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PREFACE

This document is submitted by the McDonnell Douglas Astronautics Company
to the National Aeronautics and Space Administration and was prepared
under Contract NAS8-33191, "Statistical Energy Analysis of Complex Struc-
tures." The study was directed by R. F. Davis. J. B. Herring of the
Vibration Analysis Branch of the Systems Dynamics Laboratory of Marshall
Space Flight Center administered and directed the contract.
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SUMMARY

The aerodynamic and external acoustic environments of current aerospace ve-
hicles generate very significant high-frequency random vibration structural
response. This vibration response has proven to be a primary design con-
sideration for the short life requirements (one flight) of past space vehicles.
The effects of this adverse vibration environment will increase for the
reusable vehicles that are currently being developed for space exploration.

The most efficient method to achieve optimum vehicle design for this high-
frequency vibration environment is to generate meaningful design and test
criteria early in the design phase of the system and to periodically update
these criteria throughout the various phases of vehicle development. The
methods included under the term “"statistical energy analysis,” or "SEA,"
provide a means of predicting such high-frequency vibration criteria in systems
that do not conform well to other analysis methods. These energy analysis
techniques are denoted "statistical" because they involve averaging structural
responses over portions of the structure. This averaging is peri med over
time and space and in frequency bands.

Response predictions fer a structure are made by modeling the structure as

a number of elements, deriving power fiow equations for each of these elements
(including acoustic or mechanical energy sources), and simultaneously solving
the resultant system of equations for the element response levels.

This report presents the results of an effort to document methods for accom-
plishing such response predictions for commonly encountered aerospace
structural configurations. The effort included application of these methods
to specified aerospace structure to provide sampie analyses. The report

has been arranged in the form of an applications manual, with the structural
analyses appended as example problems. Comparisons of the response



predictions with measured data are provided for three of the example
problems. Other appendices provide a derivation of statistical energy
analysis response equations, application guidelines, and response solution
programs for programmable calculators.
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SYMBOLS

area
acceleration

fraction of critical damping

group velocity (= 1.07 [w Cy t]”&)

longitudinal wave velocity

speed of sound in air

dissipation of damping; bending stiffness

total energy of an element, modulus of elasticity
freqguency

gravitational acceleration

thickness

mass
number of modes

modal density

pressure

radius of curvature

power input

thickness

volume; velocity

velocity

width, weight

weight density

incremental value

damping loss factor (= ?%E = 2C/CC)

N
coupling loss factor (= fgﬁ%_g)

radius of gyration
Poisson's -atic
3.14159



¢a,b

Element

System

density
radiation efficiency

average mode-to-mode coupling between
Elements a and b

angular frequeacy, normally center frequency
of a frequency band

NOTATION

a set of modes modeled as one unit of a system,
all modes in a frequency band having identical
energy (on the average)

the total structure and associated energy
sources under consideration (may be only a
portion of an actual structure)

indicates averaging over both time and space



INTRODUCTION

Three methods are in common usage for predicting the vibration response of
aerospace structural systems: classical modal techniques, comparative scaling
using available data banks, and empirical formulas. Each of these methods

is limited in application by inherent characteristics of the method. Although
classical dynamic analysis techniques for predicting dynamic response work
well in the frequency range of the lower structural resonances, their appli-
cation to high-frequency regimes is limited by model complexity, computer

size capability, and cost, and is not amenable to rapid estimates. Use of
data banks is limited to structural configurations which are very similar

to the previous designs on which the data bank is based. Likewise, empirical
formulas can, in general, be applied validly only to structures of the specific
configuration for which they were derived and which match previous designs.

The advent of reusable space vehicles featuring new configurations with unique
forcing fields requires extending these techniques beyond the configurations
from which they were developed. An alternative and relatively simple approach
to nigh-frequency vibration analysis has been developed which is known as
statistical energy analysis (SEA).

Statistical energy methods have been developed to consider the distribution
and transfer of energy among the modes of a vibrating system. These methods
assume that the modes of a system being analyzed contain all the vibratory
energy of that system. Therefore, for SEA to have valid application, all
significant energy of a system must be “resonant" as opposed to “nonresonant."
A parameter for evaluating this condition is examined in Reference 1.

The SEA methods separate the frequency range of interest into frequency bands,
which are analyzed indrpendently. The methods assume that the energy in

the modes of one frequency band is not transmitted (through coupling) to

modes in other frequency bands, either within an element or among the ele-
ments of a system.



An important factor in validating the space and frequency averaging inherent
in SEA is the number of modes included in each frequency band. With many
modes excited in one frequency band of an element, the vibratory energy may
be expected to be well distributed throughout the element and among the
various modes, and averaging will furnish a valid approximation of actual
values. This effect is demonstrated in Figure 1 which shows, for a par
cular structural system, that predictions made with fewer than 20 modes per
element per frequency band exhibit considerably more scatter than predictions
with more contributing modes. Since constant percentage bandwidths (such

as octave or one-third-octave) are generally utilized to obta’1 predictions,
the narrower bandwidths in the lower frequencies result in fewer contributing
modes and therefore less accuracy at these lower frequencies. Accordingly,
SEA is generally applied to frequencies of 100 Hz or greater for typical
aerospace structure. Also, model elements are chosen as generally gross
portions of structure rather than representing fine details in order to
maintain a high number of contri.uiing modes per element. An example of

such modeling for a section of skirt structure on a launch vehicle would
utilize three elements, one element representing the skin/stringer external
shell, another representing an equipment-mounting panel, and the third repre-
senting the components on the panel (which are considered to be “smeared"
over the panel in an average sease).

The assumptions, then, upon which statistical energy analysis is based are:

A. The modes of the elements of a system contain all the vibratory energy
of the system.

B. Only modes accurring within the same frequency band are coupled.

C. The energy in one frequency band of a system element is equally
distributed among the modes of that element occurring in the frequency
band.

D. For two coupled elements, all of the modes occurring in one of the
elements in one frequency band are equally coupled to each mcde
occurring in the same freqi ancy band in the other element.
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DESCR1¥: TON

The following section will demonstrate the applicaticn of SEA methods to a
comion structural system of interest. Wnile particular systems will require
un e adaptations of the methods, the analytical procedure should be fairly
ge.eral.

Consider a section of airframe of an aerospace vehicle, such as a missile,
reentry vehicle, or airplane, consisting of the external shell, an internally
mounted equipment panel, and a component mounted cn the panel.

Equipment
Panel

Figure 2. Typical Aerospace Equipment Panel Installation

Several reasons may exist for Shalyzing the noted section of interest without
performing an analysis that encornacses the entire vehicie: a local struc-
tural change in the secticn for an operational vehicle, a design evaluation
examining ceveral locations and configurations for the panel, or evaluation
of an alternate location for the component.

This segment of structure can be represented with an SEA model c¢f three
elements as shown below.
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Note that this model will reduce to two elements for the ana ysis of a com-
ponent mounted directly to the shell.

Another common structural configuration of aerospace interest consists of a
airframe section containing an internal bulkhead, with a component mounted

on the bulkhead.
External Shell\

Bulkhead / @‘\Caﬂponent

Figure 3. Typical Aerospace Bulkhead Instailation

The corresponding SEA model for this structural system requires three elements
and is of identical form to the shell/equipment parel/component model.

1 2 3

Acoustics— Exg'ﬁ;:a] ¢—p{ Bulkhead |¢g—»{ Components




The analytical differences between the two structures will appear in the
parameter values selected to represent the dynamic properties of the various
elements. There is no difference in the configuration of the two models.

The elanents of these models are a very straightforward representation of

the structures. The only significant decision required is in definition of
the amount of external skin to include with the modei. Selection of the
correct skin area yields a balanced system, with the energy flowing into the
model subsystem mechanically from the remainder of the structure equal to the
energy transported mechanically out of the subsystem. This situation therefore
exhibits a zero net flow of energy across the boundaries of the model. In
many cases this ideal condition can be approximately achieved by establishing
the model boundaries at points halfway between major structural loading points,
i.e., halfway between attach points of two adjacent equipment panels, halfway
between the panel attach point and a fuel tank bulkhead, halfway between the
panel attach point and a large component, etc. The effect on response pre-
dictions of incorrect estimation of the skin area will be in essentially

direct proportion tc the error: selection of an area too large by 10% will
result in predicted levels (gZ/Hz) that are too high by approximately 10%.

Once the structural system has been modeled, the next step is to select the
applicable equations for the model. These equations, listed below, were
determined by examination (recognizing that the coupling between the skin
and component elements is zero) of the SEA system equations listed in the
Conclusions section of this repert.

funy + Nad2) By = NygiaE2 = Sy

“N2d12E; +{wnz + Nydr2 + Nadaz) E2 - NadasEs = 0

-N3$23E2 +(wna + Na¢23) E3 = O

where
w = angular frequency (average) of system
- 1
na = Element a loss factor (crit?hET'damping ratio)
N3 = number of modes resonant in Element a
¢a,b = power transfer coefficient for coupling between modes through

the structural jcint (¢a,b = ¢b,a)
10



E; = total energy of Element a

Sz = power introduced into Elarent a from an external source

Each of these equations represents a power *low equation for one of the elements
of the model. Tugether, the equations for. in algebraic system for the solution
of the E;, provided the other terms can be eviluated for a structural system.
The input term, S;, will generally represent an acoustic excitation of the
system. A derivation of the SEA response equations is provided in Appendix I.

The next step is to evaluate modal density. damping, and coupling parameters
for the system.

Modal Density

The shell element is composed of the cylindrical skin, stringers and ring
frames. The modal density of these subelements can be determined with the
appropriate equations of Tabie 1 in Appendix II.

24
. - w
Skir:: nski“(w) Tty (—-—wr)

Stringers (assuming plate-type response for high freguencies):

As

4nnpcz

Nser(@) =

Ring frames (assuming beam-type response):

L 1
nae(w) = =
rf 21 '_-_—ukbc;,,
where N
na = modal density of Element a = E%
Aw = trequency bandwidty: selected for analysis
Ag = surface area

= radius of gyration of plate cross section

~
o
#

1



¢y = longitudinal wave velocity
e,

structure ring frequency = T

£

radius of curvature

-
L]

—
]

length

kh = radius of gyration of beam

Summing these contributions.

+ +
M= Aekin ™ Mstr 7 Mef

ard
N1 = n;(aw)

The equipment panel (or alternately, the bulkhead) is a ribbed plate which
can be subdivided into plates and beams:

bulkhead = "plate ¥ "ribs

The component can generally also be subdivided into plate-, beam-, or shaft-
type elements, depending upon specific design. If, however, experimental modal
response data are available on similar compo..ents, an estimate of the com-
ponent modal density can be obtained from a plot of mode number versus f.equency.
The slope of the approximate line joining the points, as indicated in Fig-

ure 4, is the modal density.

12



172

10— /

Mode Number

I
°

] L | 1 | l l |

1] 0 140 210 280 350 420 490 560 630
Frequency (H2)

Figure 4. Grapnical Approximation of Modal Density

Damging
Th:2 damping parameter values for the elements should be estimated based on

experience with similar structures. References are provided in Appendix II
which will 1ssist the user in selection of values.

Coup)"ng

Appenaix I. provides coupling factors that apply for a number of structural
Juints, ror the typical structure under consideration, coupling factors are
pro* ‘ded for specific skin/equipment panel joint configurations (also for
snin/bulkhead joint configurations of the alternate structural system) that
«re similar to many aerospace installations.

A wide viriety of configurations may be encountered for the component/equipment
rane! joint. The first approach to evaluating coupling factors for this
Joint ¢ to chack Appendix 11 and other available sources for a similar joint.
When coupling factors for a similar joint cannot be found, this parameter

13



may be determined through an SEA evaluation of response data with a similar
joint. The SEA parameter for the similar joint may be evaluated by the
following procedure.

The response relationship between a component and mounting panel is, in
general, g ovided by an equation in the form of the third of the set of
SEA equations:

[
Q

-NedpcEp +lung *+ Npdpc) E¢ =

where the subscript notation is: ¢ = component

equipment panel

This equation provides a means of solving for the coupling factor if the
other system parameters can be evaluated and response data are available.

Whe

E
N. 2
CEC

- Ny

The total energy term for an element is provided by

- >
. = < .2> = PR
E'] my V_I my ;u*z—
mj = element i mass
vi = element i velocity
a; = element i acceleration

<> indicates averaging over time and over area

which yields

14



This equation defines the coupling factor based on the relative response

fevel, ﬁi?f, of the equipment panel to the component for the similar joint
<al>

configuration. (Similarity to the primary structural system under analysis

assists in defining the SEA parameters in the equation, generally reducing

the effort required to determine the coupling parameter using response data.)

The final step before obtaining the response solution for the system is to
define S;, the input term. For the sample structure, excited by a reverberant
acoustic field, this term is

2"2°02A1<F?>°N!(surface)

S; =
wo. (Aw) Mg

Co = speed of sound in fluid medium

Aj = surface area of Element i

P = acoustic pressure

Q
"

radiation efficiency

=
ey
[}

number of surface modes of Element i (excludes modes of ring
frames, stiffeners, etc.)

miy = mass of Element i

Appendix II provides radiation efficiency values for both flat panels and
circular cylinders.

The parameter values may now be substituted into the system of SEA equations
(for eack bandwidth of interest) and the response solution for the [j obtained.
The previously noted relation,

<a’p
2

w

Ei = mj

15



.’<-arj >
S

(in g?/Hz), where g is the gravitational

can then be used to present_the element responses in the form of
<a21- >

(Aw)g?

(for response in g's) or

acceleration constant. -

16



SUMMARY OF STATISTICAL ENERGY ANALYSIS
LIMITATIONS AND EQUATIONS

The methods presented in this document will provide estimates of the high-
frequency vibration environment for structural systems. The user should
he aware of the requirements and limitations for the application of these
methods. A summary of the principal limitations is provided below.

1. Application is more valid in frequency ranges where many modes are
excited. Care must be taken in evaluating the lower frequency limit
of applicability for a particular structural system.

2. Application is valid only for systems containing all their energy in
modal resonances, therefore SEA ~nas pot apply to heavily damped systems.
Reference 1 provides a means of evaluating this requirement for specific
systems.

3. Response predictions determined with these methods represent averages
over generally gross portions of structure. Therefore caution should be
taken in applying these average values with nonuniformly configured
structural elements such as panels with relatively massive integral
stiffeners, where response amplitude of the panel segments may be expected
to differ considerably from that on the stiffeners.

A summary of the SEA response prediction equations is provided below. In-
spection of the system equations will indicate the terms required to expand
the set of equations to accommodate a system with any number of elements.
Likewise, the simplification possibie for systems which do not have each
element connected to every one of the other elements can be determined by
setting the appropriate $jj terms to zero.

Guidelines for structural modeling and parameter evaluation are provided
in Appendix II.

17



Statistical Energy Analysis Equations for a Four-Element System

(wny + Nagi2 + N3das + Nudaw ) Ey - Niga2Es = NydisEs = NydinEy = S5

=N2912E1 *+(wnz + Nidia + Nadas + Nudaw ) Ez - NadasEy - MagauEy = Sz
“N313Ey = N3pagEz +{wns + Nydrs + Nad2s + Nudsw ) Es - NadsuEn = Ss
“Nu¢14Ey - Nud2yEz = NydsuEs +{wny + Nigyw + Nodaw + Nidss) Ey = Sy

wy = angular frequency (center frequency of analysis band)

n; = element damping factor

Ni = number of modes excited in the element in frequency band of analysis
$ij = element coupling value (symmetric: ¢4 = ¢j1)

-
<a%g>

wz

Ei = mj

a;j = angular acceleration

2020, <p2> g
2n Coz Aj <Pi>0j . (for reverberant acoustic
wy (&w) mj excitation only)

S4 = energy input term =

Co = local speed of sound in surrounding medium
Aj = acoustically excited surface area of element
Pj = acoustic pressure

0§ = radiation efficiency

mj = mass of element

These equations are frequently expressed in an alternate format by combining
terms into a coupling loss factor:

N
n{j = Ejng = coupling loss factor (nonsymmetric: n{j # “ji)

18
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Appendix I
DERIVATION OF STATISTICAL ENERGY ANALYSIS RESPONSE EQUATIONS

Consider a simple structure modeled as the two-element system in the following
schematic.

Sp

-ﬂ-—-;ﬁ
—

Pab

(=]
)
[+

-3

In this schematic of the two elements, a and b, the following nomenclature
is used:

Sa

power introduced into Element a from an external source.

D, = power dissipated with'n Element a.

Pa,b = net power transmitted from Element a to Element b (= -Pp a).

k-]
These values and the following derivations are for only a single frequency

band; solution for the complete spectrum of interest is accomplished by
suming the predictions for the ceatributing frequency bands.

Power flow equations for all of the energy passing through the two elements
may b. expressed as

Dy + Pa,b = S35

[
(7]
(=g

Db - Pa,b =

20



The energy dissipated per unit time is defined in terms of the element luss
factor as

Dy = umaEa
where
w = angular frequency (average) of system
- . 1
Ng = Element a Joss factor (critical damping réf?o)
E3 = total energy of Element a

The net power transmitted from the resonant modes of Element a .. .ae resorant
modes of Element b is

Pa,b = Npda,bEa = Nada,bEb

(power transmitted from b to a) - (power transmitted from a to b)

where

N3 = number of modes resonant in Element a

power transfer coefficient for coupling between modes through
the structural joint (¢, p = oh,a)

%a,b

Perfurming the indicated substitutions, the power flow equations become

wnaEa + Nb¢a’bEa - Na¢a’bEb Sa

wnbEb + Nada,bEb - Npba,bEa = Sb

For systems with the parameters n, N, ¢ defined and the inputs, S, known,
the power flow equations form a set of linear, simultaneous equations for
the unknowns E3 and Ep at the average frequency w.

21



Appendix II
GUIDELINES FOR APPLICATION OF STATISTI®" ENERGY ANALYSIS

Defirition of Structural Models

One of the initial steps in the SEA applications procedure will be selection
and definition of suitable models. The basic considerations of m~d21ing

are to (1) determine the structural definition and detail requir.f, (2) evalu-
ate energy sources, and (3) partition the significant portion of the structure
into the actual model elements. The first consideration, requirements for
structural definition, is to insure that the model will both provide the
inforw-tion desired and omit useless details. Structural assemblies may

be lumped together as a single element if finer definition is not required
since SEA uses averaged quantities, and averaging is equally valid for mul-
tiple portions of a structure as for a single part. Such lumping of elements
also reduces tne bockkaeping associated with the analysis.

The second consideration in SEA modeling i~ ev:luation of the energy sources.
This consideration assists in limiting the size of a mudel. Basically, any
structural boundary across which the net eneroy flow is zero reoresents a
limit to the need for modeling.

The final step in modeling is to actually partition the significant structure
into elements in line .th the previously stated principles. The elements
represent generally gross, continuous portions of the structure.

Damping

The structural damping must be defined for each element of the niodels as
one of the procedural steps. This parameter is not uniaue to SEA and must
appear in some form in every response analysis. While much investigation

of siructural damping has been ccomplished, and over a 1.ng pericd of time,
selectinn of appropriate values remains very much a matter of engineering
Jjudgement based on past experienca. References 1 and 2 provide information
useful in defining the damping of structures.

22



Modal Density

Modal density is the parameter which is used to evaluate the number of reso-
nant modes present within a particular ©reauency band of a given structural
subset. Approximation equations are presented in Table II-1 (from Reference 4)
which define this perameter for specific structural shapes.

Alternate methods of evaluating the modal densities of specific structural
configurations are available. One alternate method makes use of computer
programs generally available for analyzing the respense of commonly encoun-
tered structural shapes such as pinned-end cylinders, liquid-filled cylinders,
etc. These priyrams are utilized to determine the frequency response of

the elements, thus yielding directly the number of resonant modes within

the frequency band.

A second alternate method has utilized classical Tow-frequency modal analyses
of the structure to evaluate the modal density for model elements. This
method, of course, is only practical for structures which have previously
received modal analyses, or if a low-frequency modal analysis is being per-
formed in conjunction with the high-frequency SEA prediction. This method,
indicated in Figure II-1, involves graphically plotting the response frequen-
cies frum the modal analysis versus mode number for the structure which ic
being represented by an SEA model element. The slope of the plotted points
can then be determined which, assuming extension of the curve into the high
frequencies to be vaiid, yields the value for modal density of the element.

Structural Coupling

The SEA parameter for the structural coupling between elements is unique

to this form of analysis, and its definition represents one of the most
significant steps in the procedure. As a conseqguence of the relative
newness and lack of previous application of the SEA methods, very little
informatior has been available concerning appropriate vali2s of this parame-
ter for structural joints in general. The coupling values for two typical
joints are shown in Figures II-2 and 17 °

23
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Symbol Definitions for Table II-1

A cross-section area
Aa surface area
Cy acoustic wave velocity
cp Longitudinal wave velocity
€m membrane wave velocity
Cg string wave velocity
<t torsional wave velocity
D plate rigidity
E Young's msdulus
G shear modulus
h thickness
I centroidal moment of inertia of A
J polar momer.t of inertia of A
K toxsional constant of A
I length
S membrane tension force/unit edge length
T string tension force
v volume
o
y radius of gyraticn of A
"o radius of gyration of plate cross section
v Poisson's ratio
w frequency (radians/time)
[ material density

' 25
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Figure II-1. Approximation of Modal Density by Graphical Methid (Delta
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10.0 7\

L = A
- K A A ¢°Io:N\ﬂVSil
s | A
Er P dopan
5 a) 8
10 — G 0O \ o
3 n &) ™~ A
§ = a 0 0 \O A
. a (J
¢ OV— o a
o O Specimen
3 seecmen 2
B £\ Specimen 3 0
00 L | .
500 1.000 2,000 4,000

Md Frequencies of Third Octave Bands (Mz)

Figure II1-2. SEA Coupling Parameter for Small Reentry and Intercept
Vehicle Field Joints (Typical, from UpSTAGE Ground Test Data)
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Reference 6 provides equations for evaluating the coupling values of various
beam and plate joints. Two of the most useful of these relations are pre-
sented below.

Two plates of approximately equal stiffness joined at right angles:

. _ CgL 8
‘PIZ‘"N‘INZ 27

Cq = 1.07(w Cy t)%z

Co = E
: Jo(l-vz)

joint length

—
[}

ot
1)

plate thickness
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Beam cantilevered to a plate of equal thickness:

¢1z=‘2NTE 1‘!!?.'

Np = number of modes in plate
W = width of beam
2 = length of beam

Acoustic Coupling

The input term will generally involve a transfer function to couple a fluc-
tuating pressure field to the structural system. A reverberant acoustic

field may be coupled tc a structure with the relation presented in the Con-
clusions section of this report. Use ¢f this expression for predicting
response from other acoustic fields requires the definition of an "equivalent"
reverberant field, or the coupling terms must be modified. The development
of the reverberant coupling terms will indicate an approach that could be

used in defining coupling terms for other pressure fields.

The radiation efficiency term, o, appearing in the input relation for re-

verberant acoustic fields of the Conclusions section may be determined
from Figures II-4 and II-5, which are taken from Reference 5.

27.1



Figure 11-4,

Figure II-5.
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Appendix 111

EXAMPLE PROBLEMS
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Example Problem Number 1

SPACE SHUTTLE EXTERNAL TANK - UNLOADED STRUCTURE

The structure to be analyzed is located in the Space Shuttle Extr.nal Tank
intertank area at 270° (-Y) on the station 1034.2 frame. This location
corresponds to a vibration measurement location in use during Main Propul-
sion Test Article (MPTA) testing for the Space Shuttlie. The measurement
location is indicated in Figure III-1. This location is on a ring frame
which is surrounded by skin panels with external stringers. This portion
of the structure is not loaded by component installations and can therefore
be considered typical of unloaded aerospace shell structures.

Model

The unloaded structure can be represented by the simplest of SEA models,
consisting of a si. le element excited by the external acoustic field.

The model element will include the area 45° to either side of the measure-
ment location (225° to 315°) and halfway to the adjacent frames at staticns
985 and 1082. This element is indicated in Figures III-2 and III-3.

Response Equation

The SEA response equation for the one-element system is

wm € =8

This equation simply equates the energy dissipated by damping within the
element to the energy transmitted from the external acoustic field.
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Figure III-1. MPTA Vibration Measurement Locations (Station 1034)
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Figure III-2. SEA Model Element for Unioaded
Structure
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Figure III-3. SEA Model Element for Unloaded Structure
(Cross Section)
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Damping

The damping parameter was evaluated with response data measured during an
acoustic fatigue test of Saturn S-IVB/V interstage panels (Reference IlI-1).
These panels feature a skin/stringer construction similar to the current
structure and are cf similar size. The approximate relation for damping

of n = ié;l:a where (Af)° represents the bandwidth to the half-power points,
was evaluated for a number of response measurements on the test. The
resulting values have been plotted in Figure III-4. Straight lines have
been faired through these data for a simple graphical approximation to

the damping which is used for this analysis. The approximation lines

have been positioned on the low side of the obvious mean of the data since
low values for damping result in high predicted responses that are con-
servative for design purposes.

Element Energy

The energy of the model element is represented by

-2
El = m1<V1 >2 iy

The element mass was estimated from available detail drawings by summing
the volume of the element subsections (skin panels, stringers, frame sec-
tions, etc.) and muitiplying by the material density.

310 Tbs
g

m =

Acoustic Power Input

The external acoustic field is assumed to be reverberant, therefore the
input term can be represented by

2 2 by
i 21 cg A1<P2><JN1(surface)

Sy -
wo ™ (Aw)m,
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The surface of the subject structure is composed partly of skin panels
and partly of stringers. The correct representation of the term Aﬁﬂl
is thus 1

Aip Nip . R:g Nyg
Mip s

where the subscripts p and s indicate panel and stringer values, respec-
tively. Since the stringers tend to bound the surface into plate areas

of relatively small curvature, the appioximate relation for high frequency
modal density of plates,

was utilized for both skin and stringer areas.

4

N = n(Aw)
3 -E =-—W-

aiso m 9 v g At
W = weight density (7075 A1 = .101 1b/in?®)
V = volume
t = thickness

yielding
AN _ Aglw)
m thnpcz

also: M = 2u(af), Kp Ly = __Et‘g

12w (1 - y2)

AN A(Af) ,12g{1-\))i
So —— R > -
m 2t WEg
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The surface area of the element is approximately 48.5 in x 259 in, with
36 stringers of the cross-sectional dimensions indicated below.

N

The offective width of the stringer is approximately 8.5 inches.
As = 36(8.5 x 48.5) = 14,841 in?

The skin panels are 0.071 inch thick and have an area of
\p = 48.5 x [259 - 36(4.41)] = 4862 in’

Then

AN | of M2g(1-v?) [f‘_e, ; ﬂz]

mo2 WE ty s

151,934 Af

Acoustic levels me.sured during the MPTA test are presented in Figure III-5.
The three measurements were averaged for each one-third octave band center
frequency and the average value used as the required acoustic pressure input:

_ (SPL -
<P%> = 10 exp[—*—]éa" x 8.41 x 107"

The values for <P?> are listed in Table TII-1.
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dashed line represents measurement subsequent to ana
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Space Shuttle External Tank Main Propulsion Test Agoustic Data.
Three measurements external to intertank area (solid lines)

(see text
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Figure III-5.



{~n

50
63

100
125
160
200
250
315
400
500
630
800
1060
1250
1600
20C0

ny
0.52
0.%9
0.48
0.47
0.46
0.45
0.44
0.36
0.25
0.20
0.15
0.12
0.090
0.070
0.054
0.0490
0.032

Table I1I-1
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<P%>

{(d8)

116.5
117.2
114.4
116.6
116.6
118.1
118.9
118.9
120.0
122.2
121.7
12i.9
120.8
118.3
116.8
115.7
114.7



Radiation efficiency values are taken from Appendix II, based on a coinci-
dence frequency of f. = 7683 Hz (for the 0.063-inch thickness of the
stringers since they furnish most of the surface area) and a ring vrequency
of f. = 198 Hz. These values are also listed in Table I1I-1.

Response Solution

The response predictions for the element were determined in each one-third
octave band trom 50 to 2000 Hz. A sample prediction for the 50 Hz octave
band is presented below as an example.

wn, By = 5,

[2r x 50][0.52](3;" (2"" ’50)]

202 [(1116 x 12)?] [\151 934) 720 }[ x 8.41 x 10° ][.noo79a]
[z x 502 [2n x 3351

—

whers Af ='El%§ for one-third octave bands.

Dividing by g and solving for the mean squared acceleration:

——

2
< >
-;-‘2— = 0.0130

The acceleration spectral density level is

J‘_z" - 010 0.00113
g?(Af) (__5_0. )

and the root-mean-squared acceleration in this one-third octave band is

=
. =‘,i:_;..> = ‘10.0130 = 0.114
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The predicted response levels are plotted in Figures III-6 and III-7 for
the respective acceleration spectral density and gypg in one-third octave
bands.

The increasing levels above 1000 Hz which are most noticeable in Figure III-7
are an unexpected result. Inspection of the input parameter values for

the response solution shows this resul: can be attributed to the radiation
efficiency. The value for this parameter is controlled by the coincidence
frequency of f. = 7633 Hz for the 0.063-inch-thick stringers. This fre-
quency corresponds to the peak radiation efficiency values and is higher

than typically encountered with aerospace structures, thus causing the
radiation efficiency to be still increasing at 2000 Hz with the resulting
high predicted levels.

Reference III-4 demonstrates that t3 dB accuracy may be expected for an

SEA response prediction wher 20 or modes per analysis band are excited

in each element or above the ring frequency for cylindrical structure.

That result was based on a relatively small, stiff vehicle with ar ellip-
tical shape. These requirements correspond tc 20 Hz (20 modes) and 209 hz
(ring frequency), respectively. for the current structure. Therefore,

the predictions may be exuected to demonstrate t3 dB accuracy at frequencies
above 200 Hz, and probably above 20 Hz.

Comparison of Prediction wi'h Measured Test Data

Subsequent to completion of this prediction, MPTA response data were made
availab’e for comparison. However, one of the acoustic measurements pro-
vided with the response data showed an increase of more than 10 dB throughout
the spectrum (see Figure III-5), while another measurement agreed with the
previous acoustic data. Further investigation revealed that the initial
acoustic data were for a 70% thrust level, and that the high measured

levels were prcbably valid for one side (adjacent to Orbiter engines)

of the external tan!. at the 100% thrust level with a reduction in acoustic
levels around the tank to the opposite side. Because of the resulting

<0
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uncertainty in the exact input acoustic levels, the response predictions
for the data comparison are presented in Figure III-6 for two input levels -
the original, averaged value and the high measurement level - with the
expectation that the correct level actually lies petween the two. The
yvibration response data correspond with this expectation and lie chiefly
between the two predictions (SEA response predictions should be compared
to average values of the response over one-third octave bands irather than
peak response values). At 1000 Hz, the predicted response exhibits a
change in slope and begins to increase at higher frequencies, a result
determined to be due to an increase in radiation efficiency values near
the coincidence frequency of the external stringers. This discrepancy

in response with the test data is most likely due to improper definition
of damping values about the coincidence frequency. This overprediction
of response relative to the measured levels would lead to a conservative
result when used for design purposes.
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Examplie Problem Number 2
SPACE SHUTTLE EXTERNAL TANK - LOADED STRUCTURE

The structure to be analyzed is located in the Space Shuttle External Tank
intertank area at about 200° on the station 1034.2 frame (refer to Figure III-1).
This location corresponds to a vibration measurement location used during

Main Propulsion Test Article (MPTA) testing for the Space Shuttle, as for
Example Problem 1. The structure is identical to the skin/stringer/ring

frame structure of Example Problem Number 1, but is loaded by the 260 pound

DFI box installation and can therefore be considered as typ.cal for aerospace
shell structure loaded by hcavy components.

Model

The configuration to be analyzed represents structure which is loaded by the
DFI package. This package mounts on supports between frames. The model for
this structure will have two elements, consisting of the external shell and
the DFI package with support intercostals. The shell structure to be included
will extend halfway to the frames adjacent to those carrying the support
structure and a circumferential width identical to twice the support frame
width, as indicated by Figures III-8 and III-9.

Response Equations

The SEA response equations for the two-element system with external acoustic
excitation are

(wny + N2g12) E1 - Nid2E2 = $,

“N2¢12E; + (wnz + Ni¢p2 ) E2 = 0

where the subscript 1 denotes external shell values, and 2 denotes DFI box
and intercostal values.
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Damping

The damping parameter for the external shell is identical to that of Example
Problem 1 in Figure I1II1-4.

Test experience with smaller electronic packages during the Delta program
indicates respoase amplifications of Q=6 to 10 shouid be expected for the
DFI package. Therefore, a value for the loss factor of n=0.1 (Q=10) was
adopted for this analysis.

Modal Density

The expression for number of modes, Nj, required in the response equation is
determined by

Ny = ny (&F)
where
nj = modal density
Af = bandwidth of analysis

The portion of intertank structure which has been designated as the external
shell element is actually composed of several hundred individual parts (skin
panels, stringers, stiffeners, ring frame segments, fittings, brackets, etc.).
The modeling of all these parts by one element is a feature of the averaging
assumptions of the SEA approach and is one of the most attractive aspects of
SEA. Almost without exception, the individual parts are plates or are formed
with multiple plate sections. Therefore, the shell element modal density was
calculated by summing the modal dersity of the individual plate sections de-
terminad by the approximate relation for high fregquency modal density of plates,

A
n1 (f) 22 kp Cg

. ‘ 74
ol EQ9 t
12w (1-v?)

6.52 modes/Hz
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where ) %-represents the summation of values for all parts and their subsec-
tions.

The second element is made up of the DFI package plus the supporting inter-
costal structure. The DFI package consists of a box, whose plate element

modal densities can be determined as above, plus a panel loaded with ejectronic
coimponents. Reference 2 indicates that the loaded panel will exhibit a greater
stiffness (ar! resultant Tower modal density) than an identical unloaded panel.
An increase in stiffness by a factor of 2 was assumed for the loaded panel.

The resulting modal density for the box element is

Mprrf} = (n2dpoy * (n2)ganed

=),
212W(1-\)2)

panel |

L

= 0,27 + 0,12
= 0,39 modes/Hz

The modal density for the supporting intercostals :s also determined with
the plate equation:

nI(f)=2 S — 1§ = 0.2
leW(l-vz)

Therefore the total modal density for this element is

nz(f) = npe (f) + np(F) = 0.7

Modal Coupling

The mode! elements are coupled by the joint between the vehicle shell and the
DFI support intercostals. This joint is essentially two plates joined at
right angles. For the case of equal plate stiffnesses which is approximately
satisfied (.071 inch intercostals and .071 inch skin with supplementary stiff-
eners), Reference 3 gives the relation for coupling loss factor of
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= Lol (ﬁ.)
Mz = e \27

7
Cg = 1.07(wC, t)

L = Joint length

From the basic daf:: ition,

so0 that

12 = i&'-jiﬂ:-— (ji) - 1.20

Nz 2n% A, \27

Jf—

which makes ﬁ%e of g} = 4.33 for the one-third octave bandwidths to be used

for analysis.

Element Energy

The element energy was handled as in Example Problem 1.

<ajp >
E;=m
i i w?
my = 484glbs
My = 28091Q§
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Acoustic Power Input

This term was also handled as in Example Piroblem 1. The applicable tem for
AN
.....15
m

(A,N1

- ) 237,473 Af
1 Jsurface

Response Solution

The response predictions for each element were determined in each one-third
octave band from 50 to 2000 Hz. A sample prediction for the 50 Hz band is
presented below as an example:

{wny * Nady2) Er - Nidaaf2 = S

-N2012E1 + (wnz + Ngdy2) E2 = 0

Substituting for the parameter vilues, the expressions become

- 50 ['-,.2 484 <E_2‘>
{[2’" x 50][0.52] + \_’).7](.4’33)][‘56]}[ g (2w )l( 50)]
e o[ 50 ’[1.2][290 <ag’> J
L6°52(4.33) Foll 9 T2n x 50)

22 [(1116 x 12)2] [(232.473) f%;][]o%i 8.41 x 1o"°lE000794]
[(21! X 50)2][211 X EE%]
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and

—
1.211484 _<3; >
-[071(;%8[733][ 9 (2n ; 50)2]
a2
+ {[Z‘n x 501[0.1] + [6-52(4_533)][]%%]} [230 (2:: ;0)’] -

where AT = —— for one-third octave bands.

(=)

f
4.33

Dividing by g and solving for the mean squared accelerations:

“"g”z‘_ = 0.0130 ‘é‘z‘

= 0.000662
The acceleration spectral density levels are

— —
< a; 0.000662
ey = ma MV = R = —(I". = 0. 0000572

and the root-mean-squared acceleration in this one-third octave band is

2
(9yms), = i%‘zi= J60730 - 0314

(9yms), = /0000662 = 0.0257

The predicted response levels are plotted in Figures III-10 through 111-32
in acceleration spectral density and gy, in one-t.ird octave band formats.

The critericn of 20 modes per analysis band in 2ach element as a requirement
for SEA prediction accuracy is satisfied for the moael at 125 Hz, indicating
predictions with +3 dB acruracy above this frequency.
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Comparison of Prediction with Measured Test Data

The structures analyzed in Example Problems Numbers 1 and 2 were selected
to provide an evaluation of SEA methods in application to loaded and un-
loaded structure. To circumvent . . effect of the uncertainty in the
acoustic input levels as noted in Exampie Problem Number |, the available
test data have been compared to the predicted values in a relative sense
between the loaded structure of this example problem and the unloaded
structure of Examp'e Problem Number 1. A comparison of the element 1
response in Figure III-10 with the lower predicted curve of Figure III-6
shoyz the structural loading to have no effect on the predicted values
which are essentially identical. Figure III-13 shows the approximate
avera;s spectrum values (faired graphically through the data) for the
test measurements. These data show the loaded structure to have reduced
response relative to the unloaded structure below approximately 800 Hz,
and essentiz2lly the same average spectrum levels above that frequency.
For this case and based on these specific measurement locations, the SEA
method furnishes accuracy within 3 dB only above 500 Hz, which corresponds
to 80 modes per anralysis band in each element.

Prediction of the relative response of the loaded structure through tradi-
tional mass scaling would result in a reduction of response by the ratio

434 1bs

484 Tbs + 280 1bs _ 0-830

or approximataly 2 dB. The SEA method obviously yields more accurate
results in the higher frequencies.
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Figure III-13. Comparison of Relative Response for Test Measurements on
External Tank Interstage Area Unloaded and Loaded Structure -
Approximate Average Values
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Example Problem Number 3
SPACE SHUTTLE EXTERNAL TANK - DETAILED ANALYSIS OF LOADED STRUCTURE

The structure to be analyzed is identical to that of Example Problem Number 2
and is located in the Space Shuttle External Tank intertank area at about

200° on the station 1034.2 frame (refer to rigure III-1). This location
corresponds to vibration measurement locations used during Main Propulsion
Test Article (MPTA) testing for the Space Shuttle, as for Example Problems 1
and 2. The structure is identical to the skin/stringer/ring frame structure
with DFI box installation of Example Problem Number 2, but will be modeled

in more detail, including internal acoustic excitation, to provide a response
comparison for a measurement location on an equipment oanel inside the DFI box.

Model

The configuration to be analyzed represents structure which is loaded by the
DFI package. This package mounts on supports between frames. The model for
this structure will have four elements, con, -ting of external shell, DFI
support intercostals, DFI box equipment panel, and DFI box cover. The shell
structure to be included will extend halfway to the frames adjacent to those
carrying the support structure and a circumferential width identical to
twice the support frame width, as indicated by Figures I1I-14 and II1-15.

Response Equations

The SEA response equations for the four-element system with external acoustic
excitation are:

(wny + N29y2) €y - Nyd1Er = )
-Nad12Ey +(wny + Nidy, + Nados) Ep - NoboaEy =

[}
o

-N3da3 By +(wns + Nobyy + Nuday) E5 = Nydy £y =

H
[em]

“Nu®3 B3 + {wny + N3day ) Ey = Sy
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Figure III-15. Extent of SEA Model for Loaded Structure
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where subscript 1 denotes external shell values, 2 denotes intercostal values,
3 denotes DFI box equipment panel values, and 4 denotes DFI box cover values.

Damping
The damping parameter for the external shell is identical to that of Example
Problem 1 in Figure III-4.

The damping parameter for the DFI box/intercostal element of Example Problem 2
was assigned a loss factor value of n = 0.1. This value was also adopted

in the current example problem for each of the three elements (panel, cover,
intercostals) resulting from subdivision of the previous DFI box/intercostal
element.

Modal Density

The modal density parameters were calculated during Example Problem 2 as

m (f) = 6.52 modes/Hz
mn, (f) = 0.32 modes/Hz
ny(f) = 0.12 modes/Hz
n, (f) = 0.27 modes/Hz

Modal Coupling

Three joints are incl. .eu with the model. The shell/intercostal joint was
evaluated durina Example Problem Z and assigned the value

by o

-~

s

Y

The DFI box i. connected to the intercostals by eight flanges which connect
to right-angle intercostal brackets. Therefore the joints were considered
as two plates ,ointed at right angles and evaluated following the approach
used for the shell/intercostal joint.

$23 =

g_cs_t_.(_a_)ga_-_@
Ny 2n2 fA, \27 V3

58



The joint between the DFI box cover and equipment panel is also a right
angie connection between two plates and was evaluated as in Example Prob-
lem 2.

¢3~ =_@__—CH_I_.__(_§_)= 2_5_5.
No 202 €a, \27/ 7

The effective thickness of the laminated aluminum and balsa plates required
to evaluate the temm

1
Cg = 1.07(wCq t) %

2
was determined through evaluation of the bending rigidity, b = me®Cy,
for an equivalent single-layer plate of aluminum

f(__, - L1 __>‘
T-- } S NIRRT 3
Aluminum/Balsa Plate: h ﬁz Balsa AL
v Lv.

The equivalent laminated all-aluminum plate with the same rigidity has the
dimensions

T__t’f'f______.'r!_” .
g

h hz | --L2
I S S

1 = 0.04 L,, since in the center laver

E
where L; = -Pg'—si»L

Al

2 2

- w2 2 h, (BBY_, M2 . _ hz
Dbaisa = Mpx* Ceg = (pBVB)ﬁ g/ " Vg 73 Eg = (h2 ¢ Ly - 1) 75 Ep

where the volume term, V, is evaluated per unit depth.
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For the equivalent center section of aluminum:

2 (2 hy (EAg hy h3
Dag = mag k" Copg = ("AzVAz)Tz‘(BRI)= Vag 75 Eap=(h2*L2+1) 75 Eng

Equating the terms

2 2

- - hz h2
Dpatsa = Dag = (h2*Li+1) 35 E = (h2 = L2 1) 33 Epy

or

The effective thickness of a single-layer plate of aluminum with the same
rigidity is defined by

Dpg = Dag

or

m KZCE

(2 a2
p mp(K' )" Cy

2

(x')?
For the equivalent laminated aluminum plate,

L, -L 2
o M- ('31:;‘1) ha K- .96 K

12 i2

and for a single-layer plate,

R
(Kl) - ]2

yielding t2 = h} - .96 h}
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For the DFI box equipment panel, h, = 0.96 in, h, = 0.92 in, so

t =0.33 in

is the required effective thickness.

Element Energy

The element energy was handled as in Example Problems 1 and 2:

Ej = my fégi

m = lS.?glbs
m, = 215.3 ibs
m, = 44.7glbs

Acoustic Power Input

This term for the external .coustic power input is handled as in Example
Problems 1 and 2. The applicable term for %? is

ANy
(T) = 237,473 Af
! /surface

The internal acoustic field was assumed to be reverberant. Therefore,
the internal acoustic excitation was handled in the same manner as the
external acoustic excitation. The input ternm is

_ 21 ¢ AusPr> 0 Na(surface)

s =
(002 (AUJ) My
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All of the modes of this element are surface modes, soO

"“(surface) = ny = ,27 modes/Hz

The surface weight density for the cover is 0.00603 1b/in®. Therefore

the %?-term is
AN 386
M M N = =
m, - 00603 (%7 Af) = 17,284 of

The internal sound pressurc levels were measured during MPTA testing and
are listed in Table III-2.

The radiation efficiency values for the DFI box cover are from Appendix II,

based on a coincidence frequency of 1434 Hz. This coincidence frequency
for the lamineted cover is given by

c2( !—-;“-l 2

= 20 A =

fo = 2“{ 2% 1434 Hz
12(1-v?)

where the equivalent thickness for the cover was determined, as in the
Modal Coupling section of thiz example problem, to be

t = 0.189 in.

The radiation efficiency values are also listed in Table III-2.
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Frequency

(Hz)

50
63
80
100
125
160
200
250
315
400
500
630
800
100G
1250
1600
2000

Table 111-2

<P1->
(dB re 2x10° N/m?)
122.9

124.4
125.6
126.2
126.5
126.5
126.3
126.0
125.5
124.7
123.6
122.5
120.8
119.5
17.5
116.5
116.5

63

g
0.00316
0.00398
0.00501
0.00631
0.00794
0.0126
0.0158
0.0202
0.0251
0.0316
0.0358
0.0501
0.0631
0.126
0.501
3.98
2.00



Response Solution

The response solutions for each element were determined in each 1/3 octave

band from 50 to 2000 Hz. A sample prediction for th. SM¥r band is presented
below as an example. e

(wny * Nady2 ) Ey - Ny@yoE2 = S

-N2¢12B; + (wng + Nydyo + N3daa) E2 - NadasEy =

[l
(=]

-N3d23E, + (wns + Na2¢o3 + Nudsu) E3 - N3dsuEy =

H
(=]

-Nu¢3sEz + (wns + Nypan) Es = Sy

Substituting for the parameter vaiues, the expressions become

~ L 50 ] 2 484 <?_>
[[21: x 503[0.52] + [—3 (4 33)][ 50]][ ¢ (2n ;50)2]

r 7
- [os2fe ] 22 ]

-~

116.
5 -
2n2[(1116 x ]2)2] [(237,473) '4—5(3)—3][]0. x 8.41 x 10 18] [.000794]
2
[(27 x £0) ][217 X 1-5-%]

. 52
B [0 ) 32(4 31?3 HR;—JP? (ZT:?( 1>50) 2]

* {[zn x 50][0.1] + [652(1%0—3-)”']_/5.%] [o ‘2(455 \][%y }

[9.7 <% ] [o.22(; o][zul][s; > 7.,
L9 (2r x 50) B U9 (e x 502

.
]
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LT
+ [[2“ x 50][0.1] + [0.32(%)][3—%_—3—6-] ' [027(1-5%)][3/%”

~
. 1215.3 <@y 255744.7 > o
[ 9 (27 x 50)° ] [o 12(1—‘3)][ 9 (2n x 50)7] 0;

and —

255 11215.3 <&y
- 0 27(1 ﬂ)][m][ g (2r x 50)2]

x>
+ {[2r x 50][0.1] + [0 ]2(-4.%)][%]} [449'7 (2n x 50)2]

22 (1116 x 12)2][(1'/,284) 1%-3—][10%4x8 0 xm‘“][ 00316]
[(2ﬂx50)2][2r Tﬁ]

where Af = 4f 53 for 1/3 octave bands.

Dividing by g and sclvira for the mean squared accelerations:

-3

227 - o3
o?
AR
gZ

cal.

T2 = 0433
g

22 = 4
gZ

65



The acceleration spectral density levels are

@ 0135

g? (af) (Iig?

<@d> 130

g? (af) (1583‘)

= 00117
)

= 0112

<> 0433
= e = 00375
g* (af)

1.3

<> 646
= =20 . 0560

2 (af)  _50_

J 1.3

and the root-mean-squared acceleration in this 1/3 octave band is

<F> _
(arms), =5 {0135 = .16
(gms)z = q.]30 = .36
(9rms ), =V.0433 = .208
(grms)h = V. 646 = .804

The predicted response levels are plotted in Figures III-16 through III-2}
in acceleration spectral density and gppg irn 1/3 octave band formats.

The criterion of 20 modes per analysic band in each element as a requirement

for SEA prediction accuracy is satisfied for the model at 800 Hz, indicating
predictions with + 3 dB accuracy above this frequency.
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Comparison of Prediction with Measured Test Data

Subsequent to completion of this analysis, MPTA response data were made
available for comparison with the predicted responses of elements 1 and 3.
The external shell (element 1) prediction is essentially the same as for
Example Problem Number 1 and has been previously discussed. The data
comparison for the DFI equipment panel (element 3) is presented in Fig-
ure I1iI-22. The comparison shows the prediction to vurnish a good
approximation to the average response at frequencies above 130 Hz. The
peak in predicted response at 1600 Hz is due to a coincidence frequency
effect of the DFI box cover (element 4), similar to the external shell
response peuking discussed in Example Problem Number 1, which was attributed
to improper damping definition near the coincidence frequency.

A suppiementary check case was performed to evaluate sensitivity of the
panel response prediction to variation in the external acoustic levels.
The external acoustic levels were increased by 6 dB for the check case
and resulted in essentially no change in the predicted DFI panel response,
showing it to be mainly driven by the internal acoustics.
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Example Problem Number 4
SPACE SHUTTLE RETRIEVABLE SPACECRAFT

The structure to be analyzed consists of the fairing for a Delta launch
vehicle and a payload spacecraft. The payload attaches directly .o the
fairing rather than to a lower stage of the Delta launch vehicle. This
analysi. makes use of the averaging abilities of SEA to provide a gross
estimate of the payload response for evaluation of the attachment configura-
tien. The analysis utilizes information and data obtained duriny a number

of previvus modal analyses of the Delta Taunch vehicle and payload space-
craft. Since the fairing response to the flight acouscic environment had
been previously measured, the system was treated as having a mechanical in-
put from the fairing to the spacecraft. This treatment assumes no change in
fairing average response with the spacecraft connected directly to the fairing.
Since this configuration may be expected to attenuate fairing response some-
what due to mass loading,the spacecraft response predictions presented herein
are expected tc be a conservative estimation.
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The model 7or the structure will have two elements, one for the fairing and”’
one for the payload. These elements are illustrated in Figure II[-23.

Payload
Attach
Points

-

Fairing Element Payload Eleaent

Figure 111-23. SEA Model of Fairing and Payload Spacecraft
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Response Equations

The SEA response equations for the two-element system witn external acoustic
excitation are

(wny + Nad12) Ey = Nygyosr = S:
~N2¢12E) + (wnz + Nygyp) E2 = O

where the subscript 1 denotes external shell vclves, and 2 denotes DFI box
and intercostal values.

Since the response of element 1 is known, the response of element 2 can be
determined using only the second equation:

N2¢12 E;
Y ITITVE

E2=

Damping
A damping value cf 1-1/2% (n=0.03) was used for both of the model elements.

This damping value had previously been selecied vor use with modal anaiyses
of the Delta fairing and payloads.

Modal Density

The modal density of the fairing was calculated by assuming the isogrid
structure to be composed of beam and plate elements. Modal densities

were then calculated for each of the beam and plate sub-elements, and these
sub-element values were summed to give the total modal density of the
fairing.

The modal density of a single plate sub-clemert is:

l'lp(w)8 A
4+h

RN —

120 (1-v%)
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and for a beam:

nb(“) =

L
2n(w) e (E1/0n) 1/

Totalling the modal densities:

n(u) = n, +n = 1 <L ] 1 [gA]
p y I P —
2n{w) /2{Es0 )14 |4 (1ya)' £ 1=
4 \12o(1-v?%)

The summations account for all the medal properties of the stiffeners and
skin. The values for these sw. used for the fairing were:

=

g = 135, v i V3 SR < 2,181,000 in

{I/A}

These modal densities were corrected for curvatu,e effects based on a ring
freguenty of 650 Hz. rrection factors were obtained frou Reference 4. The
resulting number of modes for -each frequency band of analysis is listed in
Table III-3. The plate mcdal density equation presented is actualiy for free-
free boundary conditions, hui. yields a valid approximation for all boundary
conditions at high frequencies. However. this technique is expected to

overestimate the medal density in the lower frequencies nf analysis.

The modal density of a “typical™ payload is estimated to be approximately

the samc as for the fairing. This cstimate is based n comparisons of

the results of modal analyses for the fairing cnd for 2000-pound and 4000-

nound Leita pavioads. The rasults of the anslyses, presented in Figures

111-24 and I!1-25, yield essentially identical estinates for the modal densities
of the two elemenrts. Although simple, beam-tvpe models were used for

t pse a2nalysc., tie relat-ve equality of tne modal densities may be expected

10 remain when tne higher freauency modes are conside:r.od.
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250
315

500
630

1000
1250
1600
2000

Table III-3

633
990
1500
2320
3960
4780 .
5280
6230
7410
9120

15.0

18.0

10.0
3.5
0.8
0.5
0.45
0.45
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Figure II1-25.
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Modal Coupling

In order to estimate the coupiing parameter, the structural joint between

the Saturn S-1I aft skirt and thrust structure assemblies was selected as
typical of the fairing/payload joint. The S-II aft skirt/thrust structure wa.
modeled as an SEA system of two elements with only tne aft skirt externally
excited. This model permitted solving for the ccupling parameter of the
system using the explicit response solution

—— R cmmetne—m— —— B ce——t——

where “T" subscripts indicate the thrust structure and "A" subscripts indicate
the aft skirt.

Assuming thrust structure damping to be a maximum of 1 percent and that the
coupling decreases with frequency at the same rate which MDAC experienced
with the UpSTAGE evaluation, the S-II aft skirt/thrust structure SEA coupling
parameter was estimated to have the values shown in Figure III-26. These
values were used for the coupling parameter of the fairing/payload model.

Element Energy

The element energy was handled as in Example Problem 1.

<a.2>
- 1
Ei =m, >
w
_ 1348 1bs
m; ——‘~——'g
2 = 3902 ibs

&



Ax +3g8 Mode-10-Mode Coupiing (o)

o I I | L1 S I N . |
100 200 €00 800 1,600
Mid-Frequencies of Third-Octave Bands {Hu)
Figure III-26. Field-Joint Coupling (¢,) for Delta/Payload Analysis
(Based on S-II Data)

The measured response of element 1 is shown in Figure II1-27 in an accelera-
tion spectral density format with units of

2 <ae>
PSD=%—Z—=——————i
g2 (af)

Therefore
<e-> = g2(af)-PSO
ca: be evaluated from Figure I11-27 by using .Y PSD value for the center

frequency as representative over the bandwidth, Af. The PSD values used for
analysis are listed in Table III-3.°
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Figure I11-27. Fairing Skin Response (Radiai}

Pesponse Solution

The response predictions for each element were determined in each one-third
octave band from 250 to 2000 Hz. A sample prediction for the 250 Hz band is

presented below as an example:
N2 12

y = 1
(wny + Ny ¢12)

Substituting for the parameter values, the expression becomes
- (250
3900 <aj> (6.33)(1.75) 1348 g<\d1.33/(3.0)

) [2nX250][0.03]+[(63?)(1.75)1T g (27%250)2

g (21X250)?

where Af = 3~§—-for one-third octave bands.

.
.
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The acceleration spectrél density level is

—

al>

g2 (af)

= 0.43

and the rooi-mean-squared acceleration in *his one-third octave band is

2
<32

>
—— =,/24.8 = 4.98

92

) =

(9pms )

The predicted response levels are plotted in Figures III-28 and III-29

in acceleration spectral density and 9rms in one-third octave band formats.
As previously noted, these levels can be expected to represent a conservative
overestimate of the actual response due to an expected attenuation of the
fair  response in this configuration.
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Acceleration Spectral Density, g2/Hz

10.0

1.0 »
0.1
L\
1 N
0.01
0.06G1 J
10 100 1000 10,000

FREQUENCY {HZ)

Figure III1-28. Predicted Response (gz/Hz) for Payload Element
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Appendix IV

SEA RESPONSE SOLUTION PROGRAMS FOR
HEWLETT-PACKARD AND TEXAS INSTRUMENTS CALCULATIRS

SOLUTION FOR MODEL RESPONSES

One of the final steps of the SEA applications procedure will be the mathe-
matical solution for the system response. Because of the repetitive nature
of the response calculations for the various frequency bands of an analysis
(often the 14 one-third octave bands from 100 to 2000 Hz will be included

in an analysis), response calculations can be expediently accomplished through
the use of preprograrnmed solutions. Such programs also eliminate the errors
which occur with monotonous, repetitive, hand calculations. The capability
of many programnable hand calculators is suitable for solution of the smaller
common mode! sizes. Programs for both Hewlett-Packard and Texas Instruments
programmablie calculators are provided, thus encompassing the more popular
equipment in current use, as well as providing examples in both reverse
polish and algebraic notation for modification to additional calculator
systems.

HEWLETT-PACKARD (HP-67, HP-97) SEA RESPONSE PROGRAM - TWO ELLMENTS

Description

This program provides the SEA response solution for a system of two elements.
The response equations are

(wny + Nadi2) Ey - Nygp12E2 = S

-N2¢12E; + (wnz2 + Ni¢y2) E2 = S,

The erergy input terms may be input directly to the program or can be cal-
culated if a reverberant acr stic field provides the structural excitation.
The required iaputs to the program are listed below:
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f - center frequency of analysis band (Hz)
Af - bandwidth (Hz)
ni - element 1 damping factor (dimensionless)

nz - element 2 damping factor (dimersionless)

$¢12 - coupling value for elements 1-2 (ﬁﬁiﬁfg?ii;)

n, - element 1 modal density (modes/Mz)
n. - element 2 modal dencity (modes/Hz)
W, - weight of element 1 (ibs)
W, - weight of element 2 (1bs)

S1 -~ element 1 energy input (ig;lb)
S; - element 2 energy input (lgé%k)

Additional requirements if the S; are to be calculatad Tor a reverberant
acoustic field:

Co - speed of sound in surrounding medium (*n/sec)
(%?)l - element 1 surface mass parameter (}E@gﬁ%%%%;)
(%?)2 - element 2 surface mass parameter (%%;gg%g%ﬁz)
(SPL), - element 1 sound pressure level (dB)

(SPL), - element 2 sound pressure level (dB)
o, - element 1 radiation efficiency (dimensionless)
g, - element 2 radiation efficiency (dimensionless)

Output from the program is the root-mean-squared acceleration of the elements
over the input frequency interval:

2

<a;> and <ai>
Vg g*
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10

12a
13a

14a

15a

12b
13b

14b
15b
16b
17b

USER INSTRUCTIONS

Input number of elements (N=2)
Input center frequency

Input bandwidth

Input damping of element 1
Input damping of element 2
Input element coupling

Input modal deasity ot element 1
Input modal density »f element 2

Input weight of element 1
Input weight Hf element 2

Input "0" if element energy input

terms (Sj) are to be input to

program; input "1" if reverberant
acoustic input is to be calculated

by program and see below.
Input §,

Input S;, obtain solution

Obtain solution for ese,.x~t 2

Check for end of progrem

Alternate solution with calcula-

tions for reververant acoustics
Input speed of sound {in/sec)

Input (%?) fo ' element 1

Input (%?) for element 2

Input SPL for element 1
Input SPL for eleoment 2

Input radiation efficiency for
element 1

Input radiation efficiency for
element 2, obtain solution
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Enter Press Display
-- RTN -
2.0 R/S 2.0
f R/S enf
Af R/S At
m R/S m
N2 R/S N2
d12 R/S $12
n; R/S N1
n. R/S N,

W, R/S W,

wz R/S “2

0 R/S 0

S; R/'S Sl
<a’>

S R/S J ;
g

_T

<;;> R/S J <:z>

- R/S 0

] R/S 1

Co R/S Co

An An

( —m_)l R/S (W)I
An An

(W)z R/S (Tﬁ')z

(SPL), R/S (S N

(SPL), R/S SPL).

0 R/S o1
Tty
(o33 R/S




“fip

19b

20b

Obtain solution for element 2

Check for end of program

Data Registe's

-t O M I O™

A AW N

m
N2
Wi
L
ni
(2nf)?/386
n2
b1z
S
S2
N
2nf
ay

-]

pn
P1
P2
P3
P4
P5

P6

P7

P8
P9

Press Display

_{_.
R/S ’ <a;>
g2

R/S 0

(SPL),
(Sko)2

()

&),

Af

where the ajj represent program-generated matrix elements.
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PROGRAN LISTING

Step __ Xey
S ME . - .

wy 36
A3
p {3

¢

i Y1
3] PoS
875 &Ci.
388 Rlur
362 x
86c RCLS
283 ¥ 4

(48]

a6é  io*

P:S
ST03
£102
7 sdll
R/8
5702
R3S
T STC3
wbls
RELS

19; 3
iez ¢
193 0
84 L 4

15’ 87C.

-
RCL#n
Xz

WS RLoE
ié  Reb!
3l x
8 *
13 Rl
i14 x
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16

. i1?

18
38
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&1
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i3
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“ﬁ
i ¥y
228
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13i
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13
27
i3
128
148
b
ide
133
o84
142
040
i47
ieg
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128
153
s
333
2]
p-1
15
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J-l-
16¢
1€.
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W)

]
N1
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19
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Program
S

Step  Key
172 X
1703 8
JTs RCL3
iTT »
178 RouY
e v
3PP
158 R:3
N ¢
18 ATy
1:3 .5

TEXAS INSTRUMENTS (TI PROGRAMMABLE 59) SEA RESPONSE PROGRAM - THWO OR- THREE
ELEMENTS

Description

This program provides the SEA response solution for a system of two or three
elements. The response equations are:

(wny + Nagnz +Nsdis) E; - N1g12Bz - Nyd1sEs = Sy
~N2012E1 +(wnz + Nig12 + Nyd23) Ex - Nad2sEg = S,

“N3dp1sEyr = NadasE; +(wny + Nyg,3 + Nad2s) E; = S;

The energy inpu* terms, Sy, may be irput directly to the program or can be
calculated if a reverberant acoustic field provides the structural excitation.
The required inputs to the program are listed below:

-t
]

center frequency of analysis band (Hz)
Af - Dbandwidth (Hz)

m - element 1 damping factor (dimensionless)
n. - element 2 danping factor (dimensionless)

ns =~ element 3 damping factor (dimensionless)

93



$12 - coupling value for elements 1-2 (Eael-?ef)

>

é13 - coupling value for elements 1-3 (‘m——l sec)

$2s - coupling value for elements 2-3 (iﬂ'él-?e}?)

n; - element 1 modal densfty (modes/Hz )
n; - element 2 modal density (wodes/Hz)
ng - element 3 modal density (modes/Hz)
) Wy - weight of element 1 (1bs)

o - wefght of elewent 2 (Ibs)

¥s - weight of elmnt 3 (1bs)

Sy - element 1 energy input (j%e—;':-t?-)
S2 - element 2 energy input (i"elb)
Ss - element 3 energy input (i"'lb)

Additfonal requirements if the Sy are to be calculated for a reverberant
acoustic field:

Co - speed of sound in surrounding medium (in/sec)
An . (in"-modes )
(E-)1 - element 1 surface mass parameter \ 7,7 o -
4 3_
( ATn'l)z - element 2 surface mass parameter (%gg—%ﬁ;)
An in3-modes
( F)a - element 3 surface mass parameter <M1b-sec2-ﬂz)

(SPL); - element 1 sound pressure level (dB)
(SPL)z - element 2 sound pressure level (dB)

(SPL)s - element 3 sound pressure level (dB)

o; - element 1 radiation efficiency (dimensionless)
02 - element 2 radiaticn efficiency (dimensionless)
oy - element 3 radiation efficiercy (dimensionless)
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USER INSTRUCTIONS

Procedure - N=2 (see following procedure for N=3)

- . i . 44
© w & ~{ O EwN -2 9 hg

1la

12a
13a

- Y42 -

,]5a
11b

12b
13b

14b

15b
16b

Partition memory

Insert program

Initialize program

Input number of elements, N

Input centei frequency

Input bandwidth

Input damping of element 1

Input damping of element 2

Input element coupling

Input modal density of element 1
Input modal density of element 2
Input weight of element 1

Input weight of element 2

Input "0" if element energy input
terms are to be fnput to program;
input "1" if reverberant acoustic
input is to be calculated by -
program, and see below

Input §,
Input S,, obtain solution

Obtain solution for element 2
Check for end of program

Alternate solution with calcula-
tions for reverberant acoustics

Input speed of sound (in/sec)

Input (%E) for element 1

An
m
Input SPL for element 1
Input SPL for element ?

Input ( ) for element 2

95

Enter
e

(%),

(%),
(SPL),
(spL)-

Press

Op 17

RST
R/S

R/S
R/S
R/S
R/S
R/S

_R’S

R/S
R/S
R/S
R/S

R/S
R/S

R/S.
R/S
R/S

R/S
R/S

R/S

R/S
R/S

Disglgz\
639.39

" Previous

t-register
anf
Af
m

m

W,




St 4 Enter  Press  Display
17 Input vediation efficiency for o R/S o

element 1
18  Input radiation efficiency for o2 R/S 8>
; element 2, obtain solution g2
1%  Obtain solution for element 2 - R/S =
: o » ’ 9
20b  Check for end of program - R/S 0
re - =3
< Qa - Partition memery 4 op 17 638.39
0b  Inse:t program - - - -
oc Initialize program RST
1 Input mmber of elements 3 R/S Previous
. t-register
2 Input center frequency f R/S 2uf
3 Input bandwidth - AF R/S Af
4 Input damping of element 1 m R/S m
5 Input damping of element 2 N2 R/S 2
6 Input damping of element 3 N R/S Nis
7 Input coupling for elements 1-2 d12 R/S 2
8 ~ Input coupling for elements 1-3 d13 R/S $13
9 Input coupling for elements 2-3 é23 R/S d23
10 Input modal density of element 1 n, R/S n,
1 Input modal density of element 2 n, R/S 2
12 Input modal density of element 3 n, R/S n,g
13 Input weight of element 1 W, R/S W,
14 Input weight of element 2 W, R/S 2
15 input weight of element 3 W R/S 386
16a Input "0" if element energy input 0 R/S 0

terms are to be input to program;
input "1" if reverberant acoustic
input is to be calculated by
program and see below
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Step Enter Press Display

7a  Input S, s, R/S 5,
18a Input S, S, R/S 2
19%a  Input S;, obtain solution Sy’ R/S %Z
/ <>
20a Obtain solution for element 2 - R/S L
g
21a Obtain solution for element 3 - R/S " f‘gra)
22a Check for end of program -- R/S 0
16b Alternate solution with calcula- 1 R/S 0
tions for reverberant acoustics
17b Input speed of sound (in/sec) Co R/S Co
An An An
18 Input (A1) for etement 1 () ws (&),
19 Input () for element 2 ( %)2 R/S 2
An An An
200 Input (A%) for erement 3 () ws (B,
21b Input SPL for element 1 (SPL), R/S (SPL),
22b Input SPL for element 2 (SPL)» R/S 2
23b Input SPL for element 3 (SPL) s R/S (SPL) s
24b Input radiation efficiency for o) R/S o1
element 1
25b Input radiation efficiency for C2 R/S 2
element 2
26b  Input radiation efficiency for oy R/S <8f>
element 3, obtain solution g2
27b Obtain solution for element 2 .- R/S V) f.Tﬂ-P
g
. . - <ad>
28b Obtain solution for element 3 R/S V __gT_
29b Check for end of program -- R/S 0
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12
13
14
15
16
17
18
19

g3

 {sPLh

(sPL).

(SPL)s

)

3

()
(=),

m
N2
Ns
W
Wy
s
n:

nz

21
22

23
u

Rg
$12
LT E

d2s

N ) Sl&

.

1ss

(2nf)? /386
LN
Af
2nf
an
a1z
213
a2y
a2
d23
LEH
as2

83

where the aj; represent program-generated matrix elements.
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PROGRAM LISTING

lrLocFone[ KEY | _L_]E;c 3 KEY | [roclcooe]  wev 1}
000 42 STO 035 Rs/S 110 02 2
001 28 28 056 42 STD 1i1 67 E@
002 32 XIT Q3¢ 20 20 112 34 X
Qo2 91 RsS 058 76 LBL 113 S1 RsS
004 €5 x 059 24 CE 114 42 STO
005 02 2 060 91 R-S 115 08 08
006 635 X 081 42 STO 116 76 LBL
D07 70 RAD 062 {15 15 117 34 1¥
Qo8 01 1 083 91 R/S 118 91 RS
009 94 +-- D64 42 STO 119 42 ST0
010 22 INV 085 1e 16 120 03 03
211 39 COs 066 02 2 121 91 RsS
012 95 = ge? 67 EQ 122 42 STO
013 42 STQ 068 25 CLR 123 04 Q4
0i4 30 30 069 91 RsS i24 02 2
015 91 RsS Q70 42 sST0 129 67Y EQ
01é 42 STO 071 1?7 17 126 35 1%
017 29 29 ovz2 76 LBL 127 91 R/S
gig 91 RsS 073 25 CLR 128 42 sS70
019 42 STO 074 03 3 129 05 05
020 12 12 07> 08 8 130 76 LBL
021 91 R/S o?6 06 & 131 35 1-¥
022 42 STO D77 42 STO 132 01 1
023 13 13 78 2V &7 133 94 +-/-
024 02 2 07’9 91 be 134 22 INV
025 67 EG 030 32 #i 135 39 cOsS
026 22 INY 031 Q0 O 136 B85 X
027 91 R/S 032 &7 EQ 137 43 RCL
028 42 STO 033 32 ®Bi 138 02 02
£29 14 14 084 91 R-S 139 32 X2
030 76 LBL 085 42 STO 140 65 X
031 22 INY 08 02 02 141 0g 8
032 91 R/S 08¢ 91 R-sS 142 93 .
033 42 sST0 088 42 STO 1432 04 4
034 21 21 089 09 09 144 01 1
038 02 2 090 91 RsS 145 S2 EE
036 67 EQ 091 42 sSTO 146 01 1
037 23 LHX 092 10 10 147 08 8
038 21 R-/S 093 43 RCL 148 94 +/-
039 42 STD 0%4 28 22 149 S5 =
040 22 22 099 32 HiT 150 43 RCL
041 91 R/S 09¢ 02 2 151 30 30
042 42 570 037 &7 E@O 152 27 INY
043 23 23 D92 33 A 153 52 EE
n44 75 LBL 099 91 RS 154 33 Re
045 23 LHX 100 42 ST0 159 35 =
nd4e 91 R-S 101 11 114 156 42 S70
D47 42 STO 132 7& LBL 157 01 0t
g48 18 13 102 33 M 156 65
n4e 91 R-S 104 91 R-S 159 01 1
250 42 STO ) 105 42 S70 150 00 Q@
051 19 19 106 08 D6 161 45 ¥X
052 02 2 107 91 R-S 162 83 (
0= BT EU . 108 42 570 163 432 RCL
D54 24 CE 102 07 Q7 _ 154 06 06

« 1577 Texas insiruments Incorporated
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| Loc jcopg KEY

163
166
167
168
169
170
171
172
173
174
175
176
17?2
178
179
180
181
182
i83
184
185
186
187
138
189
190
191

207
208
209
210
211
212
213
214
215
21e
217
218
219

« 1977 Texas Irstrumenis Incorporated

|

59
01
00
54

RCL

STD

sTO

STU

LOC

‘220

221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

237
238
239
240
241
242
243
244
245
246
247
248
249
2350
231
232
253
254
255
256
257
258
259
2e0
261
262
263
204
265
Z2HhAa
267
268
2569
27
271
7Z
273
274

KEY

RCL
05

sTh

26
GTO
sSTO
LBL
XiT
R~S
STO

24

RsS

RCL

:-.-TD

sTO

sTh
21
sTO

RCL
30

e
;»(..

RCL
h?

*'-:TD

RCL
28

»
®3

2

ER
RCL
RCL

29

R‘CL
i8

RCL
22

328
329

RCL

+5 -
STO

37

RCL
29

RCL
20

RCL
23

X
RCL




lLocmg KEY ]| [toc kEY ] !Loc@? REV ]
18 385 3§ 3/ - T L

331 '55 ' 386 76 LBL 441 31 231
332 43 RCL 387 43 RCL 442 354
333 a7 27 388 43 RCL 443 95 =
334 95 = 389 29 29 444 63 X
. 335 94 +/- 390 65 x 445 43 RCL
- 33€ 42 sTO 391 43 RCL 446 15 1S
337 38 38 392 18 18 447 55 <+
338 43 RCL 393 835 X 448 43 RCL
339 30 30 394 43 RCL 449 27 27
340 65 X 395 21 21 450 95 =
341 43 RCL 396 63 X 451 42 STO
342 20 20 397 43 RCL 452 31 31
343 85 + 398 16 16 453 43 RCL
344 43 RCL 399 55 =< 454 30 30
345 39 39 400 43 RCL 435 695 X
346 65 x 401 2v¢ 27 456 43 RCL
347 53 « 402 93 = 457 13 13
348 43 RCL 403‘ 94 +/- 458 85 +
349 18 18 404" 42 STO 459 43 RCL
350 65 x 405 32 32 460 29 29
331 43 RCL 406 43 RCL 461 65 x
352 22 22 407 29 29 462 53 (
393 85 + 408 65 X 463 43 RCL
354 43 RCL 409 43 RCL 464 18 18
355 19 19 410 19 19 465 65 X
356 65 X 411 65 X 466 43 RCL
337 43 RCL 412 43 RCL 467 21 21
398 23 23 413 21 21 468 85 +
359 54 > 414 65 X 469 43 RCL
360 95 = 415 43 RCL 470 35 35
3Bl 65 X 416 15 13 471 54
362 43 RCL 417 55 = 472 95 =
363 17 17 418 43 RCL 473 65
364 55 =+ 419 27 27 474 43 RCL
365 43 RCL 420 95 = 475 16 16
366 2v 27 421 94 +/- 476 55
367 95 = 422 42 STO 477 43 RCL
368 42 sSTO 423 34 34 478 27 2?
369 3% 39 424 .43 RCL - 479 95
370 43 RCL 425 30 30 480 42 STD
371 20 20 426 63 X 481 35 35
372 65 X 427 43 RCL 482 43 RCL
373 43 RCL 428 12 12 483 28 28
374 22 22 429 85 + . 484 36 PGH
3?5 95 = 430 43 RCL 485 0z oz
376 42 STO 431 29 29 486 11 R
377 31 31 432 85 X 437 01 1
378 43 RCL 433 33 « 488 36 PGH
379 20 20 434 43 RCL 489 02 02
380 6% X 435 19 19 490 12 B
331 43 RCL 436 5 X 491 43 PRCL
382 23 23 437 43 RCL 492 31 3%
383 95 438 21 21 493 36 FGHM
334 42 STD 439 85 + 494 02 02
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LOC [CCD! KEY
91 RsS
496 43 RCL
497 34 34
498 36 PGM
499 Q2 02
500 91 RS
501 43 RCL
a02 28 28
503 32 XiT
904 02 2
505 &7 EQ
50& 44 SUM
507 43 RCL
S08 ¥rar
09 36 Ph“
S10 Q2 2
S11 91 RsS
512 T6 LBL
513 44 SUM
514 43 RCL
515 32 32
516 38 PGM
517 02 02
518 91 RS
519 43 RCL
S20 35 35
521 35 PGM
822 02 0
523 91 R~S
924 43 RCL
525 28 28
526 32 XIT
27 02 2
928 o7 EQ
529 45 ¥x
530 43 RCL
531 38 238
532 3o FGHM
933 02 0
534 91 RS
535 43 RCL
536 33 33
537 36 FGH
538 02 0:&
539 91 RS
540 43 RCL
541 38 3o
542 38 FGh
543 & o2
S44 91 RsS
545 43 RCL
S48 3% 39
€47 26 FGM
i3 02 02
543 231 RS

C 1S Texay Instiwinents Mcorpotated

e __LOf_lc_OM.

550 LBL
351 45 vx

552 36 PGM
553 02 02
554 13 C

555 01 1

556 36 FGM
S57 02 02
558 14 1

552 43 RCL
560 24 24
561 36 FGM
562 02 02
563 91 RS
564 43 RCL
565 25 25
566 36 FGM
S67 02 02
568 91 RS
569 43 RCL
ST0 28 28
571 32 MIT
572 0. 2

573 &7 EQ
574 52 EE

575 43 RCL
576 26 26
S77 36 FGM
578 02 02
579 S1 R/S
580 76 LBL
581 52 EE

532 36 PGM
583 02 02
584 25 CLR
535 35 FGM
586 02 02
587 15 E

sa8 01 1

589 36 FGM
580 02 02
591 16 R°

592 36 FGM
583 02 02
594 91 RS
535 34 [N

§3&  G1 RS
Sa7 36 FGM
598 02 02
539 91 RS
€00 34 X

601 21 RS
602 43 FCL
603 (. 23
604 3. NIT
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[rocosd ¥

605
606
607
608
609
610
611
el
613
614
615
6le

6?
53
36
02
1
34
21
76
93
00
M

gu

FGM
02
R=8
X
RS
LBL
{
Q
RS



