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FOREWORD

This document presents the results of a study performed for
the Langley Research Center under Contract NAS1-13377., The
primary objective of the study was to provide NASA with a def-
inition of measurements and data interpretation techniques
needed on the first few shuttle flights such that the dynamic
environment is sufficiently well established for'use in the
design of all future payloads, and to define an environmental
test methodology which makes efficient use of these measure-
ments in reducing the cost of environmental testing and the
failure potential of payloads.

The authors gratefully acknowledge the cooperation and

contributions of Mr. Brantley Hanks and Mr. Larry Pinson of
Langley Research Center throughout this study.
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INTRODUCTION '

The availability of the reusable space shuttle near the
end of this decade will open a new era in the performance of
scientific experiments in space. Effective utilization of this
new capability depends not only on the basic shuttle launch
vehicle but also on the development of cost effective techniques
for designing, building and testing the payloads to be flown.

The primary objective of this study is to provide a
definition of data measurement and interpretation techniques
for application to the first few shuttle flights, so that the
dynamic environment can be sufficiently well established to be
used to reduce the cost of future payloads through more efficient
design and environmental test techniques.

Specifically, the tasks performed under this study are as
follows:

1. Survey and definition of current shuttle payloads;

2. Define a current state-of-the-art dynamic environments
measurements program for the first several space
shuttle flights and identify potential improvements
which might be realized if advanced, on-board measure-
ment technology could be developed. The measurement
program defined shall consider transient, vibration
and acoustic environments and will include considera-
tion of payload-vehicle dynamic interactions which may
change with payload configurations;

3. Define a data .interpretation program and demonstrate
analytical techniques necessary to extrapolate data
from the flight measurement program to a broad class
of space shuttle payloads and apply them in the ad-
vanced environmental test methodology.

4, Define a feasible environmental test methodology which
makes efficient use of the flight measurement
and data interpretation programs in reducing the
cost of environmental testing and the failure poten-
tial of payloads;

5. Utilize the results of Tasks 2, 3 and 4 to provide
rationale for overall payload cost reduction.



The technical effort in this study addressed the entire
gspectrum of dynamic environments, broadly classified into low,
mid and high frequency regions. In the low frequency (0-50 Hz)
region, maximum loads in primary structure are produced by
vehicle transients such as engine ignition and shutdown, gust
loading, oscillatory shock and landing shock., In the midfre-
quency region (30-100 Hz), environments such as buffet and
vehicle transients excite higher order modes of primary struc-
tures and subassemblies. This frequency range represents a
"gray'" region between the low frequency range where a relative-
ly high degree of confidence exists in analyses, and the high
frequency range where the environment is controlled by random
response to acoustic excitation. The high frequency (50-20,000
Hz) region includes acoustics, random vibration and pyrotechnic
shock. ‘

Section 1.0 presents a summary of information collected on
current proposed payload characteristics which indicate the po-
tential range of dynamic problems which may be encountered dur-
ing shuttle missions. A brief description of current practices
and examples from recent programs are presented in Section 2.0
to indicate capabilities and limitations of current technology,
and point out areas where improvements are needed. Improved
techniques for application to shuttle payloads are discussed
in Section 3.0, and include the flight measurement program,
data interpretation techniques and test methodology, and how
these improved techniques can result in cost reductions for
shuttle payloads.




1.0 SURVEY AND DEFINITION OF CURRENT SHUTTLE PAYLOADS
1.1 1Initial Flights

Initial efforts during this study were directed towards
obtaining information on current proposed payload characteris-
tics including weights, volumes, surface areas, c.g. locations,
and structural interfaces with the cargo bay. The information
collected is advantageous in formulating flight ‘measurement
and data interpretation programs, and in assessing the types
of dynamic test programs which may be required for different
types of shuttle payloads. Since the payload configurations
are constantly changing, the information presented should be
regarded as a representative sample for use in this study. The
primary source of information was a series of reports published
by the NASA/MSFC Shuttle Utilization Planning Office of Program
Development, References 1, 2 and 3.

Payload data for the first eleven flights taken from Ref-
erence 1, are listed in Table A-1 of Appendix A. Information
for only seven payloads is included, since no payloads have
been identified for flights 1, 2, 3 and 10. Sketches of these
payloads and orbiter mounting provisions are shown in Appendix
A, in Figures A-1 through A-13. The payloads range in weight
from 2627 Kg (5793 pounds) to 11752 Kg (25914 pounds) and pre-
sent a variety of configurations including relatively small,
pallet mounted experiments and satellites as well as large,
self-contained units such as LDEF and Spacelab.

1.2 Future Flights

Additional payloads as described in References 2 and 3
have been broadly categorized as sortie and automated classifi-
cations. Sortie payloads, by definition, include all experi-
ments, payload unique support equipment and required consumables
carried by the Spacelab or elsewhere in the orbiter for science
missions. A sortie mission is a short duration (seven to
thirty days) mission which is conducted in low earth orbit using
the shuttle orbiter and equipment attached to it for experiments,
observations and other space activities. Automated or '"free
flying'" payloads are self-contained payloads which operate in
space independent of the shuttle system. Observatories which
require revisits by the shuttle to maintain them are included
in this classification.

These payloads are listed in Appendix A, in Tables A-2 and
A-3, along with their weights, dimensions and number of missions.



2,0 CURRENT PRACTICES

This section is included to present a summary of current
test philosophy, describe test techniques used on recent pro-
grams, and indicate data interpretation techniques used in
criteria developmént, in order to form a basis for improved,
more cost effective techniques for shuttle payloads. Examples
are presented from the Viking and Skylab programs.

2.1 Summary of Surveys

Significant differences in test requirements and dynamic
test practices for, spacecraft exist among the military, NASA
and commercial programs. .These differences have been described
in References 4 and 5, and are briefly summarized here in order
to point out the need for a more uniform approach for shuttle
payloads. The different approaches are, in general, dictated
by program funding and schedules, launch vehicle and launch
facility configurations, and number of missions required.

The resources expended in verifying spacecraft design
capability for dynamic environments are estimated (References
4 and 5) to vary from 2 _to 15 percent of the total program _ _
funding. These include the expenditures required for analytical
efforts to define dynamic environments and loads applicable for
each spacecraft/launch vehicle configuration and for. conductlng
development, qualification, and acceptance test programs.

Examples of the differences in test requirements (excerpted
from Reference 4) are as follows.

"Qualification test requirements are generally based on
predicted maximum fllght or ground test responses, with margins
of safety applled to account for variability in hardware
strengths and test tolerances. The margins of safety vary with
each spacecraft program and the basic design philosophy of the
spacecraft customer. An example of the variations in design/
criteria philosophies is illustrated below:

o Vibration design;ahd test criteria based on confidence
"levels of 97.5 percent;

0 Maximum expected vibration environment, flight +6 dB
" when large data samples available; maximum predicted
vibration environments derived from 95 percentile with
50 percent confidence based on a one-side tolerance
limit asidetermined'through statistical analysis pro-
cedures;

o 2-sigma flight vibration environment with 1.5 factor
‘ of safety;



0 3-sigma flight vibration environment with 3-4 dB margin;

0 Qualification test margins for component pyrotechnic
shock environment vary from 3-sigma amplitude margins
with 1.2-2 factors; one to three repetitive flight
shock tests on system test using flight ordnance hard-
ware;

0 Structural test loads represent 3-sigma flight loads
with varying margins of safety (1.0-1.5).

Acceptance test requirements are generally based on .the
maximum expected or 3-sigma flight environments. However,
when mission environments fall below a certain threshold, a
minimum test level is established. This minimum test level is
generally applicable to subsystem or component acceptance tests
and their related sinusoidal and random vibration environments.
The purpose of establishing minimum acceptance test levels is
to provide flight dynamic tests that yield a consistent work-
manship quality in -the flight hardware."

In addition to the differences in confidence level bases
and test factors used, there are differences in where the -
emphasis is placed in verifying spacecraft design capability.
For example, at Goddard Space Flight Center the ''general phil-
osophy is to develop a spacecraft that passes the required
system level test requirements as modified by flight loads
analysis" (Reference 5), whereas the Air Force requires ex-
tensive environmental testing at both the component and system
level. At the Marshall Space Flight Center, the emphasis is
placed o component testing using an early acoustic development
test to establish test criteria,.

Almost all spacecraft programs require system level tests
including some form of sinusoidal excitation and random vibra-
tion and/or acoustic tests depending on the size, weight and
configuration. For the larger payloads, the trend has been
towards acoustic testing rather than random vibration. For
the sine tests, input levels aré controlled and/or limited
such that loads in primary structure do not exceed analytically
predicted flight conditions. The validity of the test is,
therefore, subject to the accuracy of the analysis, and to the

‘capability of the control system in terms of number of control
channels, switching speed, overshoot tolerances, etc. The
latter parameters are dependent on the dynamic response char-
acteristics of the test article and test set-up. Broader tol-
erances are required for specimens with high amplification
resonances.



The following section presents examples of current test
methodology from recent major test programs.

2.2 Examples of Test Techniques
2.2.1 Skylab

A The Skylab vibro-acoustic test program was conducted in
two phases: the orbital workshop (OWS) and the. payload. assem-
bly (PA). The objectives of the tests were to:

1) Verify the dynamic design and test criteria for com-
ponents and subassemblies;

2) Verify the structural integrity of bracketry and
secondary structure;

3) Qualify selected flight hardware components.

For the acoustic tests of each of the assemblies (OWS
and payload assembly) the reverberant chamber test levels were
determined from the differences between flight and test vibro-
acoustic transfer functions, -These differences-occur because
the reverberant noise field is more efficient in producing
structural vibration than is the acoustic environment produced
in flight. Examples of the transfer functions (in one-third
octave bands) are shown in Figure 2-1. The transfer functions
were calculated from one-third octave band analyses of the
measured acoustic and vibration data:. The vibration spectra
were defined in terms of dB re 1.0 g rms, and the applicable
acoustic levels subtracted from the vibration level to produce
the transfer function value in each one-third octave band.
These calculations were performed for all flight measurements
which were duplicated on the test articles, and the average
differences (AdB) between the flight and test transfer func-
tions plotted as shown in Figure 2-2. A smooth curve drawn
through these points produced the correction factors in each
frequency band to apply to the specification levels, resulting
in chamber levels which were 3 to 10 dB lower than the flight.
levels. (See Figure 2-3). The chamber test levels derived
by this method were intended to produce vibration levels equiv-
alent to the 97.5% confidence levels of the flight environment.

The orbital workshop and payload assembly were subjected
to low frequency sinusoidal vibration to simulate the tran--
sients produced during launch, engine cutoff and stage separa-
tion. During each of the tests, response limit instrumentation
was used to control the input levels such that structural de-
sign loads would not be exceeded. An example of the measured
test input levels are compared to the test specification (for
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the orbital workshop longitudinal axis test) is shown in Fig-
ure 2-4., Also indicated in the figure are the structural areas
which limited the input levels in various frequency ranges.

For the payload assembly tests an attempt was made to con-
duct sinusoidal tests of the complete spacecraft to levels en-
veloping the vehicle dynamic transients. The intent was to
produce the specification levels at the various subassemblies
of the spacecraft while limiting the response in primary struc-
ture in other areas . The results of low level sweeps indi-
cated that this was not possible because of the payload assem-
bly dynamic characteristics and the available force/control
capabilities. An alternate approach was utilized. Selected
‘decaying sinusoids were applied at the base ring fixture in
the longitudinal axis. The transients (amplitudes and fre -
quencies) were selected based on analyses of the launch vehicle.

The objectives of the test program were achieved in that
the structural integrity of bracketry and seéondary structure
was verified, selected flight hardware components were qual-
ified, and sufficient data were obtained to verify or modify
the dynamic design and test criteria for components.

The data interpretation program and evaluation of results
are described in Paragraph 2.3.

2.2.2 Viking

An extensive test program on both the component and sys-
tem level was conducted for the Viking spacecraft. For this
program, the Langley Research Center is Project Manager for
the overall Viking Project, JPL is responsible for the orbiter,
and Martin Marietta Corporation is responsible for the lander.

The lander was subjected to a series of dynamic tests in-
cluding modal surveys of the launch and terminal descent con-
figurations to verify analytical models, acoustic tests to
obtain component vibration criteria and verify the integrity
of bracketry and secondary structure, and sinusoidal vibration
tests simulating vehicle transients. In addition, the orbiter/
lander "stacked" configuration (Figure 2.5) was subjected to
forced vibration sine tests at the JPL facility (Reference 8).

The objectives of the "stack' test series were to:

(1) Evaluate the effect of lander/orbiter interaction on
response at subsystem/component locations;

[}

(2) Evaluate the adequacy of secondary structure;

10
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Figure 2-5, Vlklng Spacecraft Longltudinal
: (Z) Axis Test Set-Up
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(3) Serve as a precursor to the prodf test orbiter (PTO)
qualification test; :

(4) Evaluate component sinusoidal test levels;
(5) Obtain data for comparison with analytical results.

Significant analytical efforts were expended to provide
assurance that test peculiar failures of primary structure
should not occur, and the vibration input to the test specimen
was controlled so that loads in primary structure would not -
exceed analytically predicted flight loads. To meet this ob-
jective, a 36 channel control and 60 channel limit system was
utilized. Test input levels were controlled at the orbiter bus
hard points except as modified by primary structural response
loads. The envelope of levels measured at control accelerometer
locations on the orbiter bus is compared to the test specifi-
cation in Figure 2-6. From the figure, it is evident that the
response of primary structure controlled the input level in the
frequency range from 10 to 55 Hz. Above 55 Hz, the test level
was controlled at the orbiter bus hard points.

The test predictions based on the Viking mathematical
model correlated reasonably well with the test data as shown
in the examples in Figures 2-7 through 2-10, establishing con-
fidence in the coupled Viking spacecraft mathematical model.
In general, measured frequencies were slightly higher than
those predicted by the analysis, and amplitudes were lower by
approximately that amount established by control system toler-
ances. The test results were reviewed and compared to component
qualification levels. No changes to component sine test require-
ments were required.

2.3 Data Interpretation and Criteria Development
2.3.1 Skylab

A description of the Skylab vibro-acoustic test program
is presented in Paragraph 2.2.1, Tests were conducted on two
major hardware assemblies, the orbital workshop (OWS) and the
payload assembly (PA). Even though the flight acoustic environ-
ment was known with confidence, from data collected on previous
Saturn flights, the test programs resulted in a number of changes
to the component qualification criteria and cost impacts due to
component requalification. Subsequent ‘to each of the test pro-
grams, the major hardware contractors in conjunction with NASA,
reviewed the random vibration data and compared these data with
component qualification levels.

13
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For the orbital workshop, the specification evaluation
resulted in raising the criteria in six (11.3%) of the environ-
mental subzones, lowered in 33 (62.3%) of the subzones and un-
changed in 14 (26.4%) of the 'subzones. Forty-seven new subzones
were added. Examples of the changes to criteria are shown in
Figures 2-11 through 2-13., Examples of both increases and de-
creases to the original criteria are shown. In some cases an
order of magnitude change was required, potentially resulting
in a significant impact with regard to number of flight and/or
test failures of components. The scheduling of this test phase
was such that the criteria changes were made before the. start
of the qualification test program, therefore, no component re-
qualification was required. _

As a result of the payload assembly acoustic tests, cri-
teria were changed in 15 environmental subzones, 12 new sub-
zones were added, and 28 components were recommended for re-
qualification including the flight control computer and the
control moment gyro.

2.3.2 Viking

" This example is included to show how changes to the pre-
dicted flight acoustical environment affected the qualification
criteria for Viking Lander Capsule (VLC) components. The dis-
cussion and results presented are taken from Reference 9.

- The random vibration criteria originally specified for de-
sign and testing of the VLC subsystem components were based on
analytical predictions of the vibration developed on various
VLC structures during the course of the Viking mission. The
highest vibration levels on the lander structure were predicted
to result from terminal propulsion engine operation. The high-
est levels on the aeroshell, base cover and bioshield were pre-
dicted to result from acoustic noise generated by the launch
vehicle's rocket motors during the launch phase of the mission,
Vibration data were acquired during the performance of a term-
inal propulsion system verification test, in which an engine
was operated under simulated mission conditions. These data
showed the level of the engine vibration applied to the ‘lander
structure to be considerably lower than that which originally
had been predicted. Conversely, vibration data acquired during
the performance of the launch acoustic test of the Lander Devel-
opment Test Model (LDTM) vehicle showed higher vibration levels
than originally predicted on certain parts of the lander struc-.
ture and also on the aeroshell, base cover/decelerator and bio-
shield equipment module. Due to these higher vibration levels,
the vibration criteria specified for nineteen VLC components
were determined to be too low in level.

16
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The vibration data secured from the LDTM launch acoustic
test were employed to derive revised random vibration criteria
for eleven of the VLC components. Test specification revisions
were incorporated for nine of the components.

The proof flight of the Viking Titan/Centaur 1 launch
vehicle was conducted in February 1974, subsequent to the time
that the VLC component vibration specifications were revised.
Acoustic noise measurements recorded in the VLC area of the
launch vehicle's nose fairing exhibited overall noise levels
much lower than those which had been predicted to occur during
the launch phase of the mission. Therefore, a new prediction
of the maximum acoustic noise levels to which the VLC would be
subjected was derived, based on the data obtained from these
measurements, :

The revised, launch acoustic noise prediction was employed

to derive new predictions of the random vibration environments
to which eleven VLC components were subjected. In the case of
five of the components, data acquired on the test lander em-
ployed for the Proof Test Capsule precursor acoustic test were
utilized in deriving the new vibration criteria. This test,
conducted to calibrate- the acoustic facility in the Acoustic/
Vibration Laboratory (AVL), was performed using the revised
acoustic noise levels. :

The original and revised predictions of the maximum launch
acoustic noise levels to which the VLC was exposed are describ-
ed by the one-third octave band acoustic spectra shown in Fig-
ure 2-14., The spectral differences between these two acoustic
spectra are shown in Figure 2-15.

Revised vibration criteria were derived from eleven VLC
components using the revised launch acoustic noise criteria
defined for the VLC and the vibration data acquired from the
LDTM launch acoustic test and the Proof Test Capsule precursor
acoustic test,

The revised vibration criteria for the VLC components were
derived using the following procedures. For the derivations
based on LDTM test data, a maximum envelope of the random vi-
bration spectra produced from the applicable LDTM vibration
measuremerits was made for a given component. This spectra
envelope then was scaled to account for the differences between
the original and the revised launch acoustic noise criteria,
These noise criteria differences are shown by the one-third
octave band noise spectra difference spectrum shown in Figure
2-15. The modified vibration spectra eunvelope provided a -
revised prediction of the component's vibration environment.

A smooth-envelope spectrum was drawn over this prediction

20
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spectrum to .define the revised vibration criteria for the com-
ponent. For the derivations based on Proof Test Capsule pre-
cursor test data, the maximum envelope of the reference vibra-
tion spectra for a given component was used directly to derive
the revised vibration criteria. No scaling of the maximum en-
velope was required since this test was performed using the re-
vised acoustic levels,

Examples of the original criteria, test data, and revised
criteria arespresented in Figures 2-16 through 2-23., Note that
in some frequency ranges, order of magnitude changes (both in-
creases and decreases to the original criteria) were required
for some components. In other cases, the overall levels did
not change appreciably, but significant alterations to the
spectrum shapes were required, generally resulting in increases
in the low frequency region and reductions in the high fre-
quency energy. : :

2.3.3_ Data Banks

)

Vibro-acoustic data banks have been developed from acous-
tic and random vibration measurements obtained from flight and
ground test programs.  These data, which indicate the vibration
level produced by a given sound pressure level acting on a par-
ticular structural configuration, are utilized for formulating
design and test criteria for components and subsystems,

- Two examples of data banks currently in use will be des-
cribed to illustrate the techniques.

1. NASA TN D-7159. Development of Vibro-Acoustic Structural
Data Banks in Predicting Vibration Design and Test Criteria
for Rocket Vehicle Structures

This data bank was developed from approximately 1285 vi-
bration and acoustic measurements obtained during static fir-
ings and flights of the Saturn vehicles and from the Mobile
Acoustic Research Laboratory (MARL) testing program. The data
banks were developed for three types of structural configura=
tions:

Ring Frame - This type of structure is not directly sus-
ceptible to acoustic forcing functions, but receives
motion from adjacent panels;

Skin/Stringer - This type of structure responds to acous-

tic forcing functions. The stringer response depends
directly on the motion of the skin;
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Honeycomb - This type of structure is directly excited by
acoustic forcing functlons.

. The vibration and acoustic data were normalized to the
reference acoustic spectrum (a typical Saturn liftoff acoustic
spectrum) shown in Figure 2-24, The normalization was per-
formed utilizing the following equation.

6L (E) = Gy(f) [PL<f)] 2

By (D)
where
2 .
GL(f) = normalized power spectral density (G /Hz) as a
function of frequency f,
PL(f) = reference acoustic pressure (N/mzrmsz asa
) function of frequency f,
GM(f) = measured power spectral density (G /Hz) as a
functlon of frequency f,
PM(f) = measured acoustic pressure (N/mzfms) as a func-

tion of frequency f.

Statistical analyses of the normalized vibro-acoustic
data were performed and the mean and 97.5% confidence levels
of the acceleration density spectra were determined for the
different structural configurations. An example is shown in -
Figure 2-25. These data banks were compiled for unloaded
structure, and corrections applied for the effects of component
weight.

To utilize the data bank, it is necessary to select the
data bank which best represents the new vehicle structure and
then apply the necessary mass and sound pressure corrections
to determine the vibration criteria for unloaded new vehicle
structure using the following formula.

2 2
L ey(®) = GR(f)[ Py (£) . [ My ]
P (£) My

where
Gy(f) = new vehicle power spectral density (G2/Hz) as a
function of frequency £,
Gr(f) = data bank power spectral density (G2/Hz) as a

function of frequency f£,
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DIRECTION — RADIAL FLIGHT OR TEST

SKIN THICKNES_S —~ .10 cm (.040 in.) CONDITION — LIFTOFF
RING SEPARATION — N/A : MATERIAL — ALUMINUM
RING WEIGHT — 3.73 kg/m {2.51 Ib/ft) COMPOSITE MEAN — 12.44
STRINGER SEPARATION — 22 cm (8.63in.) COMPOSITE 97.5 - 29.24
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new vehlcle measured or predicted acoustic pres-

Py (£)
: sure (N/m rms) as @ function of frequency f,

Pp(f) = reference acoustic pressure (N/m rms) @s a func-
tion of frequency f, '

My = mass per unit area of new structure,

Mp = mass per unit area of data bank structure.

A similar data bank is currently being compiled for the
Titan III vehicles, and will include data from skin/stringer
structure, tank domes and trusses.

2. AFFDL-TR-74-74, A Method for Predicting Acoustically In-
duced Vibration in Transport Aircraft

This study describes a method for predicting acoustically
induced vibration in transport aircraft. The results of the
study are in the form of a set of nomographs for the prediction
of structural vibration, and include methods to account for
- variations in structural mass and r1g1d1ty.

The prediction technique includes a set of SPL-vibration
correlation charts for each one-third octave band in the fre-
quency range from 50 to 2500 Hz. Each chart contains the sta-
tistically derived confidence level lines of 50%, 80%, 90%, and
97.5% as shown in the example in Figure 2-26. The charts were
developed for two basic structural types:

a. shell structure (skin-frame-stringer) typical of fuse-
lages, fairings, etc. (Figure 2-27);

. b. box structure (skin-stiffened box-beam) typical of
wings and control surfaces (Figure 2-28);

For each type of structure, the mass and rigidity of the
structures are calculated by variations of the following form-

ulas:
Ma[AfPf v B Py +hp]
T b T a P
where
Ag,Ag = cross-sectional areas (cmz) of frames and

stringers
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Figure 2-28, Box Structure

37



;% P, P = densities of frames, stringers and skin
’ » P (grams/in3)
h N = skin thickness (cm)
b = frame spacing (cm)
a = stringer spacing (cm)
D « Eelf +| Esls
b a
where
D = rigidity factor
Ef, E, = moduli oféelasticity for frames and stringers
(dynes/cm™)
Ig, IS = area moments of inertia for frames and string-
~ers (cm®) e
a = étfiagéf~s§5k{ﬁgukbm)
b = frame spacing (cm)

A nomograph (Figure 2-29) was developed for determining
the mass/rigidity correction factor.

The examples presented in this section are included to

indicate the capabilities and limitations of current methods

of random vibration prediction techniques. Even in the case
(Skylab) where the flight acoustical environment was known with
a relatively high degree of confidence, the configuration dif-
ferences between Skylab and previous Saturn vehicles resulted
in a number of changes to component specifications, and requal-
ification requirements. Similar results were obtained on the
Viking program, where the measured data from the proof flight
vehicle necessitated changes to the definition of the flight
environment, and associated modifications to component criteria.

These examples emphasize the importance of obtaining ac-
curate definition of the shuttle environments as early in the
program as possible, and for developing improved methodology
for determining random vibration criteria for components,
either by the-data bank process or by improved analytical tech-
niques. Based on these examples, it appears that development
type acoustic tests of initial payloads are warranted in order
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to define component criteria as accurately as possible and to
determine vibro-acoustic transfer functions for as many differ-
ent types of structure and component loading conditions as
possible for application to future payloads.
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3.0 IMPROVED TECHNIQUES FOR SHUTTLE
3.1 Flight Measurement Program
3.1.1 Current State-of-the-Art

In a "state-of-the-art'" approach, the instrumentation in-
stalled on the shuttle payloads for measuring the dynamic envir-
onments would be limited to that -which is in current use and is
well-proven and reliable within its known capability. The exact
number, type and locations of the transducers depends upon the
specific characteristics and size of each particular payload or
experiment. In general, most of the available data channels will
be assigned to accelerometers (both high and low frequency), mi-
crophones and strain gauges; for special loads-identification
purposes, it is desirable to use load-cells at selected Orbiter/
payload interface points. In addition, engine pressure trans-
ducers are required in order to measure the engine pressure-time
histories, to be used to reconstruct the forcing functions which
are generating structural loads. The greater part of the meas-
ured data will be recorded on-board for later playback and anal-
ysis. However, some of the more important data should be telem-
etered to ground stations to be used for diagnostic purposes in
the event of a launch vehicle malfunction.

The frequency range covered by the dynamic instrumentatiou
may be divided, for purposes of this discussion, into a low-
frequency band (below 100 Hz or so) and a high frequency band
(above 100 Hz). The low-frequency covers the range in which
dynamic modeling and analysis can be performed with high confi-
dence and used to calculate structural frequencies and responses
to low-frequency flight transients. By using appropriately loca-
ted instrumentation, the analytical predictions can be correlated
with the test data and the dynamic model refined as necessary so
that loads resulting from later missions can be predicted with
greater accuracy and confidence. Instrumentation pertinent to
this frequency range are accelerometers, strain-gauges, load cells
and engine pressure transducers.

The high-frequency band covers the frequency range assoc-
iated with the acoustic environment and the resulting random
vibration, and with short-duration transients such as pyrotechnic
events. In this range, a relatively low degree of confidence
exists in the results of current analytical techniques, and the
most reliable current methods are semi- empirical, extrapolating
responses measured on previous flights to predict responses in
the new situation. The flight measurements used for the high-
frequency environments are limited to accelerometers and micro-
phones. The measured data, together with a knowledge of the
structural details, will be organized into a data bank of the
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type described in Paragraph 3.2.2.3 for future applications.. The
overall relationship between the instrumentation and the subse-
quent. data usage is summarized in flow-chart form in Figure 3-1.

3.1.1.1 TInmnitial Flights

The term "initial flights" is intended to cover the first
ten to twelve missions. Of these, information is currently
available on seven payloads, as tabulated in Appendix A. Even
this small number of payloads covers a wide range of sizes, )
going from approximately 2600 kg (5700 1b) to 11,800 kg (26,000 1b)
in total weight. In order to specify exact locations of the
instrumentation, detailed information on the actual structure
would be required. Since this is not yet available for any pay-
load, many assumptions have to be made in order to start plan-
ning instrumentation coverage. As an example of a flight meas-
urement plan, the Long Duration Exposure Facility (LDEF) payload,
which is planned to be flown on Mission #4, was selected and
detailed instrumentation was called out, based upon a number of
assumptions, as described in the next paragraph.

3.1.1.2 LDEF Example

The payload for Mission #4 actually consists of the LDEF
and three Integrated Real Time Contamination Monitors (IRTCMs).
The LDEF is described in Reference 1 'as a low-cost simple struc-
ture on which many different totally self-contained experiment
packages can be mounted for transportation to and from space via
the shuttle. The objective of the LDEF is to measure the effect
of the space environment on biomedical and material specimens
and investigate particulate matter in space. Each IRTCM is a
relatively small modularized system weighing approximately 53 kg
(120 1bs) and consists of several rather dense modules mounted on
a rectangular pallet. Thus, the LDTM/IRTCM provides a good
example on which to demonstrate the approach used to define the
instrumentation requirements for a large payload.

The detailed flight measurement program, together with a
demonstration of the dynamic modeling analysis performed to
investigate low-frequency loads is given in Appendix B.

3.1.1.3 Variations for Other Payloads on Initial Flights

Because of the. wide variation in payload size in the init-
ial flights (as described in Appendix A), the instrumentation
scheme will differ considerably for each payload. The following
general approach is recommended for establishing instrumentation
requirements for the second and subsequent flights within the
group designated "initial flights'.
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In the treatment of the LDEF payload, it was assumed
that as many as 14 channels of data could be tele-
metered in real time to a ground station. These
channels should be maintained on subsequent initial
flights for diagnostic purposes in the event of flight
failures.

Microphone locations will be varied so that a complete
mapping of the internal sound field can be achieved.
Other microphones will remain at the same locations
for all flights in order to gain enough data to allow
statistical sampling to be used with confidence, and
to enable the effects of changes in payload size on
the intermnal acoustic environment to be evaluated.

The distribution and relative quantities of low and
high-frequency accelerometers will be adjusted to
reflect differences in payload overall density and
size. Thus, a payload having large, lightweight sur-
faces or appendages, such as solar panels, antennae,
etc. would be relatively susceptible to acoustics and
should have good coverage-in--terms of high-frequency
accelerometers., For a more dense payload, the emphasis
will be on low-frequency accelerometers in order to
obtain loads information.

As with the microphones, certain accelerometer locations
will be maintained in order to study the effects of pay-
load stiffness and mass on interface loads.

One important area which will be investigated as suf-
ficient data is acquired is the mass-loading phenomenon,
i.e., the effect of variation in component mass on the
frequency response of the component/mounting structure.
Data for this application will require .accelerometers to
be mounted at the same locations on the mounting struc-
ture for a number of different payload component weights.

Strain gauges and load cells are basically installed at
the payload/orbiter interface points, so that these will
vary with payload as different mounting points are util- .
ized, Calibration levels and dynamic ranges on the in-
strumentation will need to be adjusted as a function of
the weight and stiffness of the payload.
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3.1.1.4 Future Payloads

Payloads launched after the initial group of missions will
differ from their predecessors in the quantity of instrumentation
which will be installed. Information gained from the initial
flights will have been used to develop the data banks for the full
frequency range applicable to the flight environment, and to update
and refine the dynamic models of the Orbiter, coupled with various
sizes and types of payload. Instrumentation on the later payloads
will thus be limited to that necessary to give diagnostic data in
the event of flight anomalies occurring, to fill in gaps in the
data banks, and to increase the number of data samples to the point
where statistical analysis can be used to calculate associated
confidence levels.

In order to provide useful diagnostic data it will be
necessary to have each Orbiter/payload interface point instrumented
in three axes in order to measure the load and acceleration time
histories for use in driving the mathematical model of the payload,
so that the dynamic events leading up to the anomaly can be recon-
structed. A small number of microphones should also be included so
that an unusually high acoustic environment would be detected. It
would obviously be desirable to telemeter the diagnostic data.

The data banks will be continuously updated as each flight
provides additional measurements. However, when a payload seems
likely to fill a gap in the data bank in terms of weight, volume,
etc., advantage should be taken of the chance to use that flight
to obtain the missing dynamic data, with a comprehensive instru-
mentation program. In order to assess how evenly the range of
payload weights is covered, information on payloads expected to
fly on the first twenty flights was reviewed. It was noted that
of the thirteen flights for which information has been published,
three payloads fall in the range O to 5000 Kg; one in the range
5000 to 10,000 Kg, and the remaining nine in the range 10,000 to
15,000 Kg. Thus, a later payload whose total weight was less than
10,000 Kgshould be considered as a potential low-frequency data
bank entry and instrumented accordingly.

Data defining the overall environment inside the payload
bay would need to be updated if revisions to the mission plan
caused changes in ascent trajectories or introduced dynamic events
which had not previously been encountered. This would be accom-
plished by installing additional microphones and/or acceleromet-
ers in the payload bay, in locations which would be selected on
the basis of experience gained in the initial flights.
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3.1.2 Improved On-Board Measurement Technology

Current technology for acquiring flight data, using
telemetry or on-board recording, has traditionally provided
results which suffer from a number of shortcomings in the quan-
tity and quality of data including the following:

a. Insufficient coverage across the structure to provide
adequate checks with analysis; 3

b. 1Inadequate signal-to-noise ratio;
c. Restricted frequency and dynamic range.

Telemetry systems are invariably quite restricted in the
number of channels available for dynamics data on the payload.
For example, the Viking Spacecraft had only one microphone,
four accelerometers and six strain gauges on-board. Airborne
systems have usually had to contend with severe weight and space
limitations, limiting the allowable number of transducers and
associated signal conditioning equipment.

. Since the space. shuttle-is -neither -weight or volume --- - -
critical, at least for the great majority of payloads, the usual
restrictions on the size of the on-board system do not apply to
the same degree. Thus, it is feasible to provide a sufficient
number of instrumentation channels to give good coverage of the
entire structure for verification of analysis and spatially
detailed definition of the environment.

" Recent advances in instrumentation design can be used
to advantage in this application. For example, one equipment
manufacturer has just introduced a new charge amplifier for use
in airborne vibration measurement systems. This unit is approx-
imately one-half of the weight and one-third of the size of the
previous smallest available charge amplifier. According to the
manufacturer, it is also more reliable than its predecessors
because of its relative simplicity, and has variable gain up to
a gain range of 100 to 1. Another manufacturer also produces a
lightweight airborne charge amplifier with a variable gain set-
ting which can be adjusted in flight to virtually any desired
gain range ratio. This is available with multiple outputs for a
common input. Each output section can have its own gain and
filter characteristics. Thus, a single accelerometer used in
conjunction with this charge amplifier could operate in several
frequency and dynamic ranges at different periods in the mission.

Because of the many missions to be flown by the orbiter,

some of its structural components such as the payload support
points and loading pallets will be exposed repeatedly to the
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dynamic environments. The probability of eventually developing
fatigue failures is therefore quite high and considerable analyt-
ical effort will probably be expended in this area. Unfortunately
the state of the technology in fatigue analysis is still fraught
with uncertainties for practical structures. Special strain gauges
are available which facilitate the measurement of fatigue damage
(References 11, 12). Unlike conventional strain gauges, these
devices do not require continuous monitoring, but can be inspected
after every flight. The gauge develops an irreversible resistance
change which is directly correlated to fatigue damage when it is
subjected to cyclic strains. It appears that the use of these
gauges at strategic locations would provide valuable information
on the fatigue problem and would represent a distinct improvement
over conventional instrumentation.

The use of impedance or admittance measurements to study

.the interaction effects between the Orbiter and the various pay-
loads is desirable.” However, there are several problems which
must be accounted for in making such measurements. The stiffness
of the force transducer must be great enough to carry structural
loads but allows sufficient sensitivity to accurately measure
dynamic force. The mass of the transducer and attachments must
- somehow be accounted for in the analysis of impedance data to
obtain the true force relationships between the structures of
interest. 1In ground tests, this is usually accounted for by use
of a feedback signal, a technique which may not be practical for
flight measurement. '

The use and validity of mechanical impedance/admittance
techniques for predicting system responses has been studied
recently by Kana and Vargas (Reference 13). It was found that
an approach using admittance matrices gave satisfactory results
for a simplified model of the Orbiter with simulated payloads.
This approach could be applied to various Orbiter/payload combin-
ations in order to identify the effects at the interface loading
points caused by different payloads. In order to develop confi-
dence in the technique, it is necessary to obtain flight data at
these points on the actual payloads.

There are potential benefits to using on-board analog-to-
digital data conversion and digital recording. Data storage
density can be increased, so that a greater quantity of data can
be stored on a single recorder. Post-flight data reduction and
analysis time will be decreased if the data storage format is
selected to be readily converted to the format used by the data
reduction computers. Digital tape recorders are now available
with great versatility in terms of tape speed and recording per-
formance. One recently developed recorder is a six-speed, 42-track
recorder which can be equipped with 1000 bits/inch/track digital
record amplifiers. Tape speeds vary from 1-7/8 ips to 60 ips,
giving a data-packing capability up to 60,000 bits/sec, with an
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upper frequency limitation which can be as high as 10 KHz. The
unit weighs 26 Kg (57 1bs) including tape, and is qualified to
MIL-E-5400 dynamic environmental specifications.

It is obviously desirable to have maximum commonality and
standardization between equipment being specified for data collec-
tion purposes throughout the orbiter. To this end, it should be
noted that a Standard Tape Recorder- (digital) is being developed -
under NASA contract, monitored by the NASA Inter-Center Tape
Recorder Panel, as discussed in Reference 14. It is stated in
the reference that this instrument is being considered for use
on the orbiter, so that it would seem worthwhile to thoroughly
review the capabilities of the design to handle the dynamic data
recording task. ’

3.2 Data Interpretation Techniques
3.2.1 Current Methods

This -section is a general discussion of the approach which
would be used to reduce and analyze the data acquired on the
". early shuttle flights, using conventional methods. For conven- " e
ience, the frequency range over which the data is acquired is
broken down into low, mid and high frequency regions.

3.2.1.1 Low Frequency Region

The low frequency region corresponds to the range 0O to 50
Hz. From the viewpoint of the structural loads analyst, this is
the most critical frequency range in which maximum loads are in-
duced in the primary structure by vehicle transients, such as
staging events, engine ignition and shutdown, gust loading and
landing shock. Analytical methods exist which can be used to
calculate the dynamic behavior and associated loads in the struc-
ture with a high degree of confidence. :

- The purpose of the data interpretation program is to analyze
the flight-measured data and compile the resulting information
for the use of subsequent payloads. To this end, the maximum
amount of information should be extracted from the data to obtain
a complete definition of the payload environment, total vehicle
external loads, and dynamic properties of the structures involved.
Possible changes in the vehicle external loads from flight-to-
flight, and errors and/or changes in the predicted dynamic charac-
teristics of the structures must be evaluated from the early
shuttle flights for their impact upon the environments of the
shuttle payloads.

Tc meet the goal of maximum information, locations of trans-

ducers for the low frequency region (accelerometers and/or strain
gagges) and the recording procedures must be carefully preselected.

48




=

Exact locations for strain gauges to insure complete definition
of payload interface loads must be considered. One very impor-
tant consideration is the time-phasing of all recorded data. Data
from the external loads (e.g., engine shutdowns) must be time-
phased with the data recorded at the payload interface. This not
only assists in diagnosing chronological events on the payload
and shuttle, but also provides data for evaluating the total
system transfer functions.

The payload interface data should be reduced in the form of
time-history plots (g vs sec, or kg vs sec), Fourier spectra (g
vs Hz or kg vs Hz), and/or power spectral density (g</Hz vs Hz).
With the data in this form, complete assessments of the frequency
content and amplitude can be made for each boost event. If need
be, payload response from the low frequency events can be recon-
structed using the time histories of the payload interface loads
and '"base driving'' the payload model.

A complete spectral analysis of the external forcing func-
tion will also be necessary. This can be accomplished also with
Fourier spectra, and/or power spectral density data. Spectral
analysis will aid in determining the changes in frequency content
of the staging events from flight-to-flight, Time history data
should also be retained in the event that a loads analysis of the
total integrated payload/orbiter structure becomes necessary.

The system transfer properties (e.g., from the orbiter en-
gines to the payload interface) are important in evaluating the
integrated payload/orbiter system. Once the orbiter and payload
data are time-correlated, amplitude and phase information of the
transfer characteristics can be extracted. With this data avail-
able, the orbiter structural properties can be assessed properly
for predictions of subsequent payload environments.

3.2.1.2 Mid Frequency Region

The mid frequency region is assumed to encompass the fre-
quency range from 30 to 100 Hz., This is the range in which
higher order modes of primary structure and subassemblies are
excited by aerodynamic buffeting and vehicle transients, but
generally below the range in which random vibration response to
acoustics controls the loads. The accuracy of analytical models
becomes questionable toward the upper ‘end of the mid frequency
region. Thus, data interpretation techniques.applicable to both
the low frequency and high frequency regions are utilized and
overlapped to cover the mid frequency region.
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‘Data from strain gauges, low frequency accelerometers and
impedance transducers provide the primary coverage in this region.
The initial data reduction process will play back time histories
of all of the significant events, with strong emphasis on main-
taining accurate time-phase relationships. Shock spectra, power
spectral density plots, acceleration spectra and impedance plots
will be produced next and used to generate loads data for com-
parison with analytical load estimates, as well as environmental
data on which to base test requirements for subsequent payloads.
Transfer functions between payload interface points and subsys-
tem/component mounting points will be calculated.

3.2.1.3 High Frequency Region

The high frequency region covers a very wide frequency range
from 80 Hz or so up to 10,000 Hz. The primary form of excita-
tion is acoustic, with some contribution from transient events
and pyrotechnic shock, so that the high frequency data will
basically come from microphones and high frequency accelerometers.
As in the case of mid frequency data, time histories will be re-
quired from selected transducers and special care should again
be taken to preserve accurate time synchronization. between. all. .
of the data channels.

Current methods of predicting high frequency random vibra-
tion response to acoustics are mostly empirical based on taking
data measured on earlier similar vehicles and then deriving
suitable normalizing and scaling factors with which to adapt
the data to a new vehicle. The accuracy of these methods is
very dependent on the degree of similarity between the baseline
vehicle and the new vehicle. Since in the present application
the baseline and new vehicle are identical, the accuracy of the
prediction process should be quite good when sufficient data has
been accumulated. The data reduction and interpretation program
should be designed to allow maximum utilization of the data in
such techniques. '

Acoustic data will be reduced and plotted in the form of
sound pressure level spectra (dB versus Hz) and pressure spec-
tral density plots ((N’/mz)2 versus Hz). Vibration response
data will be reduced to acceleration spectral density plots and
for selected channels, auto-correlation function plots (gz,ver-
sus sec). Other more complex analyses can be performed to fac-
ilitate running statistical checks on the data, but are not
customarily included in the current methods of data interpre-
tation. These are discussed in Paragraph 3.2.2.

The effect of payload configurations on the internal acous-
tic levels should be determined from data obtained on initial
flights. To obtain this evaluation, the acoustical character-
istics of the empty payload bay should be determined from
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reverberation time and noise reduction measurements of the or-
biter. Preliminary analyses were conducted for the LDEF, Space-
lab and Large Space Telescope (LST) to determine the reduction
in overall sound pressure level, relative to the OASPL in the
empty payload bay, for these three payloads. Since the absorp-
tion characteristics are not known, these preliminary analyses
were based on relative volumes and surface areas only, using
réverberant sound field theory. The results indicate that LDEF
and Spacelab cause a reduction of 1.8 dB, and LST would reduce
the empty bay acoustic levels by 2.6 dB, These reductions would
lower random vibration criteria by 20 to 35%.

3.2.2 Potential Improvements

A number of areas requiring improvement can be identified
in the current methods for analyzing and interpreting data.
One such area is the verification of some of the basic statisti-
cal characteristics of the data to ensure that the assumptions
underlying the analysis methods being used are justified. A
second area relates to the errors involved in the estimates of
loads and environments. These errors should be identified and
evaluated, and used in the derivation of test and design factors.
Finally, accumulated data showing input environments and the
resulting responses-need to be organized in data banks to be
readily applicable to later missions.

Essentially all of the conventional analytical treatment
applied to flight data is based on the ‘assumption that the data
is purely random and stationary and has an approximate Gaussian
probability distribution of amplitude. It is considered highly
desirable to perform the necessary checks on the data to verlfy

or disprove the validity of these assumptions.

Valuable information can be extracted from the data using

- recently developed statistical analysis techniques. For example,
the method of coherence functions is receiving current atten-
tion. This is an approach which can be used for identifying
multiple inputs to a system and characterizing (in terms of
magnitude and frequency content) their relative contributions

to the response of the system, taking account of the degree of
correlation between the multiple inputs. Although this

technique has been available for some time, its usage is not
common in the aerospace industry.

The properties of the coherence function and its applica-
tion to practical problems are discussed in the next section,
along with a brief review of the errors associated with statis-
tical treatment of data.
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3.2.2.1 Discussion of Coherence Functions

Coherence functions can be used in a situation where it is
required to monitor the noise or vibration generated within a
mechanical system in order to identify the sources of vibration
and determine their relative severity. Other applications are
to assess the validity of frequency response functions calcu-
lated from measured data and to detect system nonlinearities.
Particular emphasis will be placed in this discussion on the
first application. The problem is to determine how much of the
vibration measured on the payload during launch is caused by
acoustics and how much is mechanically induced. This informa-
tion is needed to help estimate the potential benefits of re-
ducing internal acoustic levels and to determine the need for
running various kinds of tests at the system and component
levels.

The coherencé function (CF) for two time histories x(t)
and y(t) is defined:as

2
2 - (f
v, ® = 1%
G () G (E)
where
0< ¥y B < 1

(f) is the cross-PSD for the two time histories and
G, (f) and Gy(f) are the respective auto-PSD's.

If )kyz(f) 0 at a Dartlcular frequency, x(t) and y(t)
are said to be incoherent; if (f) = 1 for all frequencies,
x(t) and y(t) are said to be fully coherent. If 7 (f) has
a value between zero and unity, any of three 51tuat10ns may
exist:

a) The data contains noise,

b) The physical system relatlng x(t) and y(t) includes
nonlinearities,

c) Multiple inputs x;(t) are causing output y(t).

A practical application of the coherence function is des-
cribed in Reference 15, in which it was required to determine
what components of the noise measured by a microphone was caused
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by an adjacent mechanical system and how much was due to external
sources. This was solved by mounting an accelerometer on the
mechanical system then calculating the coherence between the
microphone signal and the accelerometer signal. The plot of the
coherence function showed the frequencies at which the accelerom-
eter output was coherent with the microphone data, so that the
noise radiating from the mechanical system could be identified.

In order to explore the use of coherence functions using
actual flight data, a calculation was performed on measurements
taken on the Viking Proof Test Flight, in which a dynamic simu-
lator of the spacecraft was launched on a Titan II1X/Centaur.
The instrumentation is described in Reference 16.

Data available included the following:

a., Time histories of strain measured on all six members
of the Proof Flight Lander Adapter (PFLA) - See Figure
3-2;

b. Time history of a high frequency accelerometer on the
Viking Orbiter. Dynamic .Simulator (VODS) Bus;

c. Time history of the acoustic environment in the region
of the VODS Bus.

The response on the VODS bus measured by the accelerometer
results from a number of inputs, including acoustics, loads
applied through the trusses and feedback from the VODS sprung
mass which hangs from the bus.

The objective of the calculation was to determine how much
of the response measured by the high frequency accelerometer on
the bus was caused by loads feeding back through the PFLA,. and
how much was due to acoustics.

- For simplicity, it was assumed that only loads from the
truss member which terminates on the bus at a point close to
the accelerometer would contribute to the response measured by
the accelerometer. Since this is not true, the contributions
from the other members will be analogous to external noise on the
measured signal and will detract from the accuracy of the esti-
mate. It was also assumed that no correlation exists between the
strain measurement and the acoustic time history.

Under these assumptions the two. coherence functions re-
lating the three signals will be
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v, 2y = 18 5(0]
Gl(f) X G3(f)

7, éz(f) .
3 G, (D) x G3(F)

where subscript 1 refers to acoustics measurement (CY217-Y in
Figure 3-2)

2 refers to strain measurement (CY214-S)
and 3 refers to the acceleration»measurement'(CY201—¢)

Gi(f) and Gj J(f) are auto-PSD and cross-PSD functions, respec-
t1ve1y

Note that 71 32(f) will have units of (N/mz-g/Hz)2
b .
IR o ' (N/mZ)Z/Hz : gZ/Hz

2 .
while 72 3 (f) will have units of - (m/m - g/Hz)2
(m/m)z/Hz . gz/Hz

- that is, the coherence functions are non-dimensional.

The total record length available was approximately 9
seconds of data. It is obviously unlikely that the data would
be stationary for this length of time, so tests for stationar-
ity were applied. It was found that the full record did ex-
hibit non-stationary behavior, but if the record is broken into
two 4.5 second parts, it can be shown to be acceptably piece-
wise stationary, at-a 5% level of significance. This defines
the longest record which can be used in the subsequent analysis.

In order to obtain a realistic estimate of the coherence
function, it is necessary to use smoothed auto-PSD's and cross-
PSD's, obtained by calculating these spectra for a number of
consecutive samples of the time histories and then averaging
over the resulting spectra. To achieve this, the available data
must be divided into shorter record 1engths and used to calcu-
late the average spectra.

Figure 3-3 shows the various steps in the analysis, includ-
ing some of the preconditioning performed on the data to mini-
mize statistical errors. Samples of the filtered time history
plots are given in Figures 3-4, 3-5 and 3-6. The averaged auto-
PSD's are plotted in Figures 3-7 through 3-9 and the two averaged

55




CHANNEL #19

MICROPHONE
(INPUT)

CHANNEL .#18

ACCELEROMETER
(OUTPUT)

CHANNEL #12

STRAIN GAUGE
(INPUT)

l

+

BREAK TOTAL TIME HISTORY INTO MULTIPLE SAMPLES

!

1

1

LOW-PASS FILIER (< 250 HZ) TO AVOID ALIASING PROBLEMS

)

l

xz(t)

» Xl(t) Xa}(t)
y
COMPUTE COMPUTE COMPUTE
AUTO-PSD(1) | AuTo-PSD(3) AUTO-PSD(2)
FOR SAMPLES FOR SAMPLES FOR SAMPLES
COMPUTE COMPUTE COMPUTE
AVERAGED AVERAGED AVERAGED
AUTO-PSD(1) AUTO-PSD(3) AUTO-PSD(2)
COMPUIE COMPUTE ]
CROSS-PSD(1,3) CROSS-PSD(2,3)
L_FOR SAMPLES FOR SAMPLES
COMPUTE COMPUTE
. AVERAGED AVERAGED

Y

CROSS-PSD(1,3)

CROSS-PSD(2, 3)

v f

3 ¢

* .

2
71

- COMPUTE COHERENCE FUNCTION

)

.3

COMPUTE COHERENCE FUNCTILON

5 40

Figure 3-3: Flow Chart for Calculating Coherence Function

56




ACCELERATION, G's.

6.000-01
5.000-01

4.000-01

2.000-01 ——

2.000-01

1.000-01 ¢

-1.000-01

-2.000-01

-3.000-01

-4.000-01

e =
L I%] N ‘Kd 'j] . #{z ;} . R “w“i;;-‘;]
b g b
Ol L

—
.

- oe——
e
——

b ——

Figure 3-4:

2.000-01 4.000-01 6.000-~01 8.000-01 1.00
TIME, sec.

Filtered Time History for Accelerometer

57



RMS ACOUSTIC PRESSURE

N/mz'
3o6+02 7

Il

3.5+02

3.4+02

3.3402 o

3.2402

3.1402

3.0+402 <

Figure 3-5: Filtered Time History for Microphone

PSI
5.200-02

5.100-02 SRR M

5.000—02 hahiaahiah Ol SRRt S

4.600-02 ——14

4 .500-02 20 B

y.400-02 —— 1~ "~

0. - 2.000-01 4.000-01. 6.000-01

TIME, sec.

58




STRAIN, gm/m

1.000+02

. . FER - o e e o]
e e o~ . RPN ISR —- . —- - PRI APUIUONY ST,
S SR RSOSSN N UUNSEE SE P
PURPEN S . . - - SRR S,
0.
UV USSR SPRPUSORD SUUNP NN PN RN PO RS
.. . - = N - - .
- IS SUNUUURUUNI SN .- . P R

--1.000+02 ———

~2.000+02 }—— 1 — .
-3.000+02 |—— 1}~ -

-4.000+02

-5.000+02 }——

—6.000+Qe-

-7.000+02 ———+ -
-8.000+02 }——nf— e s T B

~9.000+02 L—

0. 2.000-01 9.000;01 6.000-01 8.000-01 1.00

TIME, sec,

Figure 3-6: Filtered Time History for Strain Gauge

59



AUTO-PSD

(N/m?)/Hz
E7 _

(es1)%/Hz
€ -2 —— — M
8 e e e e e . .
(=) TSNS S . e e s R
q a— - — -
E6 - 2 - -
E5 4
’A \‘. | h.
. i I‘I \ ~
E4 g o
- i
E3 .
E2 |
T T T Y weree. T TR e R R eree, T TR

(-]
w w ’ . w

FREQUENCY, Hz.

Eigure 3-7: Averaged Auto-PSD for Microphone

60



AUTO-PSD, G2/HZ.

m m
N £ oo® n £ oo®

m
’ )
N £ oo

£ om®

n .

n

|
€-9 . ey
8i RS
6! :
4] *‘-'” s

| | |
E-108§ . e e e
i M

6 'iij ot

E-ll e e e i e = s ———— e e emit m s e emee e e e i e - ——— .

o U M 30 O~Do_ M r o oroo, T M r v oroo,

w w W B w

FREQUENCY, HZ

Figure 3-8: Averaged auto-PSD for accelerometer

61



AUTO-PSD, (u m/m)z/Hz .

€

£ oo
T

n

n o FooY N £ oo

n £ oo

n £ oo

E 0
8‘“.
6 :
q5 -
,2 .

m
1

h TR S &Y B G,
w LW w

FREQUENCY, HZ

Figure 3-9:

62

Averaged auto-PSD for strain gauge

. dre o e s

- ———

e .
bt e s e




CROSS-PSD

(N/m%) (G) /Hz.
g 7 (BSD@/Ez. o | |
e T T T T T T A LT

E-27

E-3
€ -7

O ©

E-4

€9 TR T T e iy weroo. T T

e .
™ ™ ) w

FREQUENCY, Hz.

Figure 3-10: Averaged Cross-PSD, Microphone with Accelerometer

63




CROSS-PSD, ( um/m) (G)/Hz,

i
T
. J
.
28
- -
. i
Pl
t
4
q - s
a . -
€ TR TTm '“'}#iﬁ—lor\mm MM“M&]_""&) T 0 o~oo, N M F o O~oo,
o .

' FREQUENCY, HZ.

Averaged cross-PSD,

Figure 3-11: strain gauge with aécelérometer

.64

. W



(cAMMA) 2

0.5 . : :
0.4 e . [
0.3;1... ...
0.2 .. ... 1 !
0.1 LHHL
0 _
° N ™M r 10 OrDo,
L ’ [T . w - -

FREQUENCY, HZ

Figure 3-12: Coherence Function, Microphone with Accelerometer

65 -



(GAMMA) 2

0.5

: ;
: ; . '
- . B .
:
0.4 . .- - - . -
f *
SR . : 1
; ; :
- . .
S SR B, - - i
o R SR - L
e e £ e ' i

N M OO0 N.oM T OO0,

FREQUENCY, HZ.

Figure 3-13: Coherence Function, Strain Gauge with Accelerometer

66



cross-PSD's in Figures 3-10 and 3-11. Finally, the computed
coherence functions are presented in Figures 3-12 and 3-13.

v It is evident from the time history plots that significant
low frequency ( <5 Hz) energy exists in the data. This can
be seen more clearly in the auto-PSD and cross-PSD plots. The
low frequency content in the microphone signal is unexpected
and may be spurious, possibly resulting from motion of the
structure at the microphone mounting point. If the strain
gauge and the microphone had been monitoring the only two
sources of input causing the accelerometer output, the sum of
the coherence functions plotted in Figures 3-12 and 3-13 should
be close to unity across the frequency range analyzed. This
result is not obtained, indicating that the other truss members
are contributing significantly to the environment sensed by the
accelerometers.

A comparison of Figures 3-12 and 3-13 shows that the co-
herence function between accelerometer and microphone is higher
in magnitude than that for accelerometer and strain gauge for
frequencies above 150 Hz or so. This demonstrates that the
mid/high frequency environment is more strongly affected by
acoustics than by vehicle transients. However, because of the
limitations of the available data it is not possible to draw
more quantitative conclusions. A more refined analysis would
require much more comprehensive instrumentation than was avail-
able on the Proof Test Flight,

The approach may be extended to the situation with multiple
inputs. These inputs may be correlated, as would be the case
with the mechanical interface points on the orbiter.

Consider a set of multiple inputs x4(t), i =1, 2, 3 ... q
with a single output y(t) as shown below:

xp (1) b= 3 1y (£)
xp(t) —gwd Hy (£) O —1 y(t)
xq(t) Hq(f)

Figure 3-14: Multiple Input/Single OQutput Model
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In the application we are concerned with, one of the inputs
(say x7(t) would be the acoustic excitation adjacent to a point
of interest on the shuttle payload, while the remaining inputs
(xp(t), n =2, 3, . . . q) would be the vibration inputs at the
orbiter/payload interface points. The output y(t) would be the
response measured at the point of interest on the payload. It
is required to determine the relative contribution of each in-
dividual input to the output in such a way that the effects of
all other inputs are removed. Since the degree of correlation
existing between the various inputs is unknown, it is necessary
to work in terms of the partial or residual coherence function
rather than the ordinary coherence function. The difference is
that whereas ordinary coherence function relates the actual in-
put/output signals through their auto- and cross-PSD's, the
partial coherence function operates on the '"residual' signals,
which have been preconditioned to have the effects of correlation
" between the inputs removed, and uses the residual auto-PSD and
residual cross-PSD. The following development is based on ma-
terial taken from Reference 17. :

We first define an augmented spectral matrix

- | -
G = G , G | G, .... G
. yXX - Yy yl | y2 yq
G ' G
Gly 1 PR 1q
[
|
___________ o e e
[
|
Gyy Gyy | Gpp o v v - qu
|
G G ! G, .... G
qy ql | q2 qq
- [ A | B
|
— — — — —— I___._—
!
ota I
| B* | C

in which the notation Gjj is used for brevity to represent
Gxin(f)’ and Gyi represents nyi(f) etc. (Note that Giy =

y
Gyi*, the complex conjugate).
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The residual spectral matrix between input x; and output
y, with the effects of inputs xp, x3...X, removed (indicated by
the subscript 2 ......q), is given in terms of the submatrices of

b - [ [ B

p-

nyx:

G G
yy(2.....q) y1(2 .....q)

S1y2.....q) 61120

=N

The partial coherence function between xy and y is then
given in terms of the elements of this matrix:

"1 %2 | j G 2
MASIIERER! “1v(2.....q)

S99 2una) 1120

Corresponding expressions reiating X9, X3 ces Xq andvy can be
written simply by interchanging indices.

Care must be taken to ensure that the PSD's used are of
proper statistical variability; this means that the total length
of the data samples used must be large enough to contain an
adequate number of degrees of freedom, n. This quantity is de-
fined by Enochson and Otnes (Reference 18) as twice the number
of observations that appear within the analysis bandwidth for
that data, i.e. ;

n 2 x Bandwidth (Hz) x Sample Length (sec)

2 BoT in the usual notation.

If n is too small, a value of Y2 = 1 is obtained across -
the frequency band. The minimum usable value for n depends on
the confidence limits established for the analysis; n = 10 ap-
pears to be a working minimum, but this needs further investi-
gation for the shuttle payloads application,

3.2.2.2 Error Analysis

During the development of the system-level sine test for
Viking, it was recognized that a number of sources of error
existed and it was necessary to attempt to evaluate the degree
of uncertainty and establish a margin to cover it. This
evaluation process, which is described in detail in Reference 19,
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was performed by a team of analysts representing NASA/LRC, JPL
and MMC. The approach used was to consider separately the un-
certainties associated with analytical data (damping, boundary
conditions, modeling accuracy, etc.) and with flight data (spa-
tial variations, flight to flight variations, instrumentation
tolerances, etc.). Margins were assigned to each potential source
of error and the overall uncertainty obtained by calculating the
RSS of the individual random, independent uncertainties. The
resulting factor was applied as a margin on the initially pre-
dicted -flight environment to derive a final "working-level' pre-
diction.

This approach is very subjective, since each individual
uncertainty was assigned a value which seemed to the team to
be reasonable. More objective methods are available, however,

" and should be used on the shuttle -program to estimate the po-
tential errors and thereby give a rational basis for -establish-
ing design and test margins. In order to do this properly, con-
sideration must be given to error analysis during the early plan-
ning stages of the instrumentation/data analysis program.

Errors may be reduced by proper_averaging techniques, and.. . ..
by running equivalence tests on data before adding it to a
data bank. In short, the subject of error analysis is complex
but very important, since it can be used to increase the effic-
iency of an instrumentation system and to establish confidence
levels on the resulting data, which in turn affect the selection
of test and design margins.’

It is believed that these types of errors are largely ig-
nored by industry in the statistical treatment of flight meas-
urements used in deriving test criteria, although they may well
be accounted for indirectly by the application of test factors.
For example, in deriving a random vibration qualification test
requirement for a lift-off event, the usual practice is to pro-
duce a composite plot of measured power spectral densities and
either envelope the data or perform statistical analyses to es-
tablish the criteria on a specified confidence level without re-
gard for the analysis bandwidths and record lengths used. If,
for example, a set of lift-off flight measurements were analyzed
with a 5 Hz bandwidth for 2.0 seconds record length the normal-
ized standard error would be

€ = 1 = 1 = 0.316

which is significantly large. Thus, if the sample time is
short (which may be necessary to ensure that the data is'piece-
wise stationary') the filter bandwidth must be increased to
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minimize the error. However, better resolution is obtained with
a narrow filter. These conflicting requirements must be address-
ed if meaningful test and design factors are to be derived from
the data. Some aspects of this problem are treated in Reference
20. '

Individual sources of error will now be considered.

The errors associated with the collection, analysis and in-
terpretation of random data stem from three main sources:

a) Statistical error,
b) Instrument error, and
¢) Usage error.

Statistical error is the uncertainty in an estimated quan-
tity due to limitations in the quality and quantity of data
gathered, the underlying probabilistic nature of the data and
the methods used to derive the desired estimate. Instrument er-
ror is'introduced by inaccuracies in calibration of the system,
tolerances on the individual components, noise ‘(both internal

"and from extraneous sources) and drift in the instrumentation.
These errors may be present in both measuring and analysis sys-
tems. Usage error, also called personnel error, includes all
forms of error which can be caused by imperfect performance on
the part of the people involved in the operation. Since instru-
ment error and usage error are obviously deperident in their mag-
nitude on the particular instruments and personnel employed in
the data collection/analysis process they are difficult to quan-
tify on a general level, so that emphasis in this discussion will
be placed on statistical error.

Consider a sample time hlstory x1(t), measured over-a finite

interval T. Let ¢ be the true value of some parameter of the
. random process of which xl(t) is a sample, and let $i be the
estimated value of ¢, calculated from xj3(t). A second sample
time history Xg (t) would yield a different estimate a& of

the parameter ¢ , and so on.” The problem is to determine how
closely a particular estimate ¢i will represent the true value.
The error involved in the estimate consists of two parts, called
the bias (or systematic) error and the variance (or variability)
error. In general terms, the bias error arises from using a non-
infinitesmal analysis bandwidth and the variance error from us-
ing a finite record length,

The expected value (expectation) of the set of estimates¢
should ideally equal the true value, so that E[$] =¢ ; if
this is true the estimate is said to be unbiased., In general
this is not true and a bias error may be defined:
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-¢ |
- E[¢] (since ¢ is a constant)

] ;

The variance of the estimate is derived from the relation

T )

The two parts are combined by calculating the mean square
error, MSE. 1In terms of expectation this is given by

we = 5[ (3 - 6)?]

.4 By substituting in terms of the expressions for HE$]  and
VFﬁ] it can be shown that

L5 -0 -

i.e., mean square_ error. .= variance.+ (bias)

o
~
s

i

=1
lf_&II
| S

= E

1kJ
s

= E

©-

s

When the mean square error is divided by the square of the
true value of the parameter we obtain the normalized mean square
error, €2 : ' S
b

2 - MSE

¢

The square root of this quantity, € , is the normalized
standard error of the estimate.

Reference 17 derives the normalized standard error for a
number of common statistical parameters for bandwidth limited
white noise. These are summarized in the following table:

Parameter Estimated Normalized Standard Error, €
Mean value A Tx 1
' Mx 2BT
Mean square value (u, = 0) 1
; BT
Power spectral density , 1
) BT 2 1/2
Autocorrelation function 1 1+ x(o)
(py =0) 2BT R, ()




These relationships can be used to find the value of the
product BT (analysis bandwidth in Hz multipled by record length
in seconds) after an acceptable error has been selected. The
minimum sample record length can then be calculated, since the
bandwidth requirement is established by the analysis technique
being used and frequency resolution criteria. In this context
B is defined as the bandwidth of a hypothetical rectangular fil-
ter for a white noise input. (Other definitions of bandw1dth
are discussed in Reference 17).

Other potential sources of error during the data analysis
process are aliasing error, which can be introduced during analog-
to-digital conversion if the sampling rate is too low, and quan-
tization error which occurs during the actual conversion of ob-
served values to numerical form and depends on the coarseness of
the numerical scale being used.

The expression "aliasing" denotes a distortion of the sig-
nal, after analysis, due to improper sampling. Suppose the time
history containing components at frequency fl Hz is sampled at
a rate fg samples/sec. The digitized signal will contain, among
others, components. at. the..following frequencies:

£1, fg + £1, 2fg + £1, 3fg + £1, .... etc.

When fg - f; falls within the frequency range of the analy-
sis, aliasing occurs. To avoid this it is necessary to use a
sampling rate higher by some factor than the highest frequency
of concern, In theory, a factor of two is adequate but in prac-
tice this does not eliminate aliasing completely and a higher
factor is desirable. Since too high a sample frequency would
cause data storage problems, a compromise must be made, and a
factor of three to five is regarded as a good working range.

Quantization errors occur when an analog signal is being
converted to digital form. At each value a choice between two
consecutive values must be made, so that, in effect, a "round-
off" decision is necessary, If a very fine scale is used the
error will be correspondingly small, but some error will always
be present.

In Reference 17 it is shown that, if it is assumed that the
quantization errors follow a uniform probability distribution
over one scale unit’ then the.errors will have a mean value of
zero and a standard deviation of 1/12 =~ 0,289 units. This
is the RMS value of the quantization error, which may be regard-
ed as noise. Thus, if the full range of the signal is quantized
at 1024 scale unit the RMS noise-to-signal ratio would be 0.289/
1024 = 2.8 x 10-4, Providing the full range is 256 units or more
the RMS error will not exceed 0.1 percent and should be neg-
ligible.
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Finally, errors can occur which are philosophical:rather
than numerical, during the process of hypothesis testing to ex-
amine the statistical properties (stationarity, normality, etc.)
of the data, If a hypothesis is rejected when in fact it is
true, a Type I error has been incurred. Alternatively, a hypoth-
esis might be accepted when in fact it is false; this is called
a Type II error. The effect of these kinds of errors depends on
the specific case being tested. Serious consequences could pos-
sibly result, for example, by incorrectly concluding that a
sample time history was stationary and basing subsequent analy-
sis on this wrong conclusion.

3.2.2.3 Low Frequency Environment Prediction Techniques

Defining the low frequency environment and loads for any
given payload based on inflight measurements from previous pay-
loads presents a unique problem. The frequency content and
magnitude of the enviromment depends directly on the dynamic
characteristics of the combined payload/launch vehicle structure.
Since the structural interface loads for any payload are depend-
ent on its dynamic characteristics and the frequency at which
‘the interface loads are applied, flight measured loads from a
previous dissimilar payload cannot be used directly to force
another payload.

An example of the currently practiced techniques to mini-
mize this problem can be seen in the analytical treatment of
Titan payloads. For each Titan payload a new math model of
the coupled payload/launch vehicle is generated. This coupled
model is then forced by the engine time histories for the major
boost events of previous Titan launches. In order to minimize
the errors in calculating the payload. responses due to differ-
ences in payloads and engine transients from one flight to an-
other, a wide range of launches must be considered.

The engine time histories have been recorded from the tran-
sient events from a number of Titan launches. These N time his-
tories are then used to force the all-up coupled models of each
individual payload/booster combination for N sets of responses:
(The techniques utilized are described in more detail in Appen-
dix B). To obtain a high level of confidence for the payload
survivability, the N sets of response are then treated statisti-
cally to obtain a "mean plus three sigma value" for such calcu-
lations as primary structure loads. This technique was used on
the Viking project for a Titan/Centaur/payload configuration.
Statistical treatment of responses was utilized for determining
the Viking payload loads and the Centaur internal loads. For
liftoff, 21 cases were generated; and for Stage I burnout, 20
cases for "oxidizer depletion', and 27 cases for '"oxidizer plus
fuel depletion" were generated. One of the reasons for the
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confidence in this technique is the small change in the dynamic
characteristics of the external forcing function (engine tran-
sients) when one payload is exchanged for another.

However, this method is costly. For instance, if 20 inter-
nal loads were desired for a given payload and 30 different tran-
sient forcing functions were available for a given event, then
the 20 responses would have to be calculated 30 times. These
30 sets of responses could then be handled statistically. In
addition, for each payload a new coupled payload/launch vehicle
model must be generated,

There are a number of potential solutions to this problem.
One approach is to analytically remove the dynamic effects of
the previous payload from the interface loads in order to normal-
ize the flight data for the remaining shuttle payloads. There
are a number of possibilities as to the actual technique that
could be used. '

An attractive approach for evaluating the dynamic response
behavior of a wide range of payloads that are candidate sub-ele-
ments of a baseline shuttle launch vehicle system is to utilize
the interface response of the system without a payload in conjunc-
tion with the modal properties of a subject payload to establish
the desired vehicle/payload coupled response. Such a "base mo-
tion" type of analysis was successfully utilized on the complex
Skylab configuration in an "open loop'" sense in that no dynamical
feedback was permitted between the new payload and basic vehicle.
The present approach will account for all dynamic interaction
between launch vehicle and payload. The salient features of this
approach lie in the fact that the basic booster responses need
only be evaluated once for a given event. It is anticipated that
the proposed methodology will work very nicely when used in con-
junction with modal coupling methods. An overview of the method-
ology is identified in the following paragraphs,

With reference to Figure 3-15 and for purposes of discussion,
let us consider a basic launch vehicle, V, (e.g., the shuttle
launch vehicle without payload) and a typical payload, P, (e. g.,
a typical payload within the orbital cargo bay). The support
system, V, has interface accelerations g due to the imposed
force/torque vector, F, as a function of time. It is desired
to evaluate the payload response behavior due to the external
environment, F(t) .
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*IF

F(t) F(t) F(t)

Figure 3-15: Launch Vehicle/Payload Interaction

The assumed available information consists of the follow-
ing: '
1. Response of the interfaces, ;éF due to F(t) ;
2. Launch vehicle mass matrix, [Mv] H
. 2y
3. Support system modal properties, [ﬂv] and {ax } 5
4, Payload mass matrix, [Mp] ;

5. Payload modal’groperties (constrained at attached points)
[9,] sna fo?,]
P p

6.. Branch stiffness reduction transformation to interface
attach points, [ﬁ], and/or branch interface inertial-
ly relieved loads transformation, [0] .

The following block diagram depicts the physical phenomen-
on under consideration.
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{XIF(t)} Payload Payload
A > Dynamics - Response

Launch Vehicle
Response

{;IF(tﬁ' . | Launch Vehicle ’ {fIF(t)}

Dynamics
where
{XIF(t)} = Interface accelerations as a function of time
due to the external forces F(t)

x__(t) Interface accelerations as a function of time
IF .
due to the interface forces

{fIF(t)}

It is the proper description of the closed loop coupling
that permits the total system coupled respomnses to be evaluated,
whereby the dynamical coupling between support system and branch
is accommodated.

R - ]
Interface forces as a function of time

With reference to the block diagram, it is noted that via
superposition, the net interface response {k(t)} is given by

{x(t)} - {XIF(t)} + {XIF(t)} e
It is assumed that all the following equations are functions
of time and the (t) will be omitted. Now, the interface re-

sponses, X2r due to the interface loads, can be solved for by
the differential equation in the modal domain

{8+ [2ea) {&,} = (2] {e,} - [o] {fu}} )

{f }, {fv} & {fv} = motions in the modal domain for

the vehicle
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The payload modal response due to {5{} can be computed
from ‘

(8} [reo ] {o + [404) _
='[¢P]T ([ w ] [ #] {X}) | &)

{{:p} R {fp} & {fp} = modal responses of payload

[[3] = transformation of internal motions to payload
interface. (Reduces to rigid body transformation
"7 if the interface is statically determinate).

The interface forces as computed from.the payload side are

simply

{fIF} [U][ p] {qp} “)
where 4

{ap} = absolute response of the payload
Also,

.. ) .é . . 5

{qp} [B] { } {qp} ©)
where

{,ﬁp } = relative response of payload to the interface

' (constrained)

Combining (1), (4) and (5) results in the following expression
for the interface loads

o 0 AR I (A PR )
¥ [¢P] {é’p} o ' (6)

Finally, after some manipulation and substitution, the coupled
response of the total system can be concisely stated in matrix
form as :
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B ] PIET T I

- - [’Dp]T [MP] [‘B] {XIF} o %)
MONGINIG

The coupling in the generalized modal mass matrix in (7)
is further recognized as being of the modal inertial coupling
form. 1In fact, an eigensolution with this modal mass matrix and
the diagonal modal stiffness matrix will yield the total system
modal frequencies and modal mode shapes. It should be pointed
out that (7) does not calculate the total response of the ve-
hicle; only ‘the response to -the interface forces. When the
support system response contains a branch member, the previous
methodology can be implemented in "reverse'' fashion to remove
contribution of the branch from the system response such that
the support system interface response resulting only from f(t)
can be identified and the desired branch attached.

Different approaches which account for the impedance char-
acteristics of the launch vehicle and payload could be utilized.
One technique, Reference 21, utilizes the shock spectra of the
interface accelerations of the payload/booster interface., An
envelope of the shock spectra from the previous flights is gen-
erated to be used in calculating the payload responses for the
following flight. Furthermore, the analysis is adjusted by a
""Reduction Factor'" to account for the tuning of payload and
launch vehicle modes and the relative impedance between the two.
This technique makes the following assumptions: ' ’

1. Adequate linear models for the payload and -launch ve-
hicle are available;

2. Shock spectra of the interface accelerations from the
previous flights are available;

3. Shock spectra of the interface accelerations from an
"unloaded" interface are available. 1If not, it is
assumed that the shock spectra of the "loaded" flights
envelope it; .
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4, The frequency distribution of the exciting force is
flat compared to the interface response.

The advantage of this technique is its relatively low cost in
analysis because of its small scope. It also has the advantage
of being somewhat conservative in that it takes worst case by
tuning the payload and launch vehicle modes and yet accounts
for the frequency content of the spectra.

There are other impedance techniques that as of yet are
untried. One of these is derived below. Referring to Figure
3-16 below, the accelerations for a combined launch vehicle and
payload, P;, can be written in the following fashion:

Ni A AT

T T

V = vehicle
P1 = payload 1
P, = payload 2
Figure 3-16: Free Body Diagrams
(2] {+ @} - {r @} ®
where

[Z (())] VP Impedance from external loads to
1 payload interface,

{kl (())} Interface accelerations for P, as
: function of frequency (),
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{r v} -

External loads for structure as a function of
frequency ().

The equations to follow are written in the frequency do-
main and the ) will be omitted. From the free body diagram in
Figure 3-16, there also exists this relationship:

[Z] P, {%

P pe——)
Hn N
— —_
S
[
N
i \

1} = {fl} ' (9)

Impedance of payload no. 1 to the interface
loads,

Interface loads,

Considering the free body diagram of the launch vehicle

separately, {xl}

{” m )
Xl} = jﬂ v

-

can be written as follows:

rhv M {sd | (10

where
-~ -1
[M] = |Z = Mobility of the vehicle alone due
. \% L J Vv to {F} ,
[M] v = Mobility of the vehicle at the payload interface

due to the interface loads.

From (9),

{a) - [

Substituting into (10) yields

(i) - [
(R ) F I O I T

(- B Ba 5 o

[I] = "unity" matrix
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It can be seen that a similar equation can be written for
the combined structure of the launch vehicle and payload no. 2.

([0 ey D)} - D Ao e

where

[Z] P,
ey

Now, if the assumption is made that the dynamic characteris-
tics of the launch vehicle and the external forcing function do

not change, the right sides of equations (13) and (14) are equal.
Then (13) and (14) can be combined.

- (D e+ () (000 D B o

By knowing the impedance characteristics of the payloads and
the launch vehicle, the iniflight measured environment from one
flight, X » can be normalized with equation (15) to obtain
the predicted ‘environments for the subsequent payloads.

]

Impedance of payload no. 2 to the interface loads,

i}

Interface accelerations for payload no. 2.

However, there are some limitations to this technique, as in
all techniques discussed, due to variations in the forcing func-
tions from flight to flight. It is for this reason that the max-
imum possible amount of environmental and system structural char-
acteristics information be obtained on the initial shuttle flights
and used to form a data bank for the low frequency regime. It is
obvious that detailed information for only the payloads would be
insufficient, Time phased data from the shuttle vehicle itself
will also be vital., This is evident in the analytical techniques
discussed above. Each relies to varying degrees on the structural
characteristics of the launch vehicle and information of the total
vehicle external loads.

The objective of this data bank is to compile the necessary
data in the low frequency region from the initial shuttle flights
in order to reduce costs for future payloads. This cost reduction
impacts two major areas: payload ground testing and analytical
efforts.

The philosophy for the reduction of ground testing is straight-
forward: by gaining more knowledge of the low frequency environ-
ment, less ground testing will be necessary to insure payload
survivability.
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Payload ground testing and analysis are closely related in
this respect. Increased verification and greater reliance on the
math models to predict structural loads could not only mean a
smaller scope in analytical effort, but a reduction in necessary
ground tests as well,

With these objectives in mind, the low frequency data bank
has two discrete objectives: gather data necessary to define the
complete low frequency environment for any payload; gather struc-
tural dynamic data to correlate with math models. Once the re-
quired data has been compiled, a "user's guide" for payload de-
signers can be created showing design areas (e.g., frequencies of
major orbiter modes) to be avoided. For payloads already design-
ed, the payload designers can evaluate the need for extensive
ground testing and/or redesign.

The following types of data must be compiled:

1. Dynamic characteristics of the launch vehicle in the
form of modal data, transfer functions, and impedance/
mobility data;

2, Complete data on the external loads applied to the
launch vehicle;

3. Dynamic characteristics of the payloads themselves;

4, Interface loads data in the form of loads and accelera-
tions. '

- The data bank information should be broken down into a num-
ber of categories. For example, payload weight should be a prime
consideration. The heavier and more complex the payload, the
more complex the analytical effort. These payloads can be grouped
together in one category.

Payload/orbiter interface is another consideration. The
shuttle is designed to accept a number of interface configurations.
Each configuration could classify the low frequency environment
that each payload sees. For instance, where the payload is lo-
cated in the payload bay and its interface configuration could
determine the magnitude of the interface loads during transient
events,

Finally, the low frequency environment should be broken down
into events. ©Not all payloads will be subjected to the landing
environment. Thus, each payload should be able to refer to the
data bank in only the areas. of its concern.
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In summary, the low frequency data bank could be broken down
into the following categories:

1. Payload classification: 500 to 1000 Kg, etc.,

2. "Payload interfaces: 3 point statically determinate,
etc.,

3. Shuttle environment: 1liftoff, gust, engine shutdown,
landing, etc. ’

3.2.2.4 Random Vibration Criteria

In Section 2.0, two current techniques of utilizing vibro-
acoustic data banks were described. These data banks are useful
tools for predicting random vibration criteria for new vehicles
provided that reasonable structural similarity exists. Improved
accuracy in vibration prediction could be achieved if the follow-
ing improvements could be made:

1. Develop frequency dependent mass and rigidity correction
factors so that the effect on spectrum shape can be
accounted for; SR ' '

2. Develop frequency dependent correction factors to proper-
ly adjust the spectrum for component loading. Generally,
current practice allows adjustment for amplitude only '
as shown in the example in Figure 3-17, taken from Ref-
erence 22, Data from Titan and Skylab vehicles suggest
that the high frequencies are attenuated as component
weight increases., If the proper empirical correction
factors can be derived for this effect, than more real-
istic, less conservation specifications (perhaps of the
form shown in Figure 3-18) could be derived.

3.3 Test Methodology
3.3.1 1Impedance Techniques

In the past decade, many investigators (References 13, 23
through 26) have experimented with mechanical impedance, admit-
tance, mobility, or apparent weight concepts as methods to im-
prove vibration testing technology. Special equipment has been
developed and manufactured to measure and analyze these parameters.
Rather surprisingly, even though the techniques have been known
for a number of years, they have seen very limited application on
spacecraft programs, and have been used primarily in research and
scale model programs. As pointed out in Reference 23, the par-.
ameters are difficult to measure accurately in the laboratory,
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let alone in flight. The dynamic range of impedance can far
exceed the useful range of amplifiers, tracking filters, log
converters, etc., Since complex ratios are involved, accurate
phase measurements are required. 1In addition, system nonlinear-
ities can significantly affect the apparent impedance character-
istics of a particular structure. The measurement and analysis
problems, coupled with the problems of duplication in vibration
exciter/control systems are probably the reason the techniques
have not seen more wide-spread application.

3.3.2 Universal Test Facility

The concept of a universal payload test facility is attrac-
tive when the proposed large number of shuttle payloads is con-
sidered. Appreciable cost savings may be realizable through
standardization of test techniques, instrumentation, data reduc
tion and format. Such cost savings could rapidly amortize the
high initial cost of such a facility. However, the logistics
problem and costs associated with transporting payloads, equip-
ment, and personnel to and from such a facility must be consid-
ered, :

These logistics problems can be significant, especially
for ground transportation of large payloads. For example, to
move the Viking lander from Denver to the JPL facility at Pasa-
dena for the stack test required special permits from the various
states, specific escort provisions and speed limitations. The
convoy was allowed to move only in certain daylight hours.

A sketch of a universal payload dynamic test facility is
shown in Figure 3-19. An acoustic shroud could be constructed
to provide good simulation of the acoustic modes and sound field
distribution within the payload bay. The vibration facility de- -
picted implies a complex hardware installation to simulate the
dynamic characteristics of the orbiter payload bay, high-force
shaker systems, and an extensive control/abort instrumentation
system to insure protection for the payload. 1In addition,
there still remains the problem that the launch vehicle and
test fixture impedances are different.

We feel that this simulation could best be accomplished
by providing an electrical simulation of the vehicle/vibration
exciter characteristics and utilizing a much simpler fixture
(Figure 3-20) which would still provide the proper attachment
points but minimize the weight and associated force/power re-
quirements for the shaker systems. The intent of the concept
is to provide realistic simulation of vehicle transients includ-
ing the effects of payload/orbiter interactions, thus minimiz-
ing test peculiar unrealistic failures associated with current
sine sweep techniques. Initially, analyses of both the flight
and test configurations as shown in the flow chart in Figure
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Figure 3-19: Shuttle Payload Dynamic Test Facility Concept
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Figure 3-20: Simplified Payload Vibration Fixture
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3-21 would be required. The primary problem lies in developing
the capability of determining the transfer functions including
cross-coupling compensation between the shakers and maintain-
ing phase relationships. The concept involves a significant
advance in the state-of-the-art in vibration control techniques;
however, previous work by Favour and LeBrun (Reference 27) and
recent advancements in digital control systems indicate that the
system is realizable.

3.3.3 Transient Control Feasibility Test

A simplified test program was conducted to determine the
feasibility of producing realistic simulation of vehicle tran-
sients which requires independent control of multiple shakers,
accounting for the transfer function of the dynamic system in-
cluding the vibration exciters. Implementation of the test was
complicated by the limitation of having only a single channel
digital control system available. Consequently, it was neces-
sary to synchronize the computer with a magnetic tape system
utilizing a trigger pulse recorded on tape. Software mod-
ifications to the control system program were made to accom-
plish this synchron1zat10n whlch allowed phase coherent
pulse storage.

The test configuration is shown in Figure 3-22, Two elec-
trodynamic shakers were attached to the mounting points of a
Titan instrumentation truss which was supported by a wooden
" beam and rubber pad assembly. A force gauge and accelerometer
were attached to the truss at each shaker input point as shown
in Figure 3-23. A block diagram of the control and data acquis-
ition systems is shown in Figure 3-24,

Arbitrary transients (Figures 3-25 and 3-28) were produced
to represent the test criteria and. a sequence of steps performed
to attempt to reproduce these transients at each of the shaker
input points, while compensating for the transfer function and
cross coupling of the shaker systems.

Test Series 1

1. Parallel inputs were applied to shakers 1 and 2 from the
TD 1923 which was used to control shaker 1. The input
pulse to shaker 1 was recorded on tape recorder 1 which
contained a trigger pulse. The trigger pulse, input pulses,
and transducer output signals were recorded on tape system
2.

2, The control system was switched to shaker 2 and simultan-

eous inputs were applied to both shakers with shaker 1
driven from the previously recorded pulse.
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3. The process was repeated, switching computer control be-
tween shakers 1 and 2, recomputing the transfer function
and storing the computed input waveform on magnetic tape.

4, The final step involved applying simultaneous inputs to
the 2 shakers from the previously recorded input pulses.
The TD 1923 was 'not in the loop for this operation. Re-
sponses at the two input points are shown in Figures 3-26
and 3-27. ‘

Comparison of the responses at the input points with the
desired waveform (Figure 3-25) indicates that acceptable control
was not achieved for this ‘test sequence.

Test Series 2

Additional testing was conducted in accordance with the
following sequence of steps.

1. Parallel inputs were applied to shakers 1 and 2 as spec-
ified by Figure 3-28. The input pulses were recorded on
tape system 1, The trigger pulse, input pulses, and
transducér” output signals wére recorded on oscillograph.
Accelerometer 1 output was input to the TD 1923 for shaker
1 control. '

2. A pulse'modifiéasby the system transfer function was in-
put to shaker 1.  The pulse.used in step 1 was simultan-
eously input to shaker 2. '

3. The process was repeated with the TD 1923 controlling shak-
er 2 and by monitoring A2. The input pulses to the shakers
were those generated and recorded in the preceding step
where the initial pulse was modified by the system trans-
fer function.

The test criteria pulse for this test series is shown in
Figure 3-28 and again in Figure 3-29 where it is plotted along
with the test response data at shakers 1 and 2. A comparison
of the pulses shows that they are relatively equal in ampli-
tude which establishes the degree of amplitude control achieved
and demonstrates that some control was being accomplished,
however, the pulse waveforms are not directly comparable. The
suspected limiting factor was the frequency resolution of the
control system software in computing the transfer function and
synthesizing the input waveform. The ultimate objective of
this test feasibility study is to control a pulse in both
amplitude and waveform at a structural test point using the
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maximum resolution available. Additional testing will be requir-
ed with improved frequency resolution to demonstrate that this
method is practical.

3.4 Improved Test/Design Philosophy For Payload Cost Reduction
3.4.1 Improved Design and Test Criteria

Significant cost savings should be achievable by reducing
the uncertainty factors associated with design and test criteria
for payload components. This can be accomplished to some degree
by using the data banks which will be developed and continuously
updated as more flight .data is collected and statistical confid-
ence is obtained. Excessive conservatism in design and test re-
quirements should, therefore, be eliminated.

Some margin on design and test levels will always be neces-
sary, of course; however, the margin on a particular payload
should be tailored to the objectives and characteristics of
that payload. For example, a single-mission planetary probe
satellite may well require an extensive test program consisting
of component, subsystem and system level tests in order to
achieve the high reliability required for this type of mission.
On the other hand, a significantly lower reliability requirement
may be assigned to a multi-mission earth orbit satellite which
can be retrieved, repaired and reflown, if necessary, so that a
minimum test program based on a relatively low confidence level
would be accepted.

For example, a high reliability payload might require a
97.5% confidence level, whereas an 807 confidence level might
be adequate for the multi-mission earth orbit satellite. Ex-
amination of Figure 3-30 shows that the difference between the
97.5% and 80% confidence levels could result in approximately
a factor of 2 decrease in random vibration level for a given
sound pressure level, for this example. One might expect a
10% to 15% reduction in the number of qualification test fail-
ures, if, for example, the equipment qualification test level
could be reduced from 15 g.po to 7.5 g.po as shown in Figure
3-31. ‘

A number of approaches have been proposed for investigat-
ing the optimization of test levels. A study by Piersol and
Maurer (Reference 28) utilized a cost model based on the ratio
of the cost of test failure to cost of flight failure to define
an optimal test level as a percentile of the environmental
level as shown in Figure 3-32. Young (Reference 29) extended
this case to determine an optimum test factor to apply in the
protoflight case. His results indicate that the test factor
ranges from approximately 1.1 to 1.4 for the most likely range
of cost ratio as shown in Figure 3-33. Obviously, as the
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statistical certainty in the knowledge of the environment in-
creases; i.e., as the standard deviation ( GE) decreases, the
lower the test factor can be made,

The greatest limitation with these approaches is the dif-
ficulty in determining actual costs of test and flight failures,
especially as related specifically to dynamic environments,

3.4.2 Previous Program Experience
3.4.2.1 Viking Criteria Development

Significant cost savings could have been realized on the
Viking program if an adequate data bank had been available for
use in establishing component design and qualification test
criteria. The procedure actually used was the following:

a. Component environments were calculated using the method
of R. E. Barrett (Reference 30), which is based on a
limited data bank developed from Saturn flight data;

b. . The_ resulting vibration spectrum_shapes were adjusted_. .

to take account of the difference between the Saturn
acoustic spectrum-and the anticipated Titan acoustic
spectrum (based on a relatively small amount of meas-
ured data);

c. Component qualification test requirements were published
using the adjusted predicted vibration environments,
and the component test program started;

d. A system-level acoustic test was performed on the Lander
Dynamic Test Model (LDTM) and acceleration responses
measured adjacent to simulated components;

e. Component qualification spectra were modified as neces-
sary to reflect changes indicated by the LDTM test.
Some retesting of components was required;

f. New acoustics data was obtained from the first flight
of the Titan III/Centaur launch vehicle, which carried
a dynamic simulator of the Viking Spacecraft, enclosed
by an actual Viking shroud. This showed the acoustic
spectrum to be considerably different in frequency
content and overall sound pressure level to the spectrum
.derived from earlier Titan flights;
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g. The qualification test levels were once again changed
to account for the revised acoustic environment, and
a few components had to be requalified;

h. The final system-level acoustic test was performed on
the Proof Test Capsule (PTC), using the updated acous-
tics, and responses measured adjacent to components,
In general, the measured responses confirmed that the
final iteration of the qualification test criteria was
satisfactory.

These steps are summarized in the flow chart shown in
Figure 3-34,

In retrospect, it can be seen that the process which was
used was very effective in establishing accurate test require-
ments for the components, but was also relatively costly and
time-consuming. If a comprehensive data bank had been available
to provide reliable environmental estimates, the LDTM test
could have been eliminated and the number of changes to the
component test program drastically reduced.

3.4.2.2 Skylab Component Requalification:

As described in Section 3.0, requalification of 28 compon-
ents was required as a result of the vibro-acoustic test of the
payload assembly. 1If this test could have been conducted earlier
in the program such that component criteria could be defined
prior to qualification tests (as was the case for the orbital
workshop vibro-acoustic test), a cost savings of approximately
$300,000 could have been realized.

3.4.2.3 Titan Programs

The average unit cost of qualification testing of compon-
ents has been estimated at approximately $30,000. This cost
includes the test planning and documentation in addition to the
actual testing. The test program involves thermal vacuum,
humidity, and other environments as well as vibration and shock.
The failure rate during qualification testing is greater than
75%, indicating that the test program has been effective in
eliminating flight failures, none of which are known to be at-
tributable to vibration. Although this is a desirable goal for
the Titan program because of the costs associated with single
missions, it may very well be an overly conservative approach
for multi-mission payloads for shuttle.
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All mission critical components for the Titans are subjected
to flight acceptance tests, and a 107% failure rate has been ex-
perienced during vibration.

3.4.2.4 Apollo Program

As a result of an acoustic test conducted on the Apollo
service module, it was necessary to raise the vibration criteria
and retest 52 components, one of which failed during retest.

Considering this program, and the Viking and Skylab exper-
ience, there were a total of 89 components which had to be re-
qualified as a result of criteria revisions. If the $30,000
average unit cost experienced on Titan programs is applicable
for all programs, and further assuming that 507% of the figure
is applicable to vibration, then a cost savings of approximately
89 x $15,000, or $1,335,000, could have been realized on these
three programs if changes to the criteria had not been necessary.

3.4.3 Improved Test Methodology

Improved methods of simulating the quasi-sinusoidal motion
resulting from vehicle transients has received particular atten-
tion in recent years. 1In general, dynamicists throughout the
industry feel that sine sweep testing produces costly, unrealis-
tic failures, and requires a significant expenditure of time
and money in analyses and control system hardware to, protect
the test article from such failures. A number of approaches,
including impedance techniques, shock synthesis, and pulse ap-
plication, have been attempted, but none of these has been devel-
oped and utilized successfully on large payloads.

An ideal solution would be the development of a vibration
excitation and control system in which the dynamic characteris-
tics of the launch vehicle could be reproduced electrically,
such that actual flight transients could be realistically dup-
licated at specified control points as discussed in Paragraph
3.3.2. This capability would eliminate the basic problem in-
herent in sine sweep testing; i.e., applying energy to the
test article at frequencies to which it will never be exposed
in service, for unrealistically long durations.

Similar rationale applies to testing in the high frequency
random vibration domain. The current, conservative practice
of enveloping flight data in formulating vibration criteria
often results in applying energy in frequency bands which the
test item would never experience during a mission. This prac-
tice was influenced in the past by limitations in equalization/
control systems for vibration exciters. As greater confidence
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is gained in the definition of environments, and with recent
advances in equalization capabilities, the formulation and dup-
lication of test criteria should become more representative of
the actual environment as illustrated in Figure 3-35. Improved
resolution of vibration spectra would result in fewer test fail-
ures, and also reduce the force requirements for vibration sys-
tems. In the figure, the RMS level of the "improved" vibration
criteria is approximately 75% of the "current method" spectrum,
therefore 257 less shaker force would be required to produce the
improved criteria., Furthermore, in this example, if the test
article narrow band resonances fell into the frequency ranges

of the valleys in the improved spectrum; i.e., at 115, 240, and
750 Hz, the input acceleration density is a factor of 6 lower
than the current method. The RMS response and associated stress
levels at each of these resonances would be reduced by a factor
of 2.4, 1In brief, the current method spectrum is a more severe
test at all frequencies with the exceptions of the two peak
regions at 150 to 200 Hz and 1100 to 1400 Hz.

Significant improvements in control of acoustic tests
have been accomplished in recent years, especially with the

implementation_of digital control for ggualizatiog_gﬁﬂngisehﬂﬁu,w_mﬂw,Mv«”_;u__.

generators. Almost all of the larger payloads are currently
being tested in reverberant chambers of different sizes and
configurations, A large area of uncertainty exists in the de-
gree of simulation of the actual environment achievable with
these tests. ' As described in Paragraph 2.2.1, correction fac-
tors were applied to the test spectrum for Skylab to account for
the "chamber efficiency factor". Other programs do not attempt
to account for this effect, implying that additional conserva-
tism is introduced into the test program., Additional work is
needed to determine if such corrections are needed, and if so,
how much correction is required for different chambers and pay-
load configurations.

‘Further improvements are needed in noise generator/horn
capabilities and spectrum control techniques in the low ( <50
Hz) and high frequency ( >1000 Hz) regions. Since vibration
criteria are often based on measurements obtained during acous-
tic tests, these criteria can only be as accurate as is the cap-
ability of duplicating the service environment with a minimum
of extrapolation for differences in acoustic levels.

110




111

Acceleration Spectral Density
2
10 (g"/Hz) e ~Vibration Criteria
- (Current Method)
1% '\
" AN . A .
1 \1 ,~ Vibration Criteria
41[:? \} \"g .. (Improved)
VAl ARFARN ‘
1 g Ul \
///ﬁ T ‘ 4 | v
1 // \\’ 1 ll \\ \
Sl +—F , _ -
T 177 \ AW \I
yAvi \ A4 v | 1
\ /
“{Flight Data Envelobe
10 100 1000
Frequency (Hz)
Figure 3-35: Vibration Spectra Comparisons




4.0 SUMMARY AND RECOMMENDATIONS
4,1 Summary

In the first phase of the study information relating to the
shuttle missions and physical properties of the candidate pay-
loads was assembled. On the basis of these data, the payloads
were classified in terms of mission usage, weight, overall size,
etc. Instrumentation requirements for the initial flights were
then defined assuming the use of current technology. 1In order
to provide a practical example, a particular payload (LDEF, Mis-
sion #4) was selected and a detailed treatment developed. Con-
sideration was paid to the necessary interaction between ground
test requirements, dynamic loads analysis and flight instrumenta-’
tion. By concentrating on a single payload, it was felt that _
the necessary correlation between the various test and analyti-
cal programs-would be revealed with more emphasis than a general-.
ized approach would offer. The application of the techniques
developed on LDEF to other payloads was then discussed. Poten-
tial berefits which could be realized by taking advantage of the
latest advances in instrumentation were indicated.

Current methods of data interpretation techniques were
addressed in terms of low and mid and high frequency regions,
and illustrated with examples drawn from the Skylab and Viking
programs.. Potential improvementsrin the current methods were
discussed. .The emphasis here was on applying more rigorous
. statistical treatment to-the measured data. Methods for testing
the assumed statistical properties of the data were reviewed and
.some of the consequences of basing analysis on incorrect assump-
‘tions were considered. Possible sources of error in the data
" interpretation process were examined, and the relationship dis-

- cussed between these errors and the test factors necessary to
-allow for uncertainties in environmental estimates. _This phase .
of the study included a description of the low frequency and

- mid/high frequency data banks which. would be developed from the
data obtained in the early fllghts. '

Current- methods’and potent1a1 advances in the field of .
environmental test methodology were reviewed and- examples from
Skylab and Viking programs described. An experimental. study
to investigate the fea31b111ty of multlple input test technlques
was described. :

In the final phase of the study, the overall cost savings
achievable through improved design/test criteria and test tech-
niques were discussed. The data banks will be used to reduce
the uncertainty factors inherent in design and test criteria,
which would result in immediate cost savings. Recent analytical
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studies in the field of test level optimization for minimum cost
were described and some preliminary results shown. Experience
on the Viking, Skylab, Titan and Apollo was used to estimate the
magnitude of the savings which could have been realized if more
accurate test criteria had been available for those programs.
Finally, the potential cost benefits associated with improved
test methodology were discussed and the main area where such
improvements are needed were pointed out.

The current trend of payload contractors is to eliminate
as much testing and flight instrumentation as possible because
of economic restraints. This approach is highly desirable from
an individual payload contractor viewpoint, and for the total
shuttle program when one considers the total number of payloads
involved. This study was conducted to determine the type of in-
formation required from initial payloads and flights necessary
to achieve this goal. Consequently, analyses and tests for in-
itial payloads are recommended, even though they might not be
required for a specific payload.

4.2 Recommendations

1. 1Initial payloads must be given comprehensive instrumen-
tation coverage to obtain detailed definition of acous-
tics, vibration, and interface loads. Recent develop-
ments in airborne instrumentation should be utlllzed to
achieve maximum effectiveness. ,

2, Analytical models of selected initial payloads, coupled
with the orbiter, must be developed and verified by
modal surveys and flight measurements. 1In addition,
improved analytical techniques dre needed such that
complete loads cycle analyses of the boost vehicle/pay-
load are not required once the dynamic characteristics
of the boost vehicle are known with confidence.

3. Acoustic tests should be performed on initial payloads
as early as possible to establish realistic test cri-
teria for components and experiments in order to mini-
mize unrealistic failures and retest requirements. As
flight data is acquired, it should be correlated with
test results to determine the degree of simulation
achieved and whether or not corrections to test levels
are required for each technique/facility utilized for
these initial payloads, based on vibro-acoustic trans-
fer functions from tests and flights.

4. Permanent data banks should be established from the
tests and initial flights and updated as necessary to
establish statistical confidence in the data to be used
in formulating design and test criteria for future pay-
loads. -
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5. A more unified design/test specification philosophy is
needed if full advantage is to be taken of commonality
of components/experiments to be used on different pay-
loads. 1In addition, the payload community and NASA
should become more willing to accept a higher risk of
flight failure (at least for multi-mission payloads) if
test costs are to be minimized,

6. Additional work is needed to establish a practical test-
ing technique which will provide realistic simulation
of vehicle transients in order to eliminate (or mini-
mize) sine sweep testing. The sine sweep approach is
considered to be overly conservative in the un-notched
regions of the spectrum and difficult to implement at
high sweep rates. 1In addition, implementation of im-
provements in equalization and control of random vibra-
tion spectra should be made, both in the derivation of
test criteria and in test performance. Further consid-
eration should be given to the cost effectiveness of a
universal test facility, especially with regard to ex-
periments/payloads mounted on standard 3-meter pallets.
Flight verification tests performed at such a facility(s)
located at the launch site(s) could provide an effective
screen for workmanship errors, and reduce costs through
minimizing flight acceptance tests on a component level,
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6.0 ABBREVIATIONS AND ACRONYMS

AVL Acoustic/Vibration Laboratory
CF Coherence function
cg Center of gravity
cm " Centimeters
dB Decibels
g Accelération due to gravity
GSFC Goddard Space Flight Center
Hz Hertz (cycles per second)
in Inches
IRfCM Integrated Real Time Contamination Monitor
JPL Jet Propulsion Laboratory
kg Kilograms .
1b Pounds
- LDEF . Long Duration Exposure Facility
LDTM Lander Dynamic Test Model
LST Large Space Telescope
m Meters
MMC Martin Marietta Corporation
MSFC Marshall Space Flight Center
N Newtons
NASA National Aeronautics and Space Administration
OWS Orbital Workshop. (Skylab)
PA Payload Assembly (Skylab)
PD Procurement document
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PSD

psi

PTC

PTO -

rms
SAS

 SPL

fower Specfral Density
Pounds per square inch
Proof Test Capsule
Proof Test Orbiter
Root mean square
Solar Array System
Soﬁnd Pressure Level

Viking Lander Capsule
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APPENDIX A

SHUTTLE PAYLOADS
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A-1.0

INTRODUCTION '

Appendix A is a summary of information gained as the result
of the survey discussed in Section 1.0. Table A-1 and Figures
A-1 through A-13 describe payloads which will be carried on the
first eleven flights. Data for later payloads are listed in
Table A-2 (automated payloads) and Table A-3 (sortie payloads).
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Figure A-5. Earth Observation Satellite - Checkout and Servicing Configuration
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APPENDIX B

DYNAMICS PROGRAM FOR THE
LDEF PAYLOAD '

151



B-3.0

B-5.0

TABLE OF CONTENTS

INTRODUCTION. .« +o & « ¢ & o o o« o o o s o o o «

ANALYSTIS. ¢ v ¢ v v ¢« ¢« ¢« o o o v o o s o o o o
B-2.1 Introduction and Objectives. . . . . . . .
2 Discussion of Ground Rules and Assumptions
3 Description of Models. . . + . v . + .« . .
.4 Model Coupling .« « « « ¢ v v v v v v 4 . .
5 Response Analysis and Results. . . ... . .
6 Concluding Discussion. . . . . . . . . .

TEST PROGRAM. . .+ & & ¢« v ¢ ¢ ¢ ¢ o« o o s o o« o
B-3.1 Modal Survey TeSt. . « « « & « ¢« « « o o &
B-3.2 Acoustic Test. + « « v « ¢« & o« o « o« &

MEASUREMENT PROGRAM. . . . . . « « « + .+ .
Introduction . . . . « ¢ v & ¢ 4 . e . .
Objectives . . « v ¢ v ¢ &« &« + o .+ . .

Assumptions. . « ¢« o o ¢ ¢ ¢« 4 o 0 s s
Instrumentation Requirements . . . . . . .
Instrumentation List . . . . . . . . « . .
Concluding Discussion. . . . . « « « o + .

=

[=- Moo v R o- M v~ Bcs
]
S~ c~#~a
(o LV I S LR NCRiG &

=]

.

REFERENCES. v v « ¢ v o o o o o« o o o« o o o o o

152

‘Page

153

159
159
159
160
173
177
184

193
193
193

195
195
195
195.
198
199
199

217




INTRODUCTION

The primary objective of Mission #4 of the Shuttle Program is
to demonstrate the Shuttle's capability to launch and deploy a
satellite. The Long Duration Exposure Facility (LDEF) was selected
by Space Shuttle Program Office as the initial satellite to be de-
ployed. Other objectives of the flight include monitoring the en-
vironment in and around the Shuttle using three Integrated Real
Time Contamination Monitors (IRTCM's), which detect the presence
of contaminants and determine the amount and rate of their dispos-
ition. The payload also includes a 5 foot standard pallet, pro-
vided so that additional carry-on experiments can be considered at
a later date. More detailed information can be found in Reference
B-1 and is shown in Figures B-1.1 through B-1.4.

This appendix presents a recommended approach to a dynamics
program for the LDEF payload, and is intended to serve as an example
for payloads on initial flights. We recognize that variations to

" the ‘approach will be required for other payloads depending on each

payload configuration and mission requirement. Further, it should
be recognized that the approach described is not necessarily that
which would be recommended if the LDEF were the only payload under
consideration, but is aimed at obtaining information for. application
to future payloads in order to reduce overall program costs.

Examples of analytical techniques are presented, a recommended
test program outlined, the flight measurement program defined, data
interpretation techniques described, and the interrelationship and
correlation of these factors discussed. The dynamics program is

- shown in block diagram form in Figure B-1.5.
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Figure B-1,1: Mission 4 Sequence of Events
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Figure B-1.4 LDEF/Orbiter Configuration
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Figure B-1.5 - Dynamics Program for LDEF
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ANALYSIS
INTRODUCTION AND OBJECTIVES

The "state of the art" analytical techniques are a resultant
of the single booster/single payload concept. For each payload
and '-booster combination, complete finite element models are derived
and coupled for the response analysis.

With the advent of the Shuttle Program, a new concept will be-
gin. Standard reusable launch vehicles will deliver and, in some
cases, retrieve payloads covering a wide range of structural size,
stiffness and weight. It will be required to minimize costs at
all stages in the development of these payloads. With standard
boosters and data from previous flights, analytical efforts for
future flights can be reduced.

‘As an example of the "state of the art'" techniques and methods, .
the Long Duration Exposure Facility (LDEF) was modeled and taken
through the major phases of analysis. '

' The LDEF was designed to be launched by the Shuttle launch ve-
hicle and gather scientific data for an extended period of time in
earth orbit. It is currently planned as one of the first few Shuttle
development flights as described in Reference B-1,

- The objectives of this section are:

1. To present simplified finite element models for both the
LDEF and Shuttle Orbiter,

2, To discuss the test correlation techniques and considerations
for the LDEF model,

3. To present the model coupling techniques and results, and

4. .To present the coupled model loads analysis techniques and
results. .

DISCUSSION OF GROUND RULES AND ASSUMPTIONS

Detailed information about the configuration and design of
the LDEF are not finalized at this time; in fact, many configurations
have been proposed. As a result, many assumptions had to be made
in order to form a meaningful, yet simple, model of a coupled LDEF
and Shuttle Orbiter. Information was gathered from existing Shuttle
payload data (in particular Ref. B-1) and additional data was re-
ceived from the Technical Monitor. This general information is
shown pictorially in Figures B-1.1 through B-1.4. With these sets
of data, a simplified LDEF model was generated. :
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As is shown in Figure B-1.2, a large portion of the experiment
packages are located on the circumference of the structure in
trays of varying sizes. Since no definite weight or mass distri-
bution was known at the time of this analysis, imaginary beams
were assumed to span the rings of the LDEF structure to carry the
bulk of the experiment package weight. This is probably the larg-

~est deviation from the actual structural design., The result was

an open framework structure, as pictured in Figures B-2.1 and
B-2.2 with most of the experiment weight concentrated along the

centerline.

Somewhat more information was available concerning the inter-

V face between the Shuttle Orbiter and the LDEF. The total number

B-2.3

B-2.3:1

of interface points and their general locations were known. From
this data the interface load carrying directions were chosen to

result in a statically determinate LDEF/Orbiter interface for con-
venience.

DESCRIPTION OF THE MODELS
LONG DURATION EXPOSURE FACILITY

Phyéical_DeSCriptionW: The. LDEF.model is essentially._a 30. . . ..
foot long cylinder, 14 feet in diameter,. constructed of aluminum

. "I" beams. The length of the structure is divided into 6 bays

by 7 rings, also constructed of aluminum "I" beams, as shown in

" Figures B-2.1 and B-2.2,'alonngith-the»;oordinate system used

for the analysis.

- As a convenience for the computer analysis the experiment
package weight was assumed to lie in thé centerline of the LDEF
structure. To facilitate this weight, 1mag1nary beams .were as-
sumed to span the rings. These beams were physically put into

~ the model with the section properties of the "I" beams of the

actual structure (Figures B-2.3 and B-2.4).

The mass distribution was assumed in order to give a compos-
ite center of gravity (c.g.) near the c.g. given in Reference B-1.
To accomplish this, 607% (or 3000 1lb) of the experiment package

-weight was assumed to be symmetric about the center "ring". Then

to shift the center of gravity, the remaining 40% (2000 1b) was
located 73.28 inches from the forward end of the LDEF (see Fig-
ures B-2.5 and B-2.6).

Stiffness Model - It is not the intent of this report to de-
tail the finite element programs used to generate the stiffness
or mass matrices for models, but rather to illustrate the analyt-

-ical techniques, Generally, the LDEF model was derived using a

finite element program that generates a spiffnesé matrix along
with a consistent mass matrix. Each element in the model consid-
ered axial, torsional, and bending degrees of freedom (d.o.f.).
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Figure B-2,3: LDEF Ring Structure
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To minimize the computer effort, the complete model was not
generated at once. The structure was broken down into structural
components consisting of half-bays. A finite element model
(f.e.m.) was generated for each structural component. Sequentially,
each component was discretely coupled to the adjoining component
and undesired degrees of freedom were collapsed out. This process
was continued until the forward half of the LDEF model was complete.

Since the model is symmetric about the center ring, the forward
half was then transformed to generate the aft half of the complete
model. Figure B-2.7 shows the complete LDEF model.

In Figure B-2.7, node points 7, 14, 15 and 16 constitute the
LDEF/Orbiter interface. This interface will be detailed below.

Mass Model - As was stated above, the finite element program
used for the LDEF structure generated a consistent mass matrix
for the elements used. This resulted in a reasonably accurate
mass matrix for the LDEF basic structure with the assumed beams.

The experiment package mass was then discretely added to the

- degrees of freedom on the assumed beams according to the schematic
shown in Figure B-2.6. The exception was the 2000 1lb to be applied
73.28 inches from the forward end to correct the center of gravity.

Referring to Figure B-2.7, this 2000 1b was split into two
1000 1b imaginary packages and placed on two panels between rings
2 and 3. These panels are bounded by node points 3, 4, 9, 10 and
5, 6, 11 and 12 respectively. The imaginary packages were assumed
tb_have a radius of gyration of 10.0 inches for convenience. Fig-
ure B-2.8 shows more detail on the geometry of the panel. (Note:
the d.o.f. for the panel points were rotated to a local coordinate
system) .

To apply the mass, a method of "mass smearing' was utilized and
is described below:

The desired end result is to write the motion of the d.o.f. as-

sociated with the concentrated mass in terms of those associated
with the four panel points, or

fab = [1] {o} W
Where { q } = d.o.f. for mass

(TF] = transformation matrix

{a'l

d.o.f. for the panel points,.
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The derivation starts by assuming the concentrated mass and
“panel points are a rigid body,

fa't = [rer] {q} o ()
Where [RBT] = a.rigid body transformation

Multiplying both sides of (2) by [R®BT]T,

[RBT]_T {a'} = [rer]? [re1] {q} (3)

Note here that [RBT]T [RBT]is a symmetric matrix and can be
inverted, thus

‘<[RBT]T [RBT])'l’ | [reT]" {a'} = {a} 4)
{a} = [r] « | (5)
Where [T] = ([RBT]T [RBT])-I[RBT]T

Now that [T] has been generated, it can be used to "blow-
up'" the 6x6 mass matrix associated with the concentrated packages,

OO 5 RN 5 [ €3 I | (6)
' ' Where [M']
[x]

Once the mass matrix was 'blown-up" to a (12x12), it was
then discretely added to the mass of the 4 panel points.

]

(12x12) new mass matrix

old (6x6) mass matrix

Test Correlation - The next major step in the analytical
effort is to verify the analytical model. This is necessary to
demonstrate the reliability in math models for predicting the
low frequency environments.

In order to fulfill at least part of this objective, a modal
analysis was performed on the LDEF model grounded at the LDEF/Or-
biter interface. The mass and stiffness models described above
constitute 51 d.o.f. Mode shapes for 48 d.o.f. were generated
(the six interface d.o.f. were grounded)., Figures B-2.9 through
B-2.10 show the mode shapes for the first mode and are repre-
sentative for the structure. Note that the radial members shown
in the plots are imaginary and were inserted to clarify the plots.
Table B-2.1 gives a complete list of the frequencies for the
grounded LDEF model.
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Table B-2.1: LDEF Grounded Modal Frequencies

Mode No. ' f(Hz) Mode No. “f(Hz)
1 3.18 ‘ 26 - - 26.06
2 5,40 25 27.93
3 5.80 26 29.66
4 5.99 - 27 31,52

5 6.14 - 28 ' 35,97
6 . 6.81 ‘ 29 .. 39.46
7 8.18 : 30 44,61
8 8.67 31 . 45 .02

9 9.36 32 49.66

10 10.75 ‘ - 33 , 57.16

11 11.48 ' 34 67.91

12 13.56 . . - 35 74,57

13 14.34 - 36 85.97

14 %62 -37 136.9

15 14.64 ‘ 38 270.6

16 15.41 39 285.0

17 16.15 40 346.0

18 17.41 S 350.4

19 17.83 | 42 363.2

20 20.92 43 412.3

21 21.79 o 4k 427.2

22 24,74 A 547.5
23 25.48
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In order to correct the math model certain types of information
are necessary. Exact frequencies for the major modes are important.
Actual mode shapes, damping and effective mass are also important,
for they can reveal the true response of the structure to the low
frequency environments.

‘There are numerous ways of correcting the math model to re-
flect the test results. For simple cases it may be adequate to

‘merely scale the frequencies and assume no change in the mode shape.

More detailed correction can be done by actually chang1ng stiff-
ness and mass terms for the model.

For this report however, no test data was available. Therefore
the assumption was made herein that the final model, with mass and

';étiffness as described above, has been test correlated and is cor-

B-2.3.2

rect.
SHUTTLE ORBITER

It is not the intent of this report to detail the development
of the Shuttle Orbiter model. The overall assumption is that the
model for the launch vehicle is correctly derived and test-corre-
lated. However a brief description is necessary to understand the
analysis that follows in this report.

The Orbiter model was developed in its original form from only
NASTRAN data. The stiffness properties were sufficient but some

‘minor assumptions were necessary to complete the mass data. For

instance, it was necessary to assume a radius of gyration to deter-

" mine a mass moment of inertia. Figures B-2.,11 through B-2.13 show

B-2.4

the original and final Orbiter models. Note that all degrees of
freedom not necessary to couple to the LDEF or force the model were
collapsed out. - - -

"Node points 4, 5, and 6, shown in Figure B-2.13, are the:
interface points between the Orbiter and the External Tank, and
node points- 2 and 3 are the interface points between the Orbiter
and the LDEF. This interface will be described in more detail
in the following section.

MODEL COUPLING

There are two basic methods of coupling finite element models
practiced today. One is commonly called "inertial" or '"'modal"
coupling and the other, '"discrete'" coupling. Briefly, the "in-
ertial" technique involves coupling the models through the mass
matrices. The latter involves discretely adding, in the approp-
riate d.o.f., the mass and stiffness to form the coupled model.
The LDEF/Orbiter model was generated using the discrete coupling
technique.
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Normally, this technique applies to two bodies whose inter-
face points occupy the same or adjacent geometric location. This
was not true however for the LDEF and Orbiter models as they have
been described.

- Referring to Figure B-2,7, it can be seen that the LDEF inter-
face reaction points lie on two Y-Z planes which are normal to

. the X axis and are 120 inches apart. It can .also be seen by re-

- ferring to Figure B-2.13, that the Orbiter/LDEF interface points

consist of 2 points on the stick model that are 148 inches apart
on the X axis.

Therefore, in order to couple the two models discretely, the

'assumption was made that the interface between the two models was

rigid., This allowed the LDEF interface d.o.f. to be constained
down to the appropriate Orbiter points and added.

One other discrepancy should be noted. The coordinate axis
system for the Orbiter model from the NASTRAN data was rotated

. approximately 0.009 degrees with respect to the LDEF analysis

coordinate system. This rotation was assumed to be negligible
and therefore ignored.

The final coupled LDEF/Orbiter model is condensed in a Degree
of Freedom Table, Table B-2.2. A drawing of the coupled bodies is
not included because of the confusion which could be caused by
showing two stick models coincident on the same axis. Instead a

. "GMC'" matrix was calculated for the coupled modes. With the ''GMC"

matrix, the participation factor or contribution of each d.o.f.

is shown for each mode. Table B-2.3 shows the participation of the
of the first degree of freedom to every mode as a representative
example. It is a manner of showing in what modes degree of free-

"dom 1 is active.

B-2.5.1

This coupled finite element model was then uncoupled in a

-modal solution program, resulting in 72 mode shapes including 6
rigid body modes. Table B-2.4 gives a list of the frequencies

for the coupled modes. _
RESPONSE ANALYSIS AND RESULTS

The final step in the analytical effort is the prediction of
the payload's response to the launch and boost environment. The
lift-off event was selected to illustrate the technique.

LIFTOFF FORCING FUNCTIONS

For this analysis, information was obtained on the Orbiter/
External Tank interface loads for the liftoff event. This infor-
mation consisted of copies of the loads time history plots for
these interface points, and were applied at node points 19, 20
and 21 in Table B-2.2. :
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Table B-2.,2: Degree of Freedom Table, Coupled LDEF/Orbiter Model

Ident.

Mode « _X_
1 1
2 A
3 7
4 10
5 . 13
6 - 16
7 19
8 22
9 25
10 28
11 31
12 34
13 37
14 40
15 43
16 46
17 52
18 58
19 64
20 67

21 70

178

Y Z TX TY TZ X Y Z

2 3 -0 -0 -0 1616.00 335.29
5 6 -0 -0 -0 1676.00 335.29

8 9 -0 -0 -0 1676.00 72.75  293.29
1 12 -0 -0 -0 1676.00 42.00 262.54
1% 15 -0 0 -0 1676.00 -72.75  377.29
17 18 -0 -0 -0 1676.00 -42.00 408.04
200 21 -0 -0 -C 1736.00 0. 335.29
23 2% -0 -0 -0 1736.00 72.75  293.29
26 27 -0 0 -0 1736.00 42.00 262.54
29 30 -0 -0 -0 1736.00 -72.75 /377.29
32 33 -0 -0 -0 1736.00 42.00 408.06
35 36 -0 -0 -0 1796.00 0. 335.29
38 . 39 -0 -0 -0 1856.00 0. 335.29
41 42 -0 -0 -0 1916.00 0.  335.29
4 45 -0 -0 -0 1976.00 0. 335.29
47 48 49 s0 51 1579.00 0. 337.19
53 . 54 55 56 57 1796.00 0. 335.29
59 60 61 62 63 1944.00 0.. 334.00
65 . 66 -0 -0 -0 1133.00 0. 221.30
68 69 -0 -0 -0 2058.00 101.29  195.26
7 -0 -0 -0 2058.00 -101.29  195.26

COMMENT
Ring 1 CNIR
Ring 2° CNTR
Ring 2
Ring 2
Ring 2
Ring 2
Ring 3 CNTR
Ring 3
Ring 3
Ring 3
Ring 3
Ring & CNTR
Ring 5 CNTR
Ring 6 CNTR
Ring 7 CNTR
FUSE. PT 4
FUSE. PT 5
FUSE. PT 6

ORB I/F 1716
ORB I/F 1724
ORB 1/F 1725




Table B-2.3: Modal Contributions for Degree of Freedom
No. 1, Coupled LDEF/Orbiter

Contribution Contribution
Mode No. % MODE No. %

1 0.00 ‘ 37 . 0.02

2 0.07 38 : 0.50

3 0.00 39 0.49

4 0.00 40 17.02

5 0.00 41 , 44.90

6 0.00 42 17.50
7 0.00 43 2.24

8 0.00 44 0.01

9 0.00 45 0.00
10 0.00 , 46 0.06
11 0.00 _ 47 0.63
12 0.00 48 0.00
13 0.00 49 : : 0.49
14 0.00 . - 50 0.04
15 0.00 ‘ 51 0.01
16 0.00 52 0.00
17 0.00 ' o 53 1 0.00
18 0.00 ' 56 0.05
19 0.00 55 0.00
20 0.00 56 . 0.00
21 0.00 57 , 0.00
22 0.00 . 58 , 0.24
23 1.16 59 0.72
24 0,00 60 0.00
25 0.09 61 0.00
26 0.00 _ 62 0.00
27 0.03 63 0.00
28 0.00 . 64 0.00
29 0.10 65 0.00
30 0,00 _ 66 ' 0.00
3 0.00 67 0.00
32 0.00 68 0.00
33 0.00 69 0.00
34 0.00 70 0.00
35 7.81 71 0.00
36 5.76 72 0.00
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Table B-2.4: Coupled LDEF/Orbiter Frequencies

Mode MNo. ' £ (Hz) N _ Mode No. f (Hz)

1 0.00 37 o - 22.04
2 0.00 o , 38 . 22,24
3 0..00 39 : 24.73
4 0.00 40 T ‘ 25.44
5 0.00 41 26.06
6 0.00 42 : 27.58
7 3.14 43 28.16
8 3.51 ' : 44 30.02
9 4.21 45 31.30
10 5.44 46 31.44
11 5.84 _ 47 31.75
12 5.99 : 43 - 34.63
13 6.15 49 36.02
14 6.43 50 ' 36.92
15 . 6.86 51 39.37
16 - 8.14 _ . 52 ~ 40,12
17 8.70 53 43.87
18 9,38 54 44.64
19 10.06 , 55 45.06
20 10.75 : 56 49.48
21 10.90 57° ' 49.78
22 11.53 ' 58 3 5288
23 13.64 59 ’ 58.30
24 14.34 60 67.99
25 14.42 61 : 74.67
26 14.62 62 86.68
27 15.41 63 - 139.2
28 15.67 . 64 ’ 270.8
29 . 16.15 65 285.1
30 16.49 : 66 - 346.2
31 17.42 67 o 350.4
32 17.83 : 68 363.5
33 18.02 .. 69 . 412.3
34 19.33 70 427.3
35 20.90 : 71 ) 547.5
36 21.69 : 72 : 2526,
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Figure B-2.14 shows one of the actual loads time histories
used in the analysis. These loads include effects of 3 Orbiter

engines, External Tank side load representing vortex shedding,

and a "y" direction wind load corresponding to a 2 second gust

at 34.4 knots. Each engine thrust is 417,000 1b at sea level
(peak 458,000 1b). The time scale shown in the figures starts
after liftoff but prior to SRM fire.
B-2.5.2  ANALYTICAL TECHNIQUES AND RESULTS
The technique used to calculate the responses of the coupled
model should demonstrate the current '"state of the art" in pay-
load analysis.
Generally the technique involves driving the coupled model
~in the modal domain, then using the modal responses to obtain
the discrete responses.
Considering the coupled equations of motion,
(4] {a} + [cdfab + [xJ{a} = 1¥} )
Where [M]
[c]
[x]
{a}
ir}
This set of equations can be uncoupled by substituting:
{a} = Lol i¢} ®
Where [¢]

{¢}

and assuming linearity,

fa} = [o] {é&} (9
(b - Lol det . : (10)

coupled mass matrix

coupled damping matrix

coupled stiffness matrix

discrete d.o.f.

]

_external forces

modes matrix

model d.o.f.

L]

]
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therefore (7) becomes
[ [p] {€}+ [cIlod {é} + [x1leliel ={rl (11)

Then pre-multiplying by [ﬂ]T yields,

(017 [M][21{€}+ [0]" [clo)iél+ [1” [K1[o1ie}- (o)™} a2

Our modes are normalized such that

[0]T [(M]o] - [1] (generalized mass) ' (13)

and (12) becomes

(1] {&} + [2¢w) {€}  +[w2]{e}=[0]" {F} (14)

where fzgcg;l
[w2]

- Equation (14) represents the uncoupled set of equations of
motion of the model in the modal,domain. The column vector, {F
represents the set of interface loads described. above as a function
of time. -They also include 417,000 pounds constant thrust forces
for the engines to balance the loads. This equation was solved in
the time domain for modal accelerations as a function of time, then
substituted into equation (10) for the discrete responses. This
technique can also be used to calculate internal loads, by substi-

generalized damping

i

generalized stiffness’

‘tuting a loads coefficient matrix for the modes in equation (10).

Examples of the time responses are shown in Figures B-2.15 and
B-2.16. Only the three orthogonal directions for the first 2 node
points are shown as representative. 1In mostlapplications, the fre-
quency content of the response is also meaningful. To meet this
end, Fourier Spectra of the responses were calculated and shown in
Figures B-2.17 through B-2.19 for the first node point.

In summary, the maximum and minimum peak responses for all the
coupled degrees of freedom are shown in Table B-2.5.

CONCLUDING DISCUSSION

The assumptions made in generating the models caused some dis-
crepancies in the true structure vs these math models. With better
mass data one can derive a math model for the LDEF with completely
different structural characteristics. For this reason, the results
presented herein should not be taken as the final set. The results
do, however, typify the major analytical efforts practiced in the
"gstate of the art". -
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Table-B-2.5: Maximum and Minimum Responses During Liftoff

D.O.F . TIME OF MAX TIME OF MIN
MAX (SEC) (g) MIN (SEC) (2)
1 2.36 . -0.73 1.74 -2.35
2 -2.82 1.35 2.87 ' -3.04
3 2.26 ©1.48 ©2.18 -1.54
4 2.38 -1.09 1.73 -2.30
5 2.80 1.10 2.89 -1.29
6 2.78 2.37 2.15 -2.74
7 2.36 -1.09 1.72 -2.22
8 2,17 1.32 2.25 -1.38
9 2,79 - 1.50 2.87 - -1.50
10 1,90 -0.91 1.77 -2,28
11 2.95 1.42 2.87 -1.33
12 2.79 1.50 2.87 -1.50
13 2.37 -0.84 1.74 -2.45
14 2.85 - -~ 0.80 2.15 o el1s
15 2,77 0.94 2.91 ‘ -0.98
16 2.37 -0.73 1.73 -2.57
17 2.89 1.02 2.96 -1.23
18 2,77 0.9 ' 2,91 ‘ -0.99
19 2.3 -0.90 1.74 -2.34
20 2.99 2.22 2.90 -2,01
21 1.96 1.41 2.16 ~ -1.50
22 2.36 -1.09 1.72 -2.22
23 2.17 0.91 2.25 - 0.81
24 2.74 1.35 2.85 -1.52
25 1.90 -0.91 1.77 -2.27
26 2.16 0.98 2.88 -0.94
27 2.74 1.35 2.85 -1.52
28 2.37 -0.84 1.7 -2.44
29 2.85 0.76 3.00 -0.91
30 2.76 1.33 2.43 -1.39
31 2.37 -0.73 L.73 o -2.57
32 1.79 0.90 2.17 -1.08

(Continued)
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Table B-2.5: (Continued)

TIME OF

TIME OF MIN
D.O.F, MAX _(SEC) () MIN (SEC) (g)
33 2,76 1.33 2.43 -1.39
34 2.39 -1.01 ° 1.74 -2.31
35 2.76 0.77 2.86 -0.60
36 1.99 1.36 2.13 -1.35
37 2.39 -0.89 1.74 -2.34
38 2.79 1.16 2,87 -1.60
39 1.96 1.57 2.17 -1.60
40 2,39 -1.09 1.74 -2.30
41 2.78 0.88 2,91 -1.28
42 1.73 2.65 2.14 -3.60
43 2.41 -0.81 1.74 -2.38
44 2.99 4,53 2.94 -4.08
45 2.26 2,50 2.18 -2.01
46 2.38 -1.07 1.72 -2.29
47 2,78 0.60 2.84 -0.69
48 2.02 0.92 2,10 -0.99
49 2.98 .003 2.83 - .005
50 1.89 .005 1.79 - .005
51 2.76 .003 2.87 - .003
52 1.49 -1.11 1.73 -2.22
53 2.77 0.72 2.88 -0.63
54 2.26 0.81 2.15 -0.96
55 3.00 .006 2,84 - .004
56 2,02 .003 1.81 - .003
57 2,82 .003 2,78 - .004
58 1.48 -1.11 1.73 -2.21
59 2.74 0.45 2.89 -0.57
60 1.97 0.69 2.15 -0.81
61 2.93 .002 2,90 - .003
62 1.96 .004 1.88 - .004
63 2.80 .003 2.76 - .004
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Prior to the first few Shuttle missions, the phases described
herein, i.e., math model test correlation, etc., should be repeated
to evaluate the unknown dynamic characteristics of the Shuttle sys-
tem. With the increased confidence and reliability gathered from
the flight data and math models, the analytical efforts for the re-
maining Shuttle flights can be sharply decreased.
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B-3.0

B-3.1

B-3.2

TEST PROGRAM

This section describes the system level dynamic tests recom-
mended for the LDEF payload. Static tests for verification of
structural integrity and the component/experiment test programs
are not addressed.

Based on an evaluation of the type of structure and configura-
tion of the LDEF payload, we feel that qualification and/or accep-
tance tests on a system level are not required. Two system level
development type tests (a modal survey and an acoustic test) are
recommended using primary structure as flight-type hardware, and
dynamic simulators for components and experiments.

MODAL SURVEY TEST

This ‘test is needed to obatin data for verification/correction
of the structural math model of the LDEF, for coupling with the
Space Shuttle model to determine structural loads and low frequency
vibration produced by transient events such as engine ignition,
shutdown, landing shock, gusts, etc. Mode shapes, frequencies, and
damping should be determined over the frequency range for which
confidence exists in the results of the math model.

ACOUSTIC TEST.

Prior to the qualification test program for experiments and
components, an acoustic test of the LDEF primary structure and
dynamic simulators for components should be conducted to obtain
data to define the random vibration criteria for components/experi-
ments and verify the structural integrity of bracketry and second-
ary structure. It is desirable to use the complete LDEF structure
for this test. However, if this configuration presents a serious
problem from an acoustic facility capability standpoint, a test
utilizing one or two bays of the LDEF structure could provide mean-
ingful results. During this test, measurements at mounting locations
should be obtained for the entire range of component/experiment
weights., Ideally, multiple runs should be conducted with changes
to the component/experiment weights made between runs so that the
local mounting point stiffness remains invariant. Obviously, the
microphone and accelerometer flight measurement locations defined
in Section B-4.0 should be duplicated as far as is practical in
order to obtain data for comparison with flight and evaluate the
test versus flight vibroacoustic transfer functions., These data
can then be utilized to assess the degree of simulation provided
by the acoustic test, and form the basis for altering the test
environment (if necessary) for future payloads.
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If a structural test article is available for this test, con-
sideration should be given to utilizing it as a test bed for qual-
ifying experlments/components acoustically instead of using shakers,
potentially saving the cost of design and fabrication of some test
fixtures.
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B-4,2

B-4.3

FLIGHT MEASUREMENT PROGRAM

INTRODUCTION

The flight measurement program has been developed for the
LDEF as part of an overall "state of the art" instrumentation
requirements study. Consideration is being paid to ground
test requirements and dynamic loads analysis as well as flight
test requirements. It is felt that, by concentrating on a single
payload for detailed treatment, the correlations and necessary
feedback between the test and analytical programs will be re-
vealed with more emphasis than a generalized approach. The tech-
niques developed on LDEF/IRTCM will then be applicable to other
payloads.

OBJECTIVES OF FLIGHT MEASUREMENT PROGRAM

The flight measurement program is intended to obtain data on
the acoustic environment inside the payload bay during the boost
phase, acoustically induced random vibration and quasi-sinusoidal
low-frequency transients. Instrumentation will also be located

in other regions of the Booster, as defined by Rockwell International

personnel, so that good coverage will be obtained both external
and internal to the payload bay.

Figure B-1.1 shows a breakdown of Mission 4 into the dynamical-
ly significant phases. This sequence of events was used as a
basis for planning the usage of dynamic instrumentation.

ASSUMPTIONS

A number of assumptions had to be made regarding the detailed
geometry of the payload, since this is not yet defined. For the
most part, these reflected the preliminary information given in the
description of Mission 4 in Reference B-1. Additional information
on structural member sizes was provided by the Contract Technical
Monitor,

Figures B-4.1 and B-4.2 show the structural configurations used
in this study, with the axis convention and member numbering scheme
indicated.

According to Reference B-1, the LDEF experiments will be
mounted on '"a wide variety and number of trays on the circumfer-
ential surface. The trays, which vary in size from 0.13 x 0.49
ft. to 4.0 x 6.0 ft., will each hold a completely self-contained
experiment, or, if needed, several adjacent trays may contain the
individual elements of a single experiment. Shelves in the LDEF
bay have also been designed ‘for the mounting of experiments."
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. IRTCM #2 ——— - . 5

'Figure B-4.1 'Microphone Locations
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B-4.4.2

For the purposes of this study it was assumed that experiment
trays are mounted in each of the four forward bays, between Longerons
#1 and 2 and on the shelf or bulkhead covering Frame #1. A range
of tray sizes was selected, varying from 29 x 14 inches to 43 x 60
inches.

It was assumed that there would be no limitation on onboard
recording and multiplexing capability. Furthermore, it was assumed
that up to 14 telemetry channels would be available, with a usable
frequency range of 2 to 2000 Hz.

It is required to obtain dynamic data on the LDEF during re-
entry and landing. However, the problem arises on how to physically
acquire the data, since the LDEF will be deployed into orbit, break-
ing all mechanical and electrical connections, and then retrieved
during the next mission. :

Two possibilities are being considered:

1. Have automatic or manual reconnection to the Orbiter
instrumentation system;

2. Have the LDEF mounted instrumentation and signal con-
ditioning equipment, together with a power supply, com-
pletely self-contained with the LDEF; this could be re-
activated at:the start of re-entry by a timer or pressure
sensitive switch.

INSTRUMENTATION REQUIREMENTS
TYPES OF TRANSDUCERS

For low-frequency dynamic loads measurements both strain gages
and low-frequency accelerometers will be used. High-frequency ac-
celerometers will be installed for measuring acoustically and me-
chanically induced random vibration. Acoustic environments will be
measured with microphones. )

SIGNAL CONDITIONING EQUIPMENT

For maximum utilization of the transducers, it is planned to
use charge amplifiers having gain ranges which can be changed if
necessary during the actual mission, so that, for instance, the same
low-frequency accelerometer can be used for measuring both vibra-
tion and landing shock. The actuation of the gain changes will be
related to the mission sequence of events, using an automatic tim-
ing system or achieved by remote control from the ground. 1In ad-
dition, the charge amplifiers will be capable of providing multiple
outputs covering different frequency and gain ranges. The input
signal generated by an accelerometer or strain gage can thus be used
to give optimum frequency and dynamic range overlap.
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B-4.4.3 DATA RECORDING EQUIPMENT

-Magnetic tape recording equipment will be required having the
capability for recording 154 multiplexed channels of data. A
frequency range of 0 HZ to 3 KHz is required.

B-4.4.4 TELEMETERING REQUIREMENTS

It is assumed that 14 telemetry channels are available.
These will be assigned to instrumentation which would be used for
diagnostic purposes in the event of a mission failure. Candidate
assignments are: : ’

a) Two external microphones (ME-15 and ME-16 in Table
B-4.1);

.b) Three dual-rénge accelerometers at payload support
points on center frame (DRA-08, -10 and -12 in
Table B-4.1);

c) Three dual-range.accelerometers at the center of the
Frame 1 bulkhead (DRA-13, -14 and -15).

The final allocation of instrumentation to be telemetered in
real time will require close coordination with Rockwell International,
who will be providing the same kind of coverage on the Orbiter.

B-4.5 INSTRUMENTATION LIST

Table B-4.1 lists the proposed flight instrumentation by type,
location, and frequency and dynamic range requirements. The loca-
tions are also shown in the figures, as indicated in the last column
of the table.

B-4.6 CONCLUDING DISCUSSION

A preliminary flight measurement program has been developed for
the LDEF/IRTCM payload. In the absence-of firm design data, it was
necessary to make many assumptions regarding detailed geometry and
mass distribution. Three different kinds of instrumentation were
specified: acoustic microphones, accelerometers and strain gages.
The rationale associated with the requirements called out for the
different kinds of instrumentation will be discussed separately.

B-4.6.1 ACOUSTIC MICROPHONES

The microphone locations were the easiest to select, being
relatively independent of the details of the payload geometry. The
basic requirement is to measure the acoustic field within the pay-
load bay, both inside and outside the LEDF, and in the part of the
payload bay forward of the LDEF which is occupied by the 5-ft pallet
and one of the IRTCMs. Locations were selected so as to minimize
the possibility of measuring standing wave patterns. In addition,
the angular locations of the microphones and their distances from
the LDEF centerline were selected to avoid radial symmetry.
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A total of 18 microphones were called out, nine of which are
located inside, and nine outside the LDEF. The nine internal mic-
rophones are distributed equally among Bays 1, 3 and 5. Three of
the external microphones are in the forward payload bay, to allow
the acoustic environment in the region of the IRTCM to be defined.
The remaining six microphones are outside the LDEF, in positions
corresponding to Bays 1, 3 and 5 (two microphones per bay) to pro-
vide correlation with their internal counterparts. The data from
the microphones will be used to calculate acoustic/vibration trans-
"fer functions for the payload, and to support the study of the
effects of different payload sizes on the internal acoustic environ-

ment. : .
. \

B-4.6,2 ACCELEROMETERS

The assumed experiment tray geometry is shown in Figure B-4.2,
High-frequency accelerometers were called out for the trays in suf-
ficient numbers to allow the calculation of acoustic/vibration
transfer functions, for a range of tray sizes and mass loading con-
ditions. This set of data will provide good coverage for the class
of low density payload elements which will commonly occur on the
Shuttle program. '

The pallet on which the IRICM is mounted is ‘also instrumented
with high-frequency accelerometers, shown in Figure B-4.3. However,
since this type of pallet will be used for many other small payloads,
its transmissibility characteristics should be thoroughly investigat-
ed during ground testing prior to its first use. Instrumentation
will be installed on the two IRTCMs mounted on the forward and aft
bulkheads of the payload bay, indicated in Figure B-4.4.

Accelerometers were also assigned for measuring the low-frequency
overall payload inputs during ascent transients and the major compon-
ent low-frequency in flight environments. The locations, shown in
Figures B-4.5 and B-4.6 were chosen, based on an analytical model of
the LDEF, with the majority of the experiments assumed to be attached
to support structure mounted on the seven primary structure rings.

It is desirable to measure the high-frequency environment at the same
locations. Also, at the payload support points, it will be required
to measure the landing shock environment. Instrumentation at these
points will completely define the input. Information on shock levels
transmitted from the fittings into the payload itself can readily be
gained from ground testing. In order to achieve coverage with the
minimum number of transducers, it is proposed to use a dual-range
accelerometer system, shown in block diagram form in Figure B-4.7.
Multiple input/output amplifiers are available (for example, the
Columbia 5600 series or the Endevco 2640 series charge amplifiers) to
facilitate such an arrangement.

The acceleration data will be used to compare with the pre-flight

analysis and to apply to the flight data bank for the next series of
payloads.
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Figure B-4.4: Locations of Accelerometers on Bulkhead-Mounted IRTCM's
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Figure B-4.5: Locations of Dual Range Accelerometers (DRA-XX)
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FRAME 5

TRAME 7

Figure B-4.6: Locations of Dual Range Accelerometers (DRA-XX)
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STRAIN GAGES
(4 per ftg)

TYPE I FITTING

TYPE II FITTING

STRAIN GAGES .
(2 per ftg)

Figure B-4.8: Payload Support Fittings, Showing Strain Gages
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B-4.6.3

STRAIN GAGES

It is proposed to use strain gages only on the payload sup-
port fittings. Two different fitting types are used on the LDEF
as shown schematically in Figure B-4.8. One -type takes loads along
two axes; the second takes loads along a single axis, consisting
essentially of a rigid member sliding in a slotted plate. Type 1
fittings would use four strain gages each, while Type 2 would use
two gages. LDEF has three Type 1 and one Type 2 fittings, for a
total of 14 strain gages. '

216



B-5.0 REFERENCES

B-1: Anon. , Integrated Mission Planning - First Two Years of
Shuttle Mission, 1979-1980, NASA Tech. Memo, George C.
Marshall Space Flight Center, Alabama, March 1974 .

217





