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PI_FACE

I

' An analytioal teohntque for prediottng the design requLrements of the

oombined aoouetle and meohantoal loads lnourred during the $pao# Shuttle

I launoh plisse due to the simultaneous oeOurrenoe of" low frtquenOy transient

lnput8 and aooustloally Lnduoed random Vibrations has been developed. This

i doouaent desortbe8 the underlyl_ theorettoal rationale leadtnS to the
p_op6eed destEn method.
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: 1.0 INTRODUCTION

!
Durl_ the laUnoh of a Spaoe Shuttle Transportation System ($TS) the

" simultaneous ooourrenoe of meohanioally tranntttSd low rrequenoy transient

sxoitatlone senerated by the Isnition OF the solid roo_et boosterse and aoous-

ttoally tnduoad random vibration requires that the deatffn loads speolfiod for

STS payload oomponent8 £nolude the efteot of this oOmbined exo£tation, Doou-

mentod heroAm Is a Study that FirSt develops a statAStioal desoription of how

the transient-meohanAoal and aooustioally Amdueed loads are expected to

oombinet and then pr_oeed8 to deaor£be and Validate a prooedure For setting

design requirements For loads expeoted to oombine in this manner. A basis

aestuBption in this study Is that the individual aooust£e load and m(ohanXoal

load have been previously obtained.

The oombined load 8tatistio8 are developed by takir_ the aoousttoally tnduoed

load to be a rando_ populations assumed to be stationary. Eaoh element OF

thAB ensemble of aooustioally Induced load_ is assumed to have the same power

speotral densXty (PSD), obtained previously Fro_ a reiqdom response analysis

omployir_ the given aOoustia Field In the STS oarKo bay as a stationary random

exoitation. The mechantoally induced load i8 treated as either (1) a known

deterqnin£stLo transient_ or (2) a non-stationary random variable of known

F£rst and 8eOond statiattoal moments whioh vary with tame. A method i8 then

shown For determinir_ the pr_babiltty that the oombined load would, at any

tame, have a value equal to or less than a set,air level.

HavLng obtained a statistioal ropr_sen_ation of' how the aooustto and meohanl-

oal loads are expeoted to oOmbine_ an analytAmal approximation For deFAmAmK

design levels For these loads is presented using the First-PassaKe Failure

oriterton. Ustr_ this ortterion the probability of the First 6oourrenee of a

oertain level (the deslsn value For the oOmbined load) within a presoribed

period (the desired servioe life of the STS payload oomponent) san be deter-

_tned. Emptrioal veriFloatton of thin approaoh For establis_L_ deslKn loads

is then provided.

1
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I, ORIGINALPAGE iS
"_ OF POOR QUALITY

i_ klh21_ the prooedure for establishing design loads is developed assuming a

stationaey scouat*o p_essure field, this study also indicates how th_s pro-
oedu_e oan be modified to account for non-statlons_ aoousttc excitation.J_

7

_ Finally, a method is presented for establtahlns deslsn loads that account for

:'.? random flight-to-flight variation in the acoustically Induced load. The

/ salient fUtureS of s random process (thQ acoustically induced load) vtth i
1

:; which the reader should be familiar and that are employed in the text or this

document are presented in Appendix A.

2.0 A PROCEDUREFOR COMBXNINOACOUSTICALLYAND MECHANZCALLYINDUCED LOADS

"'" A procedure for predtott_ combined acoustically and mechanically induced

loads _as been developed. The procedure assumes that the individual acoustic

load and mechanical load have been previously obtatfied. _o oases are

_::,. considered: (l) the mechanically induced load is taken to be a known

.... dete_intsti_ transient; (2) the mechanically induced load is taken to be a

non-stationary random variable.

" 2.1 Deterministic TranSient Mechanical Load Plus Stationary Random Acoustic

Load

In this ease the mechanical load, X(t) due to a staglng event, is taken to be

a known dete_inistic transient (e.g. Figure 1). This tn£ormation is obtained

from techniques (Oomputer codes) currently employed to determine the mechan-

ically induced transient load rot staging events of expendable boosters, and
i i

"_ entails a response analysis of the payload, as represented by a finite element

_:_ model, to the known detemlnistto staging excitation. For any time, t 1, aS

_,I the response due to staging is taken to be dete_Lntatte, we have.

• _ [_,,_,].......• _',_, ,_,
• . e Ix,,d • o

E
e ,r
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where

E [ ] lnd£oaCeo expected value, and nenoo

g Ix(t1) ] £0 the mean value oF X(t 1)

E [_(tl)] £s themean squar'value °FX(tl) 1
a2X(tl) Is the varLanoe or" X(t l)

As shown in Appendix A, the aooust2oally 2nduoedload, T(t), xs a random

population assumed to be stationary and Oaussian with:

E

0

o:.. [e,,,l-., [,¢1.. [e,,,l,._o.,,oo,.,
where

£ Y(t £S the mean value of ¥(t)

E [y2(t)] is the me_, square of Y(t)

G2 is the Varianoe o£ ¥(t)

Sy(W) is the power speotral density of ¥(t) (e.g., Figure 2)

_plie£t reference to t_e _r _e aeoustio load s_t£stioal parameters will

be elt_nated in the siquel, l.e.j

: [] [,1E 7(t) • E

E [,2(t_ • E [e] , ere.

AsBum£_ a liner S_st_m, the oombtn_ load, Z(t), £s a Superposition (sum)

of _e loads due to the staging transient, X(t), and _e aooustJost ¥(t)

z(t) • lit) + _(t) 131

1983019524-TSA12
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or at any _!verl t_ _ t t

!.._/: Z(tt) • Xlt t) • Ylt 1) (g)
f:. taking expected _alues, i

• X(tt) o ,

_. : [X(/1) ] ...._-. ,- [z%_] • _ '. _ N
i:_; _ [z(t_)] • x(t,) (_) ,,

.[: -. That tsj the mean value of the total load at any time, tt, is merely thL,

s:7 load at that tLme due to the transient since the expected value of the load
due to acoustics la zero.

"-:"i_ Squaring the total load
! i:

_; Z2(ti) XZ(ti) ¥2(t i) .,._ = + + :_ X(t.,' " t) (6)

_"". and taking o_pected values

I'" _(ti) _i

F_ where

- X(ta) o

- I '1 I: E X(t t) Y(t t = COV(X(t t) Y(tt)) + E X E (8)

t '

i e"

:', and COV (X(t t) ¥(tt)) is the covartance of X(t t) ¥(t t) defined as:o

_. ¢ovlx(ti) T(ti)) = _ {[x(ti) -- (xct_)] [Y(ti) - E(y)]} ¢9)

"- hence COV(X(t i) ¥(t._)) • 0_ .

.. j

and, t'PomEquation7 E [Z2(tl)] ._ X'(ti) �o'_(I0)

Now, the mean square value is the variance plus the square of the mean

_ 4(_) • _ [_(_)1 " x_(_) " _ (_

"" 1983019524-TSA14-
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or a:(tt) . X2(/_t). X'(/_t) • a_ (12)

_i: iil end the Standard deviation of the oombinad load is equal to the Standard

L .. ' the pth peroenttle of the oombtned load from

. pt

...:.: rs ,_ z [z(tl)] • z _z(tt) (Is)z(t_)

_2'."" orl

r p_ KI.I
_-._.... Z(tt ) = X (t 2) + e¥ (16)

i_ X(t t) IS the meohanteally induced load at time, tt_ due to the
ii _ili2 _ stqtn8 event. O'y is the standard deviation of the stationary

:01" ' aoousttoally tnduOed load and iS obtained as the square root of

_i_ '_ the ar_a undeP the aoouatto load PSD deternLtned In the randomrespOnse analysis of the aaouatlo exoltation. _P_ is the

"_°);_ appropriate oonstant relating a multiple of the standard deviation
to the pth p_roentlle for a normal distribution (e._. for the

.i :!" 95th peroenttle, K m 1.6115).

;_ "_ Thus, the predtoted percentile oombined load at any ti_e, t i, is obtained

_i by adding to the deter_tfltstlo load at time, it, due to the translentj
l(t A), the appropriate oonatant multiplied by the standard deviation of the

i_: stationary aooust2o load, a¥.

5F
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As _._esented above, the pth peroenttle level represents the probabtl40ty

that an ensemble m_mber will, at a given instant, have a value equal to or.,

less than this level, or equivalently were the phenomenon ergod_o (which the ;

oombtned load is .not), the proportion of time this member spends at or below

this level. It Should be noted, however, that th£s tnfonaatt_n about an

enseuble member is not that deslred For detenntntnK oomblned load deslEn

Values. Combined load design values are developed in seotton 3.0. The (!

reason for lnoludtn8 the present probablistto desortptton for oombtned loads

£s to support the desl_n load rationale _tven in seotton 3.0.

2.2 Non-Stationary Random Meohantoal Load Plus Stationary Random Aooustto

Load

- In the previous seotton we oonstdered the problem of euperpostn8 the load due

to aooustlo eXottatton, whtoh was taken to be a stationary random variable, !

on the load due to a staging transient whtoh was taken to be dete_ntntstto.

In thts seatton we make the extension to the situation wher_ the load due to

the staatn8 transient is not deter,nintstto but le itself a non-stationary

random variable (e.g. Fiaure 3). This situation arises, for example, when

the predtoted transient load _omes from an ensemble of transient excitations.

The load, X(t), due to staE£n8 is taken to be a known, non-stationary random

variable. For any time, ti, we know E X(t l) and GX(t ) by methods

i Ourrently employed in prediotin8 the meohanioally induoed _ransient load for

staatn8 events of expendable boosters. This entails performin8 a series of

determtnistio response analyses employina, one at a t_ne, the members of the

ataain8 transient exQitation ensemble, and subsequently forming the

atatisttoal para_;',ers of the resultant responses. ......................

._ Note, as the transient load t8 non-statignary

" i

_ (1_1

aX(tl ) * OX(t2 ) ...

i

] 9830] 8524-TS802
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The results obtained in Appendix A pertaining to the Zoad due to aooustte=,

¥(t), still ho]d- namely, for any tt_e.

E [_] • o
eo

z t_]= 4 sy(w).w .8)

As before, the total load, Z(t), is a superpositlon (llnearity assumption) of

the loads due to the transient and the aooustlos

z(t) = x(t) . _(t) (19)

or, at any given time, t t

z(t,) = x(ti) �Y(ti) (20)

taking expeoted values

0

z [z%)] = z Ix%)] �z
(2l)

_. [z(ti)] = _ Ix%)]

That iS, the mean value of the total load at any time, ti, is equal to the

mean value of the transient load at time, it, sinoe the expeoted value of
the load due to aooustlos is zero.

Now, squaring the total load and taking expeoted values -

z [z_(ti)] • z [x2(t,)] • z [y2] _ 2E[x(ti) Y(ti)] (z2)
where

z [xlti)Y_'._)] = cov (xltl! ylti)) �z[x(ti) ] z d 123)
and the ooVartanoe is:

COV (X(t i) Ylti)) = E t[X(t i) - Z (Xlti)) ] [Y(t i) - E(¥)]} (24)

10
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ORIGYNALPAGE |$
OFPOORQUALITy,¶

whAohdan be wrAtten In terms of the oorrelatlon ooetftolent, Ox y as:

!

,. COV(Xlti) ¥(tL)) • px(tllYltl) (;X(tl) o¥ 12S1
_E

i- where- I _; Px(t) X(t) _ + ).
r.:

' :', ' henoe, equat/on 22 beaomee

_._ _ [Z2(tL) ] [X2(tL) ] [_2] aX(t /• *;:,. g • e �E �2PX(tL)Yltl) ) e¥ (aSl

" qaln, the mean lquaPe value As the varLanoe plus the square of the mean

i + B2 [ (aT):_ _za (t,) z • oI • o_ .,'

: + 2 PxltllXltt) aXltt ) (_¥

) , Or

f" 2 o,2 a Px(t I _X(t t )i eZ(t_) • x(t_) + <_Y+ 2 ) _(t_) ey 128_
_" and the _tandard deviation of the oomblned load le:

i". " X(tt) + o , a Y(t,) ax(tt) o 129)
} ..

; _'Lnally, am before, assuming the total load is normally distributed, the
.... pth peroenttle AS (;Avonas:

i KPi :
i _: pi [ )] _.(tl)! zltt ) • P- Z(t 1 + 130)

' OP)! " 0

i,,; ],,-- Zltl ) l(tt ) + -¥ + 2 Plltll¥(tl) _Xltl ) _1 (311

i. To make further progress we must make someaes-mptLon rel_ardln_ the deBree of

• aorrolatlon b_tween the random varLables X(t) and X(t). Weooneider three

;',' Qaaes •

_. 1. If the load due to the translent t._ totally unoOrrelated
: = wLth th_ load due to aooustLo_, i.e., Px(t)_(t) • 0

;

) j)
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-- then

_., Z(ti )......................... X(ti ) + a (3a)
nr;' /

.... . That ta, the standard deviation of the total load As a

: Root-$um-Squ_re (RSS) of the _tandard dev£atlons oP the
o '

:: .'" transient load and the aoouatlc load.

Ui..:

__LI?" 2. If the load due to the transient is peofeetly correlated,

.-_o...*;:"i with positive oorrelatton, With the load due to aooustios,

_':';' i.e., PX(t)¥(t) = + 1 (The loads are In-phase and

_):i': relnforee eaeh other)
Q. •

o, .

o_"' then -.-

" Z$ [X(tA)] OX(tA ""
:-o_'. P = E + ( + (7) (33)
_,_ (t i ) ) Y _

i .

°4:_:.:-_. That is, the standard deviation of the total load iS the

:o:. sum of the standard deviations due to the transient and • •

": the aoouStio loads.

_il. 3. If the load due to the transient is perfectly oorrelated,

__:": With negative oorrelation, wi_ the load due to aoousttos,

°_,: i.e., PX(tIY(to .: ) z -1 (The loads are out of phase and

_.:(. aubtraot l_r'om eaoh. other)

_)_ thenp

% Z(ti) QX(ti) _
_, That _s, the standard deviation of the total load is the

_-._ absolute value o_ the dirferenoe or the standard deviations

°:'! due to the transient and the aooustlos.

: iol
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As the aooustlOally and mechanically induced loads at Shuttle Iauv_ arise

f_o: fundamentally two di_ferent excitation sources and a_rive at t_e payload

by diFFerent and circuitous paths, it seems reasonable to take the First case

(PXY s O) as beLn8 representative of the load for that eyent.

3.0 COMBINED DEqlGN LOADS FOR FIRST PASSAGE FAILURE

In the previous sections it has been demonstrated that, under the assmptions

made, the combined load can be represented aS a non-stationary Oausslan random

variable with time-Varying mean. As given in equation 5 the time-varying mean

of the combined load is merely the ttme-va_,tr_ deter_tntstio load due-to the

mechanical transient. As given in equation lq the standard deviation of the

combined load is the standard deviation of the stationary acoustically induced

i load. The probability that a member of the combined load ensemble would, at a
!,

given instant, have a value equal to or less than a certain level, was alsoi.
i determined. It wa_ noted that for an ergodto phenomenon this could be

considered as the proportion of time this member spent at or less than a

certain level. It might be expected that a combined load design level could I
• i

be considered adequate if set such that thls proportion of time was large.

However, the proportion of time spent at or less than sOLe level is not

particularly relevant since a failure could occur the flrst time the
i"

magnitude of the combined loads equaled, or slightly exceeded, the design
!,

level. Therefore, for design purposes, one is interested in the first time

that a certain level is reached and what the probability is that this will

occur duri_ the service life of, for example_ a payload. This time will be

different for each member of the combined load ensemble. The ensemble of

"first" tlmes has some distribution which must be known to establish the

_, "; desired probability of occurrence of a given value for the combined load.

The above considerations fall _nder the category of "First-Passage" theory.

A classical problem in stochastic theory is to deter_ine the probability P(T)

i :- dT that the value of a random process surpasses a. threshold for the first time,..

- during the interval from T to T The resulti_ First-Passage probability

density P(T) has considerable i2portanoe as a reliability measure in random t

"19830"19524--I-$807



vibration studies. However, an exaet solution to this problem has not been

Found for even the simplest version of the problem - whloh Is to oonslder the

stationary response of a S_mple osoAllator exalted by white noise. Hk_ever,

• numbs: of papers dealing wtth approximation methods whloh provide

l" First-Paas_e probabilities have been written,

! In the etudy of many random prooeeses the mean 18 assumed to be zero. If the

i random prooen serves as input to a linear system, a non-sere or t_me-'_arTt_8

mean san be oonsldered separately and handled a8 j_4eters_nistte proGtJ88.i

_'_. Thus, as seen An the previous 8eotlons, if one Is only interested in response i

etatietios, such-as mean and etandar_ deviation, a time-varying mean presents

no problem. However, the First-Passage problem For a system 8ubJeQted to

random excitation 18 not merely one of Finding the response 8tatisttes.

_. In 8eneral_ the Firet-passage probability density depends in a oompltoated

_i- mannere on the oherao_erletAo8 of the dymunio syste®h involved, on the nature

of the eXoltattont on the initial renditions imposed, as well as on the

- maKnttud_ o_ the ,.threshold. !
. •

The first-passaKe problem of interest at hand is that For a 8truoture Sub-

__ Jested to random exaltation with time-varying mean. That is, it has been

_?. shown that the oombtned load san be taken as a deter_tnietlo prooeas_ the

mean (i.e. the meohanl_ally lnduoed load), plus an additive random prooees

_L" with _erO mean (the aoousttoally induoed load). Keying previously obtained

the statistics For the oemblned load, a method For approximating the First-

'. PasUKe probability t8 now pr_eented.

•" The tAJne-varTing moan is handled as a deter_tnietle prooeas and allows for

Formulation of the tlrst-passase problem for a f_ed barrier From two differ-

"'.. ant outlooks. The first outlook Is the one of considering the oombined load

" as • random prooes8 With fine-varying mean and 8todytng _lret-paeuge statis-

tic. ties For a Fixed barrier (e.8., FIsure q). The seo_nd view 18 to oonslder

_:._ the oombtned load as a random prooens with sere mean and to lnveetlsate the

_- first-passage problem for a time-varying barrier (e.8. FlSure 5). In this

°i ease the barrier As.made t_ne-Varytng by subtraettnK the P_eeees mean. The

1983019524-TsB08
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• two outlooks are in essence equivalent but the latter le adopted here. Thus,

:. the First-passage problem is conBtdered in terms of a time-varying barrier

For a Sere meanstationary Oauuatan random process.

The simplest approximtion to the failure rate, called the Polseon approxima-

tion, assumes the barrier oro. _nas ooour so rarely that they can be conSid-

ered as statistioally independent events. The assumption oF independence oF

crossings has been attacked but it has been pointed out that any tendency of

- the orosalnss to cluster in groups or clumps (i.e., not be statistically

independent) makes the Poiason assumption conservative, and hence the use of

the Poieson assumption In design introduces an error on the conservative side.

The Potsson process is one whose properties have been thoroughly explored.

In particular, it t8 known that For Potsson processes the First-Passage prob- :

_ ability density FunOtton is an exponential Function with a single parameter .

which is Simply related to the expected rate of crossings, Ma. That is: _ I

_,- I_(T) = I)a exp Vad (35) ,

ThuS, on the basis of the assumption that the orosstr_s of the level Z(t) = A

constitute a Potsson process we have a "solution" to the distribution to the

: time of *ailure. When the distribution density, P(T), For the time to Failure

is known, the probability of Failure in the interval T1 < T < T2 is:

p(T2,T1) = 2. P(T) dT (36) I
1

... or, t

_.-. Par a positive barrier, a(t)>O, f.he failure rate is the uporosStng rate,

- _a +' oF the level (x(t). For a negative barrier (x(t)< O, the Failure
am

,," rate iS the downorosstng rate, Va , of the level a(t). In general the
total expected rate of barrier crossings Is the sum of the uporossing rate

For a positive barrier and the downorosstng rate For a negative barrier, I.e. :

: 16
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Tl_e barrier crOssLng rate, Va, for a stationary random process For a

fIxe____ddbarrier was First derived by Rice (Reference i). This ms extended to

the case 61" Reneral curve oross2n8 of a non-stationary Oaussian process by

Crsmer and Leadbetter (Reference 2). The uporossAnt;cite, V+(t,a), far a
1

positive barr/er level and the downeroasir_ rate, V'(t,n) For a ne_tLve

barrier level are Klven by (Reference 2, page 288).

. _ exp 20--_ exp + n * (n
(38)

i where (For the problem at hand):

(72 z E [¥2(t)] ; the variance of the aoo_stioally induced load

, , _2 = g [_2(t)] ; the variance of the time rate of ohanse of the . .

_i,iii! acoustically induced load

';i g z g [¥(t) Y(t)] ; The normalized eovartance or correlation

_.?!;'_ (; (t) _ (t) eoeff:Lo:Lent For the above two parameters

a(t) .is the time-vary:Lng barrier_ _(t) u A - X(t) (i.e. a(t) is

obtained by subtracting the mechanically induced load From the

f£xed barr£er, A).

17
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¢(T/I designates the noru_lLzed Oausslan distribution furiotlon:

¢(11) = 1__ "Je" t2t2 dt

For the problem at hand, the acoustically induced load is taken as

stationary. It is known (Heference 3, page 33) that for a stationary

process, ¥(t) there t8 no correlation between ¥(t) and _(t), i.e.,

E[Y(t) _<t)] . 0

and hence,

= = 0
a(t) _(t)

Further, for a stationary process,

o = Sy(W)dW

Thus, for the general curve crossing of a stationar_ Oaussian process,

equations 38 become: -6/

+ -_ +' /+a=//+(t,oO = _-z+,-o" exp xp "6 • -t2
P

" maO

.: (39)

+.i "a2 _a2 dt +
:+I. v-,,o,. _ ++.,p _ .,+ .p_ o-,,, _ ++

+ --eO

i Further+ should the Stationary Oausstan random process with zero mean also be

1 narrow band,with center f_equenoyWo then it ia known (Reference 3, pase
l
,: I14) tha_:,,
i: /I!.
I" 1

_, W° = _ '
G

_-.
!" 18
t.

4_
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x_noe, tho ouPve oro_Bing of i otitionary, h_p-ow band, GauaQ_n proce_ is!

• ](l_o)" [ ) "t_

wo -/Wo_

iii nnall_, shouldthe barrier be constant,

li/ Then the barrier crossing of a fixe.___ddhattie;' by a stattonary t narrow band,

_: Oauasian process is given by:
t

_ v . v'(o_) • _ exp /-a2_ (_l)
I 2_ 2_2\ /

which is the result _';Lrst, given by Rice (/_eferenoe 1) or _ReFerenoe 3, pase

I i07).P

"t FOr the First-Passage problem of the combined load, under the assumptionsP

- _tatedj equations 39 are in 8enePal applicable. If in addition the

:1i4 acoustically induced load can _e taken as narrow band, then equations _0 may
be used. In either case, equations 3V or equations qO ape employed to.o

,'J. calculate the expected rate ot barrier crossing, _a a _a+ + Us, which
is subs&ltuted into equation 37 to evaluate the relationship between the

- p_obahllity oF _ailure P(T_,T 1) duping the interval TI<T<T2 and the

=:_ barrier level A (where A is the combined design load).

""l To illustrate, consider the somewhat restrictive case An which the aooustt-
"- oally Induced load can be taken as a narrow band process of center _requenoy

Wo and standard deviation _. This, and other, in_ormation on the acousti-
cally induced load is obtained From a random response analysis with the

t
19
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: i Ovroo_.quAu_
-'" structure represented by a finite element model and employing tre acoustic

"'_,,., _ pressure £1eld as a stationary stoehastto exaitntion, Purthert the meahani-

i oally Induced determlnlstlo tPsnslent lend, X(t)p L_ prev;Lously obtained by a

i--::,. response analysts of the payload, an represented by 8 finite element model,
to 1;heknowndetemin/st/e transient stasln8 excitation. A_sumethe combined

i

._ loedin8 condit£on lasts tot 10 seconds (L.s.p T1 = 0 and T2 • 101. We

.. seek the battler level, A, such that the probabllLty of failure, P(To),
durlr_ this Lnterval _s one percent (i.e., the prob_billty of success Is 99

percent, Psuccess • lO0"PfsLlure)'

The relevant equations are equations 37 and 40:

_;' /2"1'o (T t)
!.': P(Ti,.TI) = va exp / va d (:I'1'

- TI= o o

,,..., . .o 1_. va = _ exp exp - _ e-t _ dt ; a(t)> 0
--00

F__.-

:- -_/w°°" 1.... . _ e_ _ e._ _ / . _ ,..)_ 0,. \_w;_-/ __.

: where TO = 10, P(To) • 0.01

a(t) -A- X(_), &(t) •-_(t)

r

° _ and Wo, X(t), X(t), 0 are known a pr'.ori and we solve for A (the combined

,, de_i_n load) •

,;,-- An Interpretation of the above in that out o£ 100 flights, on the average,

":" only one will exceed the design level A when exposed to the combined load o£

_. ten-second duration.

..... 20
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Note that intuition is served In that the above e_tione for predtotln6

f4rst-paSUge failure are _unotlons et amplitmle_ duration, and-Frequenoy

content oF the oombAned loading oonditton. The longer the-duration OF the

oonbtned loadtn_ oondltton the greater the 9rcbabllity tha_ a prescribed

barrier level, Ae will be exoeeded. The greater the Ftwquenoy oontent of the

ooabtned loading eondttior., the greater the numben-oF excursions per unit

ttne and henoe the greater the probability that a prescribed barrier level

will be exoeeded.

Obviously, the solution of these equations must be earrled out numertoally

employtr_ a digital Ooaputer. The problem with any type oF orosstr_ rate

appr_aoh For a rapidly moving ba_ter 18 that the Statistics must be oomputed

at Frequent Intervals. This san beoo:e quite expensive, espeotally when the

Fr_quenoy is high.

Extension oF this teohnique For First-Passage Failure to the ease where the

neohanioal load is taken a8 a non-st&tionary random variable tsuade by

takt_ the oombined load mean as given in equation 21 and the oombAned load

standard deviation as given in equation 29 and employing equations 38 For the

orosslng rates.

J

t

21
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4.0 EXPE_IHENTA_ ZNVESTZGATZON

To evaluate the proposed method of combining low f_equefioy transient loadinE

with aOoustioally induced-loads, experimental methods were employed whereby a

test specimen was separately and _tmultaneouSly exposed to acoustic

excitation and portable Shaker force transients.

The test specimen (Ftsure E} WaS a 14-foot diameter risht,-eiroular cylinder,

10 feet lonE, With double wall wooden end caps. The cylinder was of .125

inch aluminum skin with oir_mnferenttal and longitudinal stiffeners, and was

tested with a simulated payload component that weighed 45 lbS and had an

installation first mode at 27 Hz (Figure 7). The specimen was suspended by

steel cables f_om the Work platform in the large reverberant chamber of the

LMSCacoustic test facility. A shaker was suspended usinE steel cables and

the stinger attached to the mass simulator, as shown in Figures 6 and 7.

The test instrumentation Was comprised of: (1) four cell microphones to

monitor the acoustic field present in the reverberant chamber; (2) twelve

Endevoo 2220 accelerometers to monitor the mass simulator response_ located

as shown in Figure 8 and 9| and (3) four unlaxial strain gages (two pair of

back-to-back gages) as shown in Figures 8 and 9. In addition, a load cell

(Figure 7) was employed to monitor the shaker input force to the speoi_en.

It should be noted that the techniques discussed herein are methods for

oombintngstsnals and subsequently setti_ "design levels" for those signals

under a first-passage failure criterion, regardless Of the physical stsnifi-

canoe _f the signal. Thus, while the variable ot immediate interest is design

load, or stresS, for the purpose of empirically verifytnE the proposed tech-

niques more readtly measureable variables such as acceleration or strain will

serve.

22
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AS the ftrst-psssase failure love1 Is a function of the amplitude, duration

i and £requenoy content of the combined response, two acoustic spectra and

three shaker transients were employed in the teattn8. The two acoustic

spectra, differing in low l_equenoy energy content, are shown in Table 1.

Based on the results oF a sha_er aLms-sweep test j the sheker transients were

!seleoted that would engender stron8 mass Simulator responses 6t" nasnltudes i

comparable to the responses generated by the acoustic spectra. The transient '

excitation applied by the shaker was controlled "openoloop" usins a m_netio
I

tape loop containing the desired transient. One tape loop was made

containing the First transient which was repeate_ 100 times at lO-aeoond

intervals. The mathematically oonstr_oted transient was oF q-second duration

with a sine envelope and t_equenoy content near a resonance (27 Hz) oF the

mass s_ulator to ensure suFFicient response amplitudes. Two additional tape

loops were made containing the second and third transients, each also

repeated ZOOtimes. The second transient, repeated at lO-se_ond intervals

was oF q-SeCond duration with a Sine envelope and f_equenoy oF 50 Hz. The

third transient, repeated at 2.5-second intervals, Was OF 1-second duration

with a sine envelope and t_equenoy at 270 Hz.

To confirms repeatability oF the shaker transient excitation and to obtain the

responset X(t), due to the mechanical transient, each transient in turn was

applied 100 times and the response oF the twelve aooeleromet6rs and Four

strain gages reaorded. To obtain the response ¥(t), due to the acoustic

Fields, each spectrum (Table I) was applied to the specimen in the

reverberant chamber For a duration oF three minutes and the aecelerometer and

strain gage data recorded. Finally, to obtain combined responses, Z(t),

three combinations oF acoustic Field and shaker transient, as listed below,

were tested and the aooelerometer and strain gage data recorded:

1. spectrum A plus transient 1 applied 100 times For a duration oF 1000

seconds

• 2. spectrum B plus transient 2 applied 100 times For a duration oF 1000

seconds

3. spectrum B.plUs transient 3 applied 100 ttm_s For a duration oF 25o

: seconds

._ 27
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l_,el_mina_y data processing was completed rot one ao_elerometer and one 8train

gage for the test sequence• The aooelerometer selected was aooelerO_eter 06,

as it was a no_al accelerometer located in the corner _t the mass slmOlator

(see Figure 9), and hence had a strong response sign81 for both simulator

translational modes (e•g• 27 Hz) and r_tattonal Nodes (e.g., 50 Hz)• Due to

geometric sy_etryt the strain gage selection was arbitrary and gage #2 was

Oh osen •

I

For the transient-only tests e_ploytng transient #1 (27 Hz) and transient #2

(50 HZ) both or which were or _-seoond pulse duratton_ the response data X(t),

i were digitized at a rate of 2,000 mmples per 8econdt or 80000 samples per

pulse. For the transient only test employing transient #3 (270 Hz) which was

i or 1-second pulse duration, the response data were oigttized at ,,000 samples

: per second (pulse). The time derivative of these response data were then

calculated using a simple .delta-delta" roPmulattonj i.e.,

X = _Xl _t

For the short duration high frequency th_ro _ anstm't, the strain 8age data

were low in magnitude and or questionable quality, H_ce, rot the high

frequency (270 Hz) transient, only the aocelerometer data was processed.

For the acoustic only tests, the power spectral densities of the responses,

Sy(W), were determined. From these, the standard deviations of the

i acoustically induced response Day, and the time rate o_ change of the

acoustically induced response Q_, were calculated

,]'oy . y(W)d
• t

!

For the combined acoustic/transient tests employing transient #1 and transient

_" #2, respoflse data, Z(t), were digitized at 2tO00 samples per second (8,000

. samples per pulse). For the combined acoustic/transient test employing trans-

ient #3, the aooelerometer response data weri digitized at _000 sample_ per

,., secohd (pulse).

I • 29
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For the aOoustlo-only tests and the oombtne_ aooustto/trshsient tests, ooll

microphone one-third octave _PLs were eene_ated to ensure repeatability of

the acoustic fteZds.

• 1 Comparison Of Theory and Experiment

Comparison of the first-passage level theoretical prediction and experimental

data for the ccablned acoustic/transient loadlnl; conditions are presented in

Fli;ures 10-1/I and Tables I:I - V]: as described below, l_ploytns a digital

•"• computer, the theoretical prediction coaC_tations vere perfor_aed followins

;- the general steps 2 throush 5 of Table VZZ. The empirical curves were •

" obtained by merely obserVtns the percentage (nuBber) o_ a response ensemble

that did not exceed (even one time) each prescribed barrier level.

. Fi_u.re Tabl.._!e Znstrument Condition
10 IX Aocel #6 Spectrum A + TranSient i

' 11 III Accel #6 Spectrma B 2
12 IV Aces1 #6 Spectrum B�Transient 3

:. 13 V Oase #2 Spectrum t,�Tra_tent 1
1_ VI (]aBe #2 Spectrum B + Transient 2

The theoretical predictions are made employln8 equations 37 and 39:

,. P(T) = /Va exPI-/vadT/dt (37)
o o

. m

where,"a"- va+*

e -&lO 9 tl. ,+ (-,')
(39)

o.,

and

o2,, .' IS the variance of the acoustically induced response

'!
•! • 2
• ? 0 la the variance of the time rate of change of the

, ..'. acoustically Induced response
,

!!: 3o
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_ As the tim_-V_ryi.g barrAer, n(t) ,_A - X(t) (_.n.,I
r c_ (t) In obtained by nubtractin8 the mechanically

._ Lad.red renponne from the fixed barrier)

ct • dtdt (¢_(tl) • -x

_;, T • , or 1 (i.e. the combined load is applied for either
neeondn or 1 nedond)

From the transient-only runs are obtained the transient response, X(t), and

the Lime rate of chanse of the transient response, X(t). From the acoustic-

_. only runs are obtained O, the standard deviation of the acoustically induced

_ response and o, the standard deviation of the tame rate of chan_s of the

acoustically Induced response. These. t_ cases permit the predicted f$rnt-

pannase probability of failure to be made for Various levels, A, vla equatio.n

37 and )9. The probability of not oronsLn_ a given level is the compliment

of the probability of failure given by equation 37, i.e.,

PSUCCESS * 100 - PFAILURE

: To the extent, tlmt the proposed approach Is valid, the combined responses

will follow tim first-passaSe probability given by equations _7 and 39.

_L:'/ As seen in Flt_urea 10-1_ and Tables II-VI, the a_reement between the t'irst-

' • passage failure theoretical prediction and the empirical data As quite gOOd.

With the except_en of the strain 8a_e data foe the spectrum _/transient 2

Oombination, the predictions are nlit;htly conservat:ve nhowint_ typical posi-

tive marsins of 1.0 to 1.._ dB. This result is expected and 18 attributed to

i _!: the previously stated conservative Polnsonassumption that the barrier ordea-
l _ InEa are statistically independent evehts. The strain gage dat_ for the

i _,o. spectrum Bltrennient 2 combination (FLKure lq and 1.01e Vl) shows excellent

""* a_reement between theoretical prediction and test, data but without mar_in,

, .... o the dt_'ferenoe between prediction and test bein_ at moot 0.2 dB. _hy no mar-

'" 8An As perceived for than case has not been explained at than tA_e_ other

_ ,_,.: than to point out teat the disparities between prediction and eaptrioal data

!° *. ar_ well within the historical uncertainties of' typical VLbre-aooun_to data.

• _:" 31
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TABLE Zll

FIRST-PASSAGELEVEL-COI4=ARISOR

Aooelerometer #6

Speotru: 9 �Transient2

I
r

Probability of Theoretical Enptrioal HarKtn ,,i
not F_coeedtnK Prediotton Data Ratio

(_) (i,s) la0e) (d.)
10 19.2 16.5 1.16 (Z.3)

-2o 20.o 17.3 1.16 (1.3)

30 20.5 17.6 1.16 (1.3)

40 21.0 17.9 1.17 (l.q)

50 21.5 18.5 1.16 (1.3)

60 22.3. 19.1 1.3.6 (1.3)

70 22.7 19.9 l.l. (i.1)

80 23.5 20.8 1.13 (1.l)

90 2LI.? 22.2 1.11 (0.9)

92 25.0 22.2 1.13 (1.0)

9_ 25.5 23.1 1.1o (0.9)

95 25.7 23.1 l.ll (0.9)

97 26.5 2_.2 1.10 (0.8)

99 27.9 218.7 1.13 (I.i)

38
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<-- T_LS V OF.POOROU,.,trrv
-*: rZn_-PASSAOrL_VEL_ ,,zsoN

..... Strain 0qe 02

": $peotrum A �Trsnstent1

il

Probab£ltty or' Theorettosl bptrtoeA Mars:Lnt

_,= not gxoeedln8 Prediction Data Itstto
.,.: 10"6.; (_) 10"6 tnoheu/i,noh, . ' _..ehes/inoh (dB)
:"4? _o Io71 865 1.2_ (1.91

i

-_'_"- 20 1111 916 1.21 (1.?)

" "' 30 11_0 9_6 1.21 (1.61

" _0 1166 979 1.19 (1.5)
o

50 1191 1011 1.18 (1.,)

60 1219 1053 1.16 (1.3)

'!" 70 1248 1090 1.14 (1.2)

:_ 80 1287 1128 1.14 (1.1)
--%_ •r

_.- 90 1343 1192 1.13 (1.0)
-,;.." 92 1361 1193 1,14 (1.I)

.,,i 9_ 1_83 1203 1.15 (1.2)

,..:, 95 139_ 1208 1.15 (1.2)

:';,. 97" 1_31 1221 1.17 (1._)
:!,.:. 99 1_98 1240 1.21 (1.6)

L' !'

• L ',

,r

o ../_

c m

° i
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TABLE VI

, FIRST PASSAaE LEVEL COMPARISON

Strain Oqe #2

Spectrum B _. Trsnsien_ 2

l lll I

Probability of Theoretiosl Entptrioal Plarsln
Not EXoeedlnK Prediotton I_t8 Ratio

(_) 10"6 lnohe 8/£noh 10"6 inohe sltno h (_B)

10 ,61 "5" 1.02 (0.13)

20 ,78 ,69 1.02 (0.17)

:_ 30 "95 ,90 1.01 (0.09)
"0 509 500 1.02 (0.15)

50 521 513 1.0_ (0.13)

60 533 528 1.01 (0.08)

70 5,6 5"0 1.01 (0.I0)

80 567 569 1.00 (-0.03)

90 592 598 0.99 (-0.09)

92 597 611 0.98 (-0.20)

9" 609 623 0.98 (-0.20)

95 618 62, 0.99 (-_.08)

97 636 637 1.00 (-0.01)

99 6,5 6,8 1.00 (-0.0,)

i _
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.!. HaVing aehAeVed rather good agreement between the theoretloal Flrst-paasap

:! predLot£on and the empLr£oal data, £t is not surpr181ag that the assumptions

_ upon whAoh that predtotlon t8 based-were reasonably valid For the teat

! eontlsurat18n. A brief dissuasion of the emplrioal verlftoation of the

underly£ng assumptions 18 Found Ln append/x B.

. 5.0 ..ANAPPROXL_MTIONTO A NON-STATIONARYACOUSTIC PR_URE FIELD ......

"_" The prev£ously developed anaJytLOal teohnique For pswdiotlng the oombinsd

i u. loads durin8 STS laUnoh due to transient meohanioal 1sputa and aeoustioally
r ,

' : induoed random vibrations is based upon three assumptions: (1) that the sys- :

_"'_: ten (struoture) is linear thereby peruitting superpoaition of the two loads; ' t

., (2) that the aooustio load iS Gauss18n; and (3) that the aooustio load is i

i _i._ stationary. Durln_ STS launoh the third assumption of the aooust£o load

i _ii.. being stationary is not phys£oally Justifiable, but as the true evolutionary
_,._, nature of the aooustio pressure may not be known, and in f'aot the aooustio

•:_: For_in8 Funotton often is taken as a stationary envelope of the evolutionary

F, .*. aooustlO $PM, the assumption of the aooustio load being stationary is made as *'

L pra_atlo analytioal expedient.
i

!: Should the evolutionary nature of the aooustto pressure be knoWn, this truly

!_i: non-stat18nary For_tn_ Funotion oould be approximated as brink quast-

i : stationary £n temporally contiguous intervals. The previously developed

analytloal teohniquas of oombtnir_ transient meohanioal inputs with aoousti-

;': sally tnduoed random vibrations and subsequently predioting the probability

!,. of' Ftret-paasaKe barrier oroasing of a presorLbed _,evel, A, could then be

", : aFFeoted For eaoh individual interval. The probability of First-passage bar-

_ _ r£er oroeeLn8 of a level_ A, For the entire STS launoh event 18 then obtained

_L't' as the sum of the probabilities of First-passage baffler oroasing of that!i,

-oo:.iii level, A, in each of the sub-intervals oompr18£nS the launch event. This

_ _ quasi-statiOnary approximation 18 illustrated in FLours 1S. ,

.i

t
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6.0 THE EFFECT OF FLIGHT-TO-FLIGHT VARIATIONS IN THE ACOUSTI_ PRESSURE FIELD

PSD ON THE PREDICTED COMBINED LOADING

The question may arise as to how flight-to-flight variations in the acoustic

field power epeotrel deneity_ PSD, should be handled. To establish an 1

acoustic load based on the average of the fltght-to-tll_t variations appears tto be a non-conserVative approach but to base it on the maximum seems overly

conservative. This section proposes an approach to handling this variation, i
t

Consider an %nsemble of PSD's representtn8 the flisht acoustic pressure

fields (e.g. Figure 16). Pot a spatially uncorrelated acoutic pressure field 1

: (i.e., neglecting the crosspower spectral density _f the acoustic pressure), i

the response power Spectral density iS related to the acoustic pressure power

spectral density by the transfer function, Tij:

Sy(XI,W) = Tij _p(Xj,W) (42)

where, Tij = H(Xi,Xj,W) He(Xi, Xj,W)

and,

Sy(Xi,W) is the PSD of the response variable y, at

frequency W and location Xi.

H(Xi, Xj,W) is the frequency r6sponse function relating

the response at location Xi to an acoustic

pressure at location Xj at frequency , W.

He(Xi, Xj,W) is the complex oonJuEate o_ H(Xi, Xj, W)

Sp(Xj,l_) is the PSD of the acoustic pressure at

location Xj and frequency N.v

Assuming the _teld is stationary (i.e. statistical parameters are independent
: i

of time) and takins expected values across the ensemble of flight acoustic ]
pressure fields results in, from equation 42:
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Squaring equat.ion q2 and taking expeoted value_ aorooo tho er4aemblo

reault= in:
f

, [,,:,x,.,,1 . r,,,,x..w,] ,,,,,,......[.p ,.,

As the mean-square of a random variable is equal to t_e varianoe plus

the square of the meant equation 44 Nay be rewritten as:

whioh by equation 43 reduoes to

2 2 a2
a Sy(Xi,W) I Tij Sp(Xj,W) (.6) -,

and taking the square-root of equation 46

a

s_(x,,w_=Tia c'spcxa,wa (,7)

where OSy(Xi,W) and _Sp(Xj,W) are the glight-to-flight standard
deviations of the PSDs of the response variable, y, ana

the aooustie pressure, respectively,

Equations 43 and 47 state that the expeoted v_lue (flight-to-flight mean) o£

the response PSD and the flight-to-fltaht standard deviation of the response

PSD are obtained f_om mapping the expeoted Value of the aooustio pressure PSD

and the standard devtatto_ of the aooustio pressure PSD, respeotively,

employing the transfer funotion,

Tl_j " H(Xi,Xj,_) Hm(XiIXj,W) .]

" 46

==.'| ................................................................................... _ .... -i :

1983019524-TSD12



oRIGINALPAGE19
OF POOR QUAI.IW

.: Now assume that the I_,pul_.__. of acoustic pressure PSD_ (from f_gnt to

flt_lht) ure normally d$strlbuted. If the acoustic prea_uro PSD _e normBlly

dLstr_.buted, then so La the responme PSD, for tho latter Is 1Lnear_y reluteo

_*,, to the former (equation _2). With the ensemble of response PBD_ normally

.. distributed, the Mth percentile of the response. PSD _s 61yen bys

, Psy(xi,w)• E . osy(x_,w) (.s)

,"_'' l M_ ii;/ where is the appropriate constant relating a multiple of the I

_ dtstr_bution.Standar_deviation to the Mth percentile for a normal i

• i

.: Substituting equations _3 and _7 into equation .8 results in:

2 PSyCXi,W) = Tij E" or (49)

' ..

But, with the acoustic pressure PSDs normally distributed, the term in

/2 brackets._s the Mth percentile of the acoustic pressure PSD. Thus,

", Ms M_

PSy(Xi,_:_ " TIj Psp(Xj,W) (50)

: _quation 50 states that the Mth percentile PSD of the response variable is

_._ obtained by mapping the Mth percentile PSD of the acoustic pressure field

by the usual transfer function, TAj , HIXI,Xj,W) BslXI,Xj,W).

] 983019524-TSD] 3
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The standarddovla_!ono£ the _tattonary candom aoou_tloal!_ induced lo_d_

: , o¥, tm obtained am the square root o£ the area under the aooust_o load PgD
,. determined in the random resonse analytic of the acoustic exoltatlon,

- ],
When.the s_andard deviation of the acoustically induced load, a_(Xi) ,
is based on the Mth percentile o£ the acoustic pressure PSI), equate.on 5i

: becomes:

': _V]1_M o_" M_'" = P ,(XI,W ) d_ x(x i) sy

•,. or from equation 50 (52)

':.. aY(Xi) : Tij ap
!.

.. The choiceo£ which percentile,M, to use is a subjective,non-analytloal

: decision,

Recall the case when the mechanically induced load, X(t), was tsars-to be a

-_ " known deterministic transient.. For this case the pth percentile of the

•_ total load, Z(t), was given by;

o,+. : el' P (t) = x(t) . y (53)

-" ." Now, when this pth percentile of" the total load is in turn based upon the

_-=.c:" Mth percentile PSD of the acoustic pressure, substituting o'¥M,*or _¥
_"2_ (with the location i dependence implied) equation 53 becomes:

Pz(t) (54)
t

:..-' q8 .!_v

1983019524-TSD14
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1

or [/T dW11 (54)
_(t) = X(t) + KP_ tJ PM_(w) gsp

Similarly, for the case where the mohanlcally Induced load ls a non- 't

stationary random va_-iable, the pth percentile of the total response, '':

Z(tl), at any time, tt, was given by:

Z(tt ) = E X(t t) + KP_ 2 It) + _ + 2PX(tt ) Y(tl ) Ox(tt ) v

And, when this pth percentile of the total response is in turn based upon

the Mth percentile PSD of the acoustic pressure, (i.e., replacing oy

with _) 1

p. = EIX(ti)l + Kp. [O.x( 2 yMl'_"
Z(ti) ti) + _M + 2PX(ti ) Y(tl ) OX(ti ) • (55)

M
where in equation 55, _y is given by equation 52.

Referring to equations 52, 5q or 55, it is seen that the effect of flight to

flight variations in the PSD of the acoustic pressure _n the predicted com-M

b£ned load depends (1) on the relative magnitude of PSp(Xj,N) with respect

to the excitation pressure PSp(N) without
flight-to-flight variations

considered and (2) on the magnitude of the transient load considered by

ttsel_ (i.e., if the transient load X(t) is very high compared to the

aoousttoally induced load, then consideration of fl£ght-to-fltght variations

in the acoustic load may not cause an appreciable change in the. combined

load). Similarly, when the acoustically induced response is based upon the

M &tVen by equation 52Mth percentile PSD of the acoustic pressure, a¥
is substituted for Q in the equations for calculating First-Passage

probability.

49
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t An analytical technique has been developed for prediotin8 the combined loads

durir_ ST3 launch due to transient mechanical Inputs and acousttOally induced

rahdom vibrations. The procedure assumes that the ind_vldual acoustic load

and mechanical load have been previously obtained by currently employed teoh- ii
!

nlques alluded to herein. The procedure is based upon three assumptions:

(1) That the system (strUcture) Is linear thereby pe_tttng euperposttton of

the two loads; (2) that the aooostto load is Gausslan; and (3) that the

acoustic load is stationary. During STS launch the third assumption of the

acoustic load being stationary Is not physically Justifiable, but as the true

evolutionary nature oF the acoustic pressure Field may not be known, and in

tact _he acoustic Forcing _unction otter is t_ken as a stationary envelope oF

the eVolutionaryacoustic SPLs, the assumption oF the acoustic load bein_

stationary is made as a prasmatlc analytical expedient. ShOuld the

evolutionary nature oF the aoou4_tic pressure be known, this non-stationary

• Foro_ _unct£on could be approximated as being quasi-stationary in temporally

contiguous intervals. The procedure results in a predicted prObability

distribution function For the combined load; the combined load has been shown

to be represented as a non-stationary Oausstan random variable with

time-varying mean. _inally, a technique For obtainin8 combined design loads

: under a First-passage Failure criterion has been developed and empirical

verification oF th._ proposed technique provided. A sueuuary oF the procedural

steps leading to a Ftrst-Passasefatlure design level are listed in Table VII.

_t is recommended that the tollowtn8 addltibnal work be performed.

(1) Develop and document computer cede "run streams" for pertonatn8

First passage Failure analyses on Univac, VAX, and CDC machines.

(2) _,ptrtoally verify analytical techntqueo For predicting acoustic

induced loads and their resultant strains by employln8 the data• .

obtained in the experimental investigation, Section 4.0.

50
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TABLE VII

I A SUNMARYOF PROCEDURALST_PS LEADZNOTO A

l FIRST-PASSAQE FAILURE DESIGN LEVEL

t 1. Identify acoustic pressure SPL

f
[ a. or SPLs i£ using quasi-Stationary approximation
l

b. if accounting for flight-to-flight variations select desired Hth
percentile SPL (subjective).

2. Using the selected SPL (or SPLs) calculate the standard deviations o£ the

acoustically induced response, Gy, and the time rate o£ change of the

acoustically induced response, G_, by a random reponse analysis o£ the
s_ructure,

3. Select desired transient and pee£orm respon:e analysis to obtain

Neohanloal transient response, X(t), and time derivative o_ transient

response X(t).

t" 4. Select candidate b_rrter levels, A.

5. Perform First-Passage failure analysis (equation 37) to obtain the

probability distribution function o£ first-passage failure.

6. [ither:

a. select the desired probability (subjective) to which the structure

Is to be designed and obtain from the probability distribution

function the corresponding design level, or

b. select the design level and obtain the corresponding probability.

51
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APPENDIX A

i PRELIMINARY CONSIDERATIONS ON

THE ACOUSTICALLY INDUCED LOAD

The purpose of this appendix Is to develop dome or the salient f#atures of a

random prooeJs (the aoousttoally tnduoed load) with whtoh the reader should

be Familiar and that are employed An the text of this doounent.

i i

i iw.'

i .....

"ti .
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:. The acoustically £nduoed load is taken as a random population, assumed to be

" stationary and aaussian and of the form'

.  j(t) • ':An sxN(Wnt • 6nj)

.: or, at a given time, t 1 ............

"_.:, Yj(t 11 • _.An S_N (Wnt1 • _nj) (A-2)

where:

i: An ffi Amplitude of the n th frequency component

kln = Circular frequency of the nth frequency component

v

..4:}i _nJ = Phase angl.e of the nth frequency component for the jth _ember
o,-. of the population

,:. Each element, Yj(t), of the ensemble has the same power spectral density
-,. ............ (PSD) obtained previously from a random response analysis employing the

.;.:. acoustic field in the STS cargo bay aS a stationary random excitation. The

). elements of the ensemble differ and ar_ determintstioally unknown because the

_,..:" phase angles differ and are unknown. In this formulation the load due to

_:- acouStiCs iS represented as a number of stnusotdal components with random

:J" phase angles uniformly distributed over the range (-_,  �)As the phase

; ansles are assume4 to be uniformly.distributed between -_ and ",the

=o'. probability density function of _n is flat at the leVel_ _ IT, in that
. _, interval.
S "

o : It is known that _or some function.of _n' say O(_n) , the expeOted value
,o

::; of O( _n ) is defined by:

_:" ,,,/O(_on)p(_n) d _n

:: (A-3)
_,:: E [0(%)1 =

t.?" 5_
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wtlel'o P(gn) 18 th_ prob_b£11L¥ density fUlletlolI of gd,

t

In partioulnr tile t'ollowlng will prove to be useI'ul.

e0 iT

I I s [ i- _ d_ n =IS SIN_ = 0 'R COSg n = COS_ n p(_n)d_n _
-liO --ll 11

IT

= = = t_ COS_ = 0
E SIH_ n IN_ n P(_n)d_n _ d_ n

E COS2¢n = 0S2¢n P(¢nlden = fcoS2¢n de n =t_ +t SIN 2¢ n
_. Ji,,

E [ SIH26ni=, _ SsIN2_n P(_n)d_n--/s_"2_.2 _, .,.di"- i_[__ -i SSN-_%]

I I / /E SIN_ n COS_,_n = IN_nCOS_ nP(,bn)d_ n = l_(SIN_nCOS_n)d_n
-OO -11'

•"- In a 81miler rashlon, we consider the second order probability density

fUnetlori between two phase angles0 _n' and gin' As before the phase atiglu8

are assumed to be uniformly distributed between -IT and +lY (I.e. -1T _< ttln

S IT and -li __ gm 5 ,€�„�e.ehwlth uniform dlstrlbutlo.). Xenoe the

ascend order probability delisity fuiletlon between gll arid gin is tl fiat

surl'aoe of level 14,_2. By dei'lnttlon, two raildom vaPlable_ are

lildepondellt i¢'

_ 55
L
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" P2 (6n'*m)" PI (6n)PI (_m) (A-5)

whioh is the ease at hand (i.e. _._2 s "_ x "_It ). Thus, we have

taken the phase ansles to be not only uniformly distributed, but statistically

independent.

It £s knoms that for some function of (In, _), a_y O(_n , lm), the 1

, expeoted value of O(_n, _m) , is defined by: i

.g ," G(¢n0m) P2 (¢nem) don dtPm (A-6)E [G(¢n,_m)] =

In parttcular_ the following will prove to be useful.

"'• aO CO

fcos% /'cost.
_. E [cos_.cos%]=_j --_- ._.J_ d% ; 0

;!:....., faiN0 n /SINe m_,- E [SIN% SIN_m] = j _ d0n _ d_m = 0 (A-7)

i

-:"- fsi.,. /_os%" E [SINenCOS. m ] = dOn dO m = 0

!, We had the family of loads due to aooustto excitation to be of the form:

_,._' ¥(tl) m Z An SIN (Nnt 1 + _n ) (A-8)F-,,,

ill where Y(tl' is a randOmvarlable beeause'h is a rand°m variable' An, iS obtained from a frequefiey analysts of response to aooustto exottatlon, or,

I by ah Identity of trigonometry

_r

i! 56
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takinS expectedvalues

and as SIN WritI and COS _n a.re unoorrelated

and as COS Writl and SIN _n are uncorrelated

B [Yctl)] = za n I_ [smcwntz)] E [cos_ n] + E [coS(Wntt)]z [sIN_n] I (A-ll)

but aS Wnt1 is a deterministic quantity

E [SZN(l_ntI)] = $IN(WntI)
(A-12)

E [COS(Writ l)] = COS(Nntl)

and we have already shown that

E [COS _n] = E [SIN_n] = 0 (A-13)
hence

(A-I_)

Thus, the expected value (mean) of the response.due to 8ooustlo loading is

ZerO *

" 57
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Now, squaring the response due to aoou=ttc excitation gives

. I ¥2(tl) : nZ An9 [SIN(WntllCOSCn + COS(Wntl)SlNCn 12

+ 2 Z _: AnA m [SIN(Wntl)COS¢ n + COS(Wntl)S;NCn ]n In (A-15)

x[SlN(Wmtl)COS_m. + CO6(Wmtl)Sl N¢m ]

or expanding and taking expected values

2 E(C 9j1/2
E [Y2(tl) ] = Zn An [ (SiN2Wntl) _ :_S", n) + (COS=Wntl) E(S_,_ln/) 2

+ 2 SIN(Wntl)CONWntl) E(SII_dSCn) ]

. [ o+2-n_m AnA m SIN(Wntl)SIN(Wmtl) E(CO_OSCm)

C/h/_ CA-Z6)i + SIN(Wntl)COS(Wmt 1) E(COS INcm )

0

+ SIN(Wmtl)COS(Wnt 1) E(SIN ¢l(:OS era)

--- *"COS(Wntl)COS (Wmt1) E(SIN ,/_0SlN.m )]

A2
__, E [Y2(tl)] . zn/2 (A-17)
i-

which is Parseval'sformulafor a Fourierserles (i.e.the mean squarevalue

_ equals I/2 the sum of the squaresof the componentamplitudes)-.

58
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Zn praottoe, the mea_-square aooust_oally _nduoed response, E [¥21t)] _

, the area uflder tho one-sided aooustloaZZ¥ _nduoed reoponae PSD, _y(g),
al|d

- _s obtained by _nte_rat_ng the same ov6_ frequenoy, i.e.

m

: _rther, as the expeoted value (m_n) of the aaoust_eally induoed response _s

_."., zero, the mean-equate aooustioally induoed response _uals the variance of
,+ that response..

•.i+._

+-,

o, '"

v..,

,y

.u"

t,.

+: , ,

.!
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EMPIRICAL VERIFICATION OF

UNDERLYINGASSUMPTIONS

14avtn8 achieved rather seed asreement between the theoretical Ftrst-Passase

predLat£on and the empir/oal data, Lt £s not surprising that the assumpt£ons

upon which that prediction is base4 were reasonably valid for th_ test oon-

£igurat£on. The prediction ot the combined response is based upon three

assumptions: (1) that the structure is linear, thereby permitting superpost-

tion of the two loads; (2) that the acoustic load is Oaussisn; and (3) that

the acoustic load is stationary. Hence, the combined response is represented

as a non-stationary Oausstan random variable with time-varying mean (t_

t_e-varylnSmean being the response to the transient).

To confirm the validtty of this representation, empirical ensemble statistics

Per the combined loadin8 responses (i.e. statistics across the ensemble of 100

samples) at various arbitrary time points were compared with the predicted

ensemble statistics based upon equation 16.

P:(tt) = X(t i) +KP_¥

Figures B-l, B-2, and B-3 depict such. oompa_sons for the aocelerometer #6

data, spectrum A/transient 1 loading condition of 4-second duration, at the

times t t z 1 second, t t a 2 second, and t t z 3 second, respectively.

The asreement_ iP not excellent, is considered adequate. Further, if a

temporal average of the ensemble statistics over the q-second duration (i.e.,

over 8000 digitized time points) is made, excellent asreement Is Pound as.

seen in FSgure B-q. 3imilar resdltS for the other combined loading condi-

tions for aooelerometer #6 and strain &age #2 a_e presented in Figures B-5

through B-20. Takin8 the combined response as a non-stationary Oaussian

random variable with time-varying mean appears t4_be a reasonable assumption

that is essentially correct.

PRECEDING PAGE BLANK NOT FILMEI_
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