the
1000 g levels, and & wide frequency band up to 10 khz. The current technology of
laboratory simulation test machines is hard pressed to repetitively meet these require-
ments in one axis and much less s6 in two or three axes simultaneously. A bi-axial
transient shock machine under development for the U.S. Army ERADCOM is
described and shows potential to adequately meet these pyrotechnic requirements in

* Now Professor, Mechanical Engineering, Northrop University

When it comes to pyrotechnic shock, I am a
latecomer. Some years ago, it was postulated that a series
of force pulses could be used to stimulate motions in
structures. If a train of force pulses can be configured, for
time duration, the onset time and the amplitude of each
and every pulse and if the dynamic characteristics of the
structure, (the transfer impedance) can be determined
(analytically or by testing), can the response motion that
would duplicate the test events or real events in practice
be produced? Computer simulations were made from
which a procedure was evolved that showed errors within
five percent error with respect to the expected motion.
This led to the building of a series of pulse machines that
ranged from metal cutting, (where metal chips are cut) to
using cold gas pulse generators, to generating pulses
using single shot chemical rockets. Machines have been
built that go down to a few hundred pounds ef force, up
to a hundred thousand pounds of force and designs that
look very feasible, to up to a million pounds of force.

Much of this work was accomplished for the U.S.
Army, the Department of Energy, and for the National
Science Foundation. The current project is for the US.
Army Electronics Research and Development Com-
mand. The U.S. Army is very concerned about commmun-
iwcations cquipment since the army of the future will be
nuclear, and must wathstand auclear shock as weil as hagh
explosive shock. Figure } shows aconventianal two and a
half ton truck with a recently developed hardened shelter
made of Kevlar. The truck has guy wirss to prevent
overturning a: s tested 1 various configuiations under
blast loads by ingh explosive events. Kaman Sciences 1s
performing very elegant finite clement studies using
ADINA, 10 predict what happens to the structure when
the blast wave hits. The army requires a machine thatcan
be used to simulate the predicted response of O elec-
tronic equpinent housed inside the shelter. Ths machine
will be used for guahfication testr and acveptance tests on
every preee of cquipment for assurance of battle hard-
aess. Every ime that cquipment s scturned to the depot
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for repair, it is run through the test, at a lower level, of
course. The way this technique works, given a criteria
function, or an objective function (motion-time history),
impedance measurements or calculations are made so
that the structure and the load impedance of this system
are known. This computer model is stimulated with force
pulses, run through step-by-step to obtain a response,
then through an error function, do the optimization and
then come back and correct as shown in Figure 1. The
pulses are single-sided or push pull (attached to opposite
sides of structure). The optimization program took
several years to develop, and it is a random search
technique. It is rather computer time-intensive.

The other criteria the army has is that they do not
put much stock in shock spectra; they prefer time
histories as a governing yardstick. They feel if you are in
the range of the time durations, the general envelope of
the time-history peaks and the frequency bandwidth, test
simulation s more realistic. Failure is largely non-linear,
therefore one is pretty well tied to the time-histories
expected or a reasonable class of tume-histories. Shock
spectra and Fourier spectra are used and help support the
testing requirements given the constraints imposed by the
time-histones.

Figure 2 is typical of test data taken during a high
explosive test. It shows the response in the middle of a
rack of equipment. Accelerations can range up to about
12 to 15 hundred gy The ume durations go out heyond
200 malhseconds. Motions are largely horizental and
vertical with some honzontal motion normal te blast
direction. Frequencies up (0 5 Khe have been secorded.

There are several ways to implement pulse genera-
tion, and Figure ¥ shouws 2 metal cutting techmgue. A
cutter moves across the mandrel, and the shape or profite
of the mztal to be cut and the velocity of cutting deter-
mincy the force-tme-history. The Waterways Expen.
ment Station, co-develupern of this system, call the metal




elemc':nts to be cut “nubbins™. The grooves cut in the
nubbins transmit forces to the test article.

Aluminum “nubbins” for the Department of Energy
were built which produced 50,000 pounds of force in 40
milliseconds, and with six nubbins in a series, a two-story
building as big as a football field was excited. The mode
shapes of the building were extracted from the bifilding
motion, If the “nubbins” had been made of steel, at out
100,000 pounds of force would have been produced.

Figure 4 shows a schematic of the system for the
Department of the Army (the Harry Diamond Laborato-
ries, and the Ballistic Research Laboratory). The test
article is held in a modified equipment rack which has a
force link, arow of “nubbins” and the cutter. A hydraulic
ram is employed to drive the “cutter” but gas rams have
been used in the past for much higher speeds. Speeds on
the hydraulic ram run about 100 inches per second, but
about 1,000 inches per second can be obtained with a gas
driver. These higher speeds permit very high frequency
excitation. The system is biaxial but a third axis can be
- added if field tests so justify.

Figure 5 is a picture of the machine that is currently
in development. The hydraulic ram, the cutter, the
mandrel with the “nubbins”, what is called a “quadra-
pod” that carries the load into the test structure, and
equipment under test comprise the test machine. The
same is repeated for the vertical direction.

For a high impedance load, like a wall, rectangular
cuts are obtained (Figure 6), but if against a low impe-
dance source, then the load and source interact and you
do not get perfect cuts unless you compensate. Compen-
sation both for the load impedance and for the source
impedance with the algorithm can be made so as to
produce more optimal responses.

We were fortunate to have a peer review when we
started looking at this machine for a possible application
to pyrotechnicshock, both by the Aerospace Corporation
and TRW, Figure 7 shows a series of “nubbins™ that run
about one-half a millisecond up to about two milliseconds
on the test machine (Figure 5). They are geometrically

spaced so as to get a fairly decent frequency spectrum.

The test was only run in the horizontal direction which is
given by an accelerometer on the equipment undcr test.
This series of forces were measured by the load cell, and
the test racks are interacting with the input forces. What
led into this consideration for pyrotechnic shock appli-
cation was that in one of the calibration tests using an
arbitrary serics of pulses, an acceleration-time-history
was obtained which appearcd to be a credible simulation.
These data are shown in Figure 8 with peak accelerations
of 1200 g's and a time duration of 40 milliseconds.
Frequency ranges to 10.000 Hz as shown in the Fourier
magnitude plot.

Our plans are to start looking into simulating pyro-

technic shock. Initially, we arc not poing at it with the

approach to meet a shock spectrum; it would be prefera-
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ble to first get pulse trains to match the predicted equip-
ment acceleration time-histories as closely as possible
and then look at the shock spectra and tweak beyond
that.
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DISCUSSION

Dr. Rubin (The Aerospace Corporation): With
the time-history simulation you will run into the problem
that we run into all the time. The army requirement is for
a specific truck, a specific rack, a piece of equipment ata
specific location, and you've got a time-history. We do
not have that. Equipment can move around, it can be on
this spacecraft or that spacecraft. There is no single time-
history. When you look at it from that standpoint you are
forced to a spectrum type of description. You can think
about it in the time-history domain and start that way;
but, when you have the variability in where you can
locate equipment, then the time-history does not mean
anything except for one specific case.

" Dr. Safford: Yes, I would agree with you. I think
the correct approach is to look at the time-history and
generate the first spectra, and then start looking at the
variation around there. I think that would probably be a
solution with the people that set the criteria.

Voice: 1 do not believe that I understand it very
well, but are you able to generate negative forces with
that system?

Dr. Safford: Yes, we just put the pulse machine on
the opposite sides of the structure so we have two of ti¥in
in there, and they pull. They both pull, but they are time
sequenced to achieve positive and negative forces.
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Discussion

Mr, Rubin (The Aerospace Corporation): With the
time-history similation you will run into the
problem that ve run into all the time., The Army
requirement 4s for a specific truck, a specific
rack, a piece of equipment at a specific
location, and you got a time history. We do not
have that., Equipment can move around, it can be
on this spacecraft or that spacecraft. There s
no single time-history. Wwhen you look at it
from that standpoint, you are forced to a
spectrum type of descripticn. You can think
about it in the time-history domain and start
that way; but, vhan you have the variability in
vhere you can locate equipment, then the time-
history does not umean anything except for cne
specific case.

Mr. Safford: Yes, I would agree with you. I
think the corect approach is to ook at the
time-history and generata the first spectra, and
then start looking as the variation sround
there. I think that would prodably be a
solution vith the people that set the

criteria.

Votcet I do not believe that I understand it
very vell, but are you able to genezate negative
forceas with that system?

Mr. Safford: Yes, we just put the pulse machine
on the other side so ve have tvo of them in
there, and they pull. They both pull, but they
ar: .ame sejuenced.
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SUMMARY OF TESTING TECHNIQUES

Dan Powers
McDonnell Douglas Astronautics
Huntington Beach, CA

I have tried te survey some of the approaches that have been
used to simulate pyrotechnic shock over the last 20 years. |
have already learned of a few new ones today. | am going
to be talking bacically about two approaches: (1) the use of
flight structures or flight-like structures and (2) general-pur-
pose machines that can be used to simulate a pyrotechnic
shock environment that was generated from a wide range of
vehicles.

One question is often asked~why don’t we just use the device
itself to provide the shock? If we use the device itself we are
producing & flight environment, not 2 qualification level that
would normally be higher. To compensate for this lower
level, we could perform a flight-level test three time .o gair
coriidence. Some people in the past have fired the flight
device three times in a flight structure and qualified the
he~dware that way. If the flight structure and an incxpensive
ordnance device, such as a “pin puller” or a separation nut
or boit, are available, this may be a valid approach. How- Figure 1. Equipment Bay Saparated From Gemini B
ever, what happens when you have a stage separation and
the structure itself costs $50,000 or $100,0(? After you biow
it apart, only a flight environment has been produced with
no quaiitication margin. 1nis is part of the problem with
using the device itself.

25080 ;J

Art Tkola from Lockheed developed @ concept many years
ago, and he calied it the “Barrel Tester.” We at McDonnell
Douglas read his paper and we designed a different barrel
tester. Figure | shows the equipment compartment MDAC
used. The equipment compartment separated from  Gemini
spacecraft with two strips of flexible linear shaped churge
cutting 0.09-inch-thick materiul-the flight separation joint is

RCTAINER

BLAST INIELD

shown in Figure 2. High-mugnitude shock was transmitted eguin @
into the unpressurized compartment in which all of the elec- X 74¢00
tronics were mounted. Figure 3 shows the change we made

so the apparatus would he reusable and uttain o 6-dB qual- ‘

ification margin. We replaced the flight joint and left the
flight-like, unpressurized compartment under it. We used o
very rigid backup block, cut a groove in it. and put fexible

. I . UNFPREISURL I~
linear shaped charge of various gruin sizes in the groove. We IRMEED COoMA

changed the szparation sheet thickness and varied that until SEPARATION TOINT . 2014 T GIE ALWHNUM
. . s FORGING 030 TWNRICK CUT WTH TWI PARALLEL
we attained the needed 6-dB margin on the pressurized com- FLEXIBLE LINEAR 3NAL'ED CHAREES, SILVER
partment. We would then mount the part at its actusl fight SNEATHED DIPAM, 7 GRAINS / rooT
location and fire the charge. Figure 2. Flight Joint
13§
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Figure 3. Barrel Testor Joint

Figure 4 shows anather concept for using flight-like ur flight
spacecraft. [ took this directly from Stan Barrett's (Martin-
Mariettz) paper; it shows the appearence of the Viking Lan-
der. The centra! bay housed all of the electronics Figure §
shows the bay that Stan used tor the test bed. He listed
numerous ordnance devices in his paper and the correspond-
ing shock response spectra. He placed an ordnance charge
at the “*pyrc source ™ and by varying the quantity could obrain
margin over flight devices.

S-BAND HIGH GAIN
ANTENNA 800M

Figure 4. Viking Lander Configauration
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Figure 5. Viking Landing - Electronics Bay

Ano:her group at Martin-Marietta produced a device they
called “Flower Pots™. The “Flower Pot” was a piece of 3-in.-
diimeter steel pipe with a 2-in. inside diameter 4 in. long
with a 0.5-in. steel base plate welded to the bottom of it.
The “Flower Pot™ was mounted at the location from which
the pyrotechnic shock source came. The desired spectrum
wes attained by varying the charge size inside the “Flower
Pot”. As with the Barrel Tester, they mounted the com-
ponert in the actual flight location and with the increase in
charge size it enabled them to get a 6-dB margin. On the
same program JPL used pncumatically activated pistons to
impact an anvil and generate the required shocks.
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Figure 6 shows TRW's approach. It is somewhat like Bob
Morse’s resonant plate. It is just an anvil on the flight-like
structure. A slide hammer is raised to various heights and
impacts on a fitting where the flight ordnance device is nor-
mally installed. They were able to achieve a 6-dB margin at
the various flight locations.

10 LB MASS

DELRIN WASHER

CORNER FITTING

Figure 6. TRW - Shock Simuiator

With the previowsly described apparaius you generate the
right shock environment, but you generate it only for a cer-
tain vehicle because the fhght-like structure responds only
for that particular vehicte. It was not practical 1o build a
shock machine fuor cach vehicle. We wanted to build an ap-
paratus that was more generally uselul so we witized the
cancept of the “Barrel Tester™ jont. We took a tat piece
of steel, 8t fong, 0.8 m. thick, amd 4 1t wide and put a
sepatration juint on cach end. The V junts provided o means
to ~hange the tlexible hnear shaped charge stze. In thes way
wit could reach 100 grains per [oot on one eid and as low
ay U grains per fuot on the other end with varows thickness
sheets. Figure 7 v o photograph of the joumt The flewuble
hnear shaped charge fits n the Veocanty, The separatian
sheet thickness amd charge stze s vaned to priwduce the de-
ared sputtrum At that tme (1972), we did not have the
mteligence to really do what Nl Bavie (Sandiat has pust
presented and the problem as T mentoned carhier, was that
we vould vary the magmtude of the shewk respomse spectoum,
hut were resticted to the resonamee freguencs of the plate,
1e , we could not change, the shapw of the spectrum, only
the amphitude

Figure & shows she tost swiup for a gao package Tnawal
blocks were maunted diagenatly on oppesate cotners and an
covelope of the maveman revpoma spwedttg was genetated
Figure 9 shoas that the munmum feguirement was met but
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Figure 8. Gyro Package on Flat Piate
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the B taleranee was evcevded at the Tow cmd This s teaths
the envelope of the man mavshock response spectium from
all three aves

We found 10 the past. a vompresuon wase vanes theough
the plate as the cxphasave charge gocs off This ware was of
aufhicsent magmitude to break off sandard 108032 accekenoe




meter mounting studs. Figure 10 is the approach we use to
keep our accelerometers on. We went to a 1/4 - 28 thread
and bolted it all the way through the plate and then we
mounted the accelerometer directly to that solid stud.

APPLY 3M CO, EC-2214
CEMENT TO THESE SURFACES %

Ws21042L4 T
TORQUE TO
126130 IN. -L8$)

1/4-28
10-32 THREADS 7 THREADS

g

ACCELEROMETER
(TORQUE tox STUD

e
%0 IN. L85 Q013 INCH-THICK VAL

0.004- N -THICK Figure 12. Stress Wave Generator
MAXIM M) TEFLON SLEEVE MICA WASHERS U
C.276-1K.-DIA. HOL to generate an extremely short and high force transient that
THRY SPECIMEN

Figure 10, Accelerometer Mounting is transmitted to the test article.
Figure 13 shows the clectrodynamic shaker. The people in-
volved in digital vibration control have new ways of pro-
gramming to meet a shock spectra, but a skilled technician
can still equalize a spectrum {aster than any digital system |
have yet secen.

Figure 11 shows a concept that TRW uses for simulating
oyrotechnic shocks. It is a strain energy machine. The test
article is mounted on top of a large block. Damping pads
are on the side of the block. and a metal coupon is attached
to the block. A hydraulic cylinder is pressurized until the
coupon fracturcs. When the coupon fractures, a large
amount of strain energy is released. it travels through the s
block, the block resonates, and the test article is subjected g bt ar¥ e et
to a high-level transient. The main problem with this machine
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Figure 13. Shaker Shock
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Frgure Li lists curreatl problems mosimulating pyrotechnic
shock. Hank Lubrs (TRW) disansed the diiferences ia the
actual pyrotechme shock environment and why it differs vn
shakers. Some of the teesons are bsted here. The input path
to the part iy just not the same with the pysotechae shock
transient as it »oon a shaber or a drop tester As the pyros
techme shock transtents go through a shell, unly one foot of
a black box i loaded at & nime. 2l fous feet are not it

e -
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Figure 11. TRW Strain Energy Shock Machine smualtancousty The duration of the mput » much shortes,
'. . '-: mayhe 10 to 15 msce m i pyrotechnie shoek and typacally 80
_q: - :- Figure 12 shows a rather ususual concept for wmulating pyr- to &0 msee on a shaker The mpedance of bght bracketry
.:,' . otechnic shock. Richard Snclf from McDonncell Douglas has m flight spacceraft. where cquipment s usuatly mounted on
Mo ;’:, wsed 110 s fracture mechames work . He has mounted some thin pancis. s diffcrent from the mpedance of 5 shaket
;-:‘ K accelerometers ynd same stran gages on photoctastic sam. where the equpment v mounted on a &L (o 004 aema-
' X ) ples. A large capacihive discharge bank can produce M00.000 ture The veloaity content of the pyvrotechae shack o mack

g's in peniods of 2 peec. it has a Rogowsh conl, and whe less thai the shock mactine The test tem abusrbs lesa hmetic

the capzator bank i discharged. it sends two plates together encrgy The veloady of crack propagation s ket thay the
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1. The input path to the part is not the same with the pyrotechnic
transient as it is with a shaker or drop tester. Py

mmdhmu much shorter with t

pyrotechnic transient with the

The impedance of the ln-ﬂlfht bracketry is much less than it

is on any of the shock mach

4. The velocity content of pyroshock is much less than that of

shock machines and consequently the part absorbs less
kinetic energy in a pyrotechnic shock.

5. The welocity of crack propagation is lower than the velocity
of the extensional wave throu%r;‘;l:e material; consequently,
cracks that are formed do not tlmtogrowbeforethe
wave has passed on and the stress has been removed.

6. Forvuydmmtracm may occur in one area

completely i of what's happening in the rest of the

part and compiete fallure will not occur.

7. The ultimate strength of materials increases significantly
with increases in strain rates. it is the job of the test engineer to
choose a method that will produce the same fallure that would
occur in the field.

Lol 4

Figure 14, Reasons Why Shock Simulation May Produca
Iglfferent Failures Than the Actual Pyrotechnic
vent

extensional wave through the material. consequently the
cracks which form do not have time to grow. I showed the
slide on the output of a strain gage that was located very
near the source. The rate of change of strain was 2400 pin./
in./sec. In Kolsky’s book on solids, he shows the ultimate
strength of a material can go from 50,000 to 80,000 psi when
subjected to strain rates of 1000 pin./in./scc. When we are
talking about pyrotechnic shock, we are definitely in this
region. Now I will ask the audience to add to the list anything
they think ! may have missed.

Discussion

Mr. Moening (The Aerospace Corporation): Arc there any
advantages that you see of using an explosively driven plate
over a hammer excited plate?

Mr. Powers: Let me answer that with another question. Why
do transducers fail when I put them on my explosively driven
plate, and why don’t they fail when hit with & hummer?

Mr. Moening: 1 suspect the rcason is that the explosively
driven plate has much more of the ultra high ficquency.

Mr. Powers: This is correct, actually the same thing happens,
in an actual stage separation. That high frequency is there.

Mr. Moening: You are reinforcing a fecling that [ had that
for some limited applications that is where you have a com-
ponent mounted very near the ordnance device.

Mr. Powers: That is right. If you are in arca | (Neil Davie's
presentation), then you have to realize that it is a different
phenomenon than if you are 174 in. away and sitting on a
single-degree-of-trecdom system. | am talking about levels
of 20,000 or 30,XK) thousand g's not something 12 or 13
hundred g's. But there is a difference. If you are smart
enough, you do not put clectronic cquipment in & 20.(00-g
envirorment cven though we have qu.nhﬁcd items 1o 20,000

g's. \

ACCELERATION y's)

Figures 15 and 16 show an acceleration history and its as-
sociated shock spectra near a flight separation joint. Figure
17 and 18 show comparable plots on mounting bracketry 174
in. away. The transient shown in Figure 17 certainly does
not fook like a pyrotechnic transient but it is. The difference
is that the accelerometer is mounted far enough away from
the source that it responds to the “classical” structural modes
and not to the longitudinal compression and tension waves.
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Figure 15. Acceleration History 3 Inches From
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Plane (100,000 g's at 10 kHz)
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Discussion

Mr Moening: {The Aerospace Corporation): Are
there any advantages that you see of using an
explosively driven plate over a hammer excited
platet

Mr, Povers: Let me ansver that with another
question. Why do transducers fail when I put
them on my explosively driven plate, and why
don't they fail if I hit it with a hammer?

Mr. Moening: I suspect the reason is that the
explosively driven plate has much more of the
ultra high frequency.

Mr, Powers: That is correct; actually the same
thing happens, for instance, in a separation.
That high frequency is there,

Mr. Moening: You are reinforcing a feeling that
I had that for some limited applications that is
vhere you have a component mounted very near the
ordnance device.

Mr, Povers: That is right. If you are in area
I, as Neil says then you have to realize that it
is a different phenomena than if you are 174
inches away and sitting on a single degree of
freedom system. Nov again, I am talking about
levels, of maybe 20,000 or 30,000 thousand g's
not something 12 or 13 hundred Gs., But there is
a difference. If you are smart enough, you do
not put electronic equipment in & 20,000 g's
environment even though ve have qualified stuff
to 2,000 g's.
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