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SKYLAB

SKYLAB VIBROACOUSTIC TESTING

AN OVERVIEW

G. M. Moseley

Teledyne Brown Engineering
Huntsville, Alabama

Skylab Orbital Wor:-shop and Payload Assembly vibration and
acoustic tests performed at Houston, Texas are discussee. Test
article configurations, ground test objectives, testing constraints,
t,.sts systems, and the general program are described. Scope of

Lalitional papers to be presented in this series is discussed,

INTRODUCTION paragraphs objectives of the ground tests, test
configurations, testing constraints, the tests

The Skylab program is a manned conducted, and the general scope of the other
orbital scientific space station to be launched papers in the series.
in mid-1973 in a near-earth orbit up to 235
nautical miles, The 100-ton laboratory corn- OBJECTIVES OF GROUND TESTING
plex has multi-purpose scientific investigation
capabilities. The three-man crew, brought to The Skylab major structural systems
the orbiting laboratory by an Apollo spacecrrat, and components would require testing to verify
will carry out more than fifty significant exper- structural integrity and satisfactory component
iments in medicine, science, technology, ,arth functioning during the programmed life of the
resources, and operations. The first mission systems. This testing could be accomplished
will last up to 28 days, and two subsequent mis- on an individual basis with a large number of
sions will last up tD 56 days eah. small tests designed to impose predetermined

environmental criteria on the specimens, A
In support of the structural designs more efficient method of tests whereby all

and qualifications o( Skylab hardware, a gro-:nd major structural systems and components are
test program was conducted at the Manned Space- assembled as one unit and tested to prescribed
craft Center (MSC), Houston, Texas, Vibration environmental criteria could provide a less
and Acoustic Test Facility (VATF). These expensive method of achieving the desiredgoals.
tests, from January 1971 to July 1972, were This latter method was chosen for the Skylab
late enough in the design of Skylab to allow use ground test program.
of established structural configurations andwas
early enough in the program to precede most The test philosophy was to subject the
component qualifications. Skylab system to a combined vibration and

acoustic test environment that best simulatefd
A series of eight papers has been pre- actual launch and flight conditions. The sizeof

pared covering the Skylab test program at the available test facilities dictated the testing
Houston. This paper is first in the series and be accomplished in three major sections:
is structured to give an overview 3f the test 1. The orbital workshop
program and will serve as an introduction to
the remaining papers. Paper titles andauthors 2., The payload assembly consisting
are listed in Table I. These papers report of the airlock module, multiple
work done under direction of NASA-Marshall docking adapter. apollo telescope
Space Flight Center. mount. deployment assembly and

shroud
This paper discusses in the following 3. The apollo service module.

:. +:
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The test objectives, as determined by Shroud. These components were stacked ver-
the cognizant system contractor and NASA or- tically in the Spacecraft Acoustic Laboratory
ganizations, were to simulate thE launch vehicle reverberant chamber The assembly rested on
lift-off and boost, engine cut-oMf, vehicle sepa- pneumatic casters andwas acoustically sealed
ration environments and math model boundary at the floor. Figures 4 and 5 are sketch and
conditions. These objectives were met during photograph depicting this configuration.
a related series of acoustic and vibration tests 2. Vibration Tests
impose: on the major test articles.

Stacking was identical for the Payload
Data acquired from these tests were Assembly launch configuration vibration testing

used for verification of the orbital workshop, performed in the Spacecraft Vibration Labora-
payload assembly and service module structural tory. The assen.blv rested on a vibration test
integrity and dynamic response characteristics, fixture used for suspension system attachment
The data were also used to evaluate dynamic and for force input attach points. Figure 6 is
response criteria and for dynamic structural a photograph of this configuration. For orbital
qualification of flight hardware components. configuration, the Payload Shroud was removed,

the Apollo Telescope Mount was placed in the
TEST CONFIGURATION deployed position, and the Service Module was

added to the stack. The Apollo Telescope
The test procedure followed in testing Mount and Service Module were suspended on

of the Orbital Workshop, Payload Assembly, individual suspension syster's. Figure 7 is a
and Service Module was to perform acoustic sketch depicting components in this stack.
tests in the Manned Spacecraft Center Vibration Figure 8 is a composite ph'-graph of the
and Acoustic Test Facility (MSC VATF) Space- stacked configuration.
craft Acoustic Laboratory and then vibration
tests in the MSC VATF Spacecraft Vibration C. Service Module
Laboratory. The scope of this paperis limited
to a description of the tests and test articles. The Service Module was mated with a
Test details will be covered in other papers of Command Module and subjected to both acous-
this series as indicated in Table I. tic and vibration testing it the Spacecraft

Vibration Laboratory (Figures 9 and 10). Since
A. Orbital Workshop this testing was performed concur, ently with

installation of the reverberant chamber walls
l, Acoustic Tests (the reverberant chamber was used for the f:rst
The workshop was stacked in theSpace- time to perform the Orbital Workshop test), the

craft Acoustic Laboratory with the S.IV3 aft Service Module acoustic testing was conducted
interstage and Instrument Unit SA-500D. Appro- using special ducts to apply the acoustic energy
priate acoustic shields closed out both top and using progressive wave mode of operation. A
bottom of the stack. Figure 1 is a sketch de- special fixture was used for supporting the
picting components in the stack and Figure 2 is Service Module during the acousti': testing, and
a photograph of the stack in the Spacecraft a molified ground support ring mated to four
Acoustic Laboratory. air springs supported the Service Module for

Cie vibration testing.
2. Vibration Tests

For vibration testing the workshop was D. Component Tests £
stacked ir the Spacecraft Vibration Laboratory
on a vibration test fixture. The S-IVB aft inter- Component tests directly applicable to
stage and Instrument Unit SA-500D were not the Orbital Workshop/ Payload Assembly Pro-
used in this test. Figure 3 is a photograph ot gram were conducted in the MSC Spacecraft f
the Orbital Workshop Spacecraft Vibration Acoustic Laboratory to resolve problems dis-
Laboratory stack, covered during prior Payload Assembly acous-

tic testing:
B. Payload Assembly I. The Instrument Unit-Flight Control

or I. Acoustic Tests Computer was installed in the Pay-
load Assembly stacked in the rever-

Acoustic test hardware for the launch it chamber. Both mass simu-
configuration consisted of the S-IVB Forward lated dummy and engineering models
Skirt with tank dome, Instrument Unit, Fixed of the Flight Control Computerwere 

Airlock Shroud, Airlock Module. Multiple tested to acoustical qualfication
Docking Adapter, Apollo Telescope Mount.
ATM Deployment Assembly, and Payload criteri4. A modal survey of the

2
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Instrument Unit in the area of the test personnel.
Flight Control Computer was also
made in this same configuration. The Automatic Modal Tuning and

2. Apollo Telescope Mount/Control Analysis System (AMTAS) was specifically
created for the Skylab modal testing program

Mmdeto acoustwitic Ctrol wto give fast turn around to large quantities of
Mmet Gsyro wuifat ono Astructural data that otherwise could not be ana-
Momet yCotrol lcoenst Ay lyed within the required time frame. This
was mounted on the Apollo Tele- system performed highly interrelated control
wsoe Mount hh wapos st e- and data acquisition functions. A Ceneral
scope Mount which was stacked

inside the Payload Shroud. The Automation 18/30 digital computer was used for

test article was subjected to ad- basic data acquisition and display.

justed acoustical qualification AMTAS in-ultaneously controlled as
criteria for the prescribed time, many as twelve 'nodal shakers each having a

maximum sinusoidal force output of 150 lb. The
ally operated for its required life data objective of the system was to provide nor-
cycle time. malized responses, mode shapes and orthogo-

TEST SYSTEMS nality tabulation after each modal tuning run
was completed. These data provided a high
level of confidence in the validity and adequacy

A number of unique systems were of the test results. AMTAS included a capabil-

assembled to meet the objectives and constraints o p the test ehicl f cssi -
of tis rogam, he ostsigificnt f tese ity to protect the test vehicle from excessive

of this program, the most significant of these force or motions. Additional details of the
systems are: AMTAS and acoustic systems and other test sys-

* Spacecraft Acoustic Laboratory (SAL) tems are contained in additional papers it. this

" Automatic Acoustic Control System series (See Table 1).

for the SAL TESTING CONSTRAINTS

* Automatic Modal Tuning and
Analysis System (AMTAS) A. Systems Limitations

* Modal test air springs, ballast Acoustics tests had no systems limi-
and isolation for high force shaker tations. Tests were conducted with ample mar-
systems gin of power to obtain the required spectra.

" Transient Vibration Control
System Vibration testing high force sweeps

were limited in force application due to reaching
the limit of shaker capabilities. This resulted

in lower instrumentation response levels and
The Spacecraft Acoustic Laboratory therefore resolution was not as good as would

reve-berant room (47 ft, 4 in. wide. 45 ft, 4in. be desired.
deep and 75 ft high) has the capability to acous-
tically excite test vehicles up to 74 ft in height Also, suspension system and shaker
with high level energy over a wide frequency stinger characteristics combined in some cases
range. Approximately 250, 000 watts of acous- to constrain testing. Where vibration sweep
tic power can be provided by the 4500 horse- frequencies coincided with natural frequencies
power laboratory compressor in conjunction of shaker stingers and -haker suspension sys.
with 'arious horn combinations. Horn. with of she sied ehae r pe sys

25, 1..100, 25, ad 63 Hzcutoff reqen- temns. the desired force levels for the sweeps
25, 5. 100, 250, and 630 Hz cut-off frequen- could not be maintained for fear of failing some!c e s w _- rp u sed . H ig h a nd low freq u en cy W A Sp a t o th sy e m d e o t e l rg di l c -

-3000 a-, I EP7 -200 air modulators were useJ part of the system due to the largedisplace-
to modila' ', horns. Ments encountered.

B. Structural Response and Loads
Th. i, tomatlic acoustic control system

is a digital ct -nj;.ter system that adjusts the Flight type structural systems were
acoustic level, b-.en by designated controlmicro- included in the test articles and these systems
phones strategi -ally spaced around the test were protected from overtest condition in both
article. The curi ol computer displays this vibration and acoustic tests by automatic re-
spectra along with . acceptabie 1/3 octave sponse and load limiting systems.
band tolerances for ",mmediate evaluation by

)3
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The vibrat:on response limiting on and the Apollo Telescope Mount/Control Mo-
certain componentz and structural systemswas ment Gyro :eceived separate special acoustic
accomplished thr.,gh use of properly calibra- qualificatio tests.
ted accelerometers feeding a monitoring sys-
tem that caused a shaker master control inter- The Flight Control Computer tests
rup when an established level was exceeded, were conducted in October 1971 at the Space-
The established level was usually 10 percent craft Acoustic Laboratory in the Payload
lower than the maximum do-no-exceed level. Assembly launch configuration, Engineering
The load limiting system operated in much the model and mass simulated Flight Control Coin-
same manner with strain gage devices feeding puters were used to evaluate the proper speci-
the monitoring system. fication levcis for qualification testing of this

component.
TEST PROGRAM

The Apollo Telescope Mount/Control
A chronology of the Skylab Vibro Moment Gyro special qualification test was con-

Acoustic Test Program is given to enable the ducted April 1972 at the Spacecraft Acoustic
reader to grasp somewhat the size of the pro- Laboratory with the Apollo Telescope Mount,
gram and the enormous amount of data collected, installed in the Payload Shroud including double
The Orbtal Workshop was tested in the Space- angle nose cone. A live Control Moment Gyro
craft Acoustic Laboratory, in February 1971, was subjected to maximum flight acoustic en-
to lift-off and boost condition acoustic levels of vironments to determine whether any bearing
151 dB and 149 dB overall sound pressure levels or operation problems would occur due to this
(OASPL), respectively. Vibration tests in three environment.
mutually perpendicular axes and modal survey
testing were performed in the spacecraft vibra- Mechanical Impedance tests conducted
tion laboratory. Vibration exciters located on Payload Assembly components in July 1972
strategically around the workshop were pro- completed the Skylab Orbital Workshop/Payload
grammed to give proper loading for force con- Assembly testing at MSC.
trolled and motion controlled sine sweep tests.
Frequencies of sweep tests were 5 to 60 Hz for OTHER PAPERS
longitudinal axis and 4 to 20 Hz for lateralaxes.
Modal dwell tests were run at 23 frequencies A series of seven additional papers
determined from the previous sweep tests, has been prepared to cover the details of devel-
Mechanical impedance test data were acquired opment of unique testing equipment, facilit-,es
at selected locations for analytical purposes. and computer software required for the excen-
Workshop test was cornpleted in May 1971. sive Skylab ground test program. Subjects

discussed are:
Payload Asse.mbly testing began "n the Skylab Vibration and Acoustic

Spacecraft Acoustic Laboratory in August 1971. Structural Test Systems
Lift-off and boost condition acoustic levels of
150 and 153 dB OASPL respectively, were im- 0 Orbital Workshop Vibroacousfic
posed on the assembly, Launch configuration Test Program
vibration tests in the longitudinal axis were per- 0 Skylab Payload Assembly Vioro-
formed in the Spacecraft Vibration Laboratory. acoustic Test Program
Testing was performed in the same manner as
workshop vibration tests. Modal dwell tests 0 Development of an Automatic
were run at 40 frequencies determined from Modal Tuning and Analysis System
previous sweep tests. for Performing Skylab Modal

Surveys q
The Payload Assembly Orbital Config-

uration Vibration tests were completed in June
1972. Twelve sweep tests were made for the 0 Use of Generalized Mats Con-
purpose of identifying frequencies of possible tributions in Correlation of Test
modes. Thirty-one separate modes were suc- and Analytical Vibration Modes
cessfully acquired from the orbital configuration * Vibration and Acoustic Tests of
tests,

the Reconfigured Service Module '

Two special component tests were run Adapted for Skylab Missions. -e
in the Spacecraft Acoustic Laboratory as a re- Table I contains a list of the Skylab A

sult of the previously conducted acoustic tests. tae prepaed f prston to the
The nstrmen UmtFhgh CotrolCompter testing papers prepared for presentation to the

The Instrument Unit/Flight Control Computer
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43rd Shock and Vibration Symposium. Also
included in the table are author's names and
company affiliations.
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FIGURE 2. ORBITAL WORKSHOP STACK IN SPACECRAFT ACOUSTIC LABORATORY
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FIGURE 4. PAYLOAD ASSEMBLY LAUNCH CONFIGURATION IN
SPACECRAFT ACOUSTIC LABORATORY
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FIGURE 5. PAYLOAD ASSEMIBLY STACKED IN SPACECRAFT ACOU 'TIC LABORATORY
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FIGURE 6. PAYLOAD ASSEMBLY STACKIN SPACECRAFT VIBRATION LABORAToI~y
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FIGbRE 8. PA,' LOAD ASSEMBLY ORBITAL CONFIGURATION
STACK IN SPACECRAFT VIBRATION LABORATORY
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FIGURE 9. COMIAND'SERVICE MODULF ACOT"STIC TS
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FIGURE: ic. GOMMAND/SFItVICF MODULE VIBRATION TESTING
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SKYLAB VIBRATIOIN AND ACOUSTIC STRUCTURAL TEST SYSTEMS

James D. Johnston, Jr.
NASA Manned Spacecraft Center

and

Donald L. Knittle
Northrop Services, Incorporated

A detail,. description is given of the vibration and acoustic
test systems located at the Manned Spacecraft Center, -;ouston,
Texas, -zhicl, were used in dynamic structural evaluation of he
Skylao Orbital Workshop and Payload Assembiy. The test sys-
tems discussed include those required to impose a hiqh levelverberant acoustic i!d on large test articles and those neces-
sary for high force vibration testing of large, softly suspended
test articles.

INTRODUCTION covered in "Test Systems of the Spacecraft Vibration
Laboratory". Since the scope of this paper is broad.

The NASA Skylab is a ma'ind orbital scientific only the unique, new, or especially salient capabil-
laboratory scheduled for launch in early 1973. Since ities of the VATF systems for dynamic structur.l
the lau, i . i thea laboratory leads directly into an testing have been covcred. Furthermore, substantial
opera ; isd mission without a preceding development effort was devoted to upgrading VATF modal test
fligh. an extensive str,ctural dynamic test program hardware and capabilities, and, due to the wide scope
prii, to flight was req;ired to assure success of the of this effort, a separate paper (Reference 4) is
Skylab mission. The test program ( described in devoted to this topic.
References 1, 2, and 3) entailed:. (1) high-level a-
coustic testing to qualify the Skylab for resistance
to lift-off noisr and ensuing aerodynamic fluctuating
pressure; (2) Pigh-fcrce vibration testing to assure
the Skylab :ibility to withstand booster staging tran- r-- --
Sients and other low frequency flight phenomena; and I ~---'---- ~'*'
(3 low-io-ce modal and impedance testing to acquire I.L.-- -. . .. "- '

data fnw structural analyses. This extensive and "

comrlex testing was performed at the Vibration and
Ac'oustic Test Facility (VATF) at the Mannco Space-
c;aft Center, Hoicton, which orovided and operated
the test systems necessary to accomphsh all of the
Skylab test objectives. Acodstic, vibration, and
instrumentation systeni;s of the VATF were develope,
modified, or adapted to meet the test requirements,
and as a resilt of this effort, the VATF test capa-
bilities are at the forefront of the state-of-the-art for
structural dynamic testing.

This paper charz-.-rizes most of the dynamic test

capabilities of the VATF (Figure 1) by describing its _

test laboratories and equipment and, in certain in-
stances, how these laboratories and equipment were
applied to Skylab testing. In particular, a 'mique
reverberait acoustic chamber with closed-loop com- FIgure 1. Plan View of Vibration and Acoustic
puter control along with the VATF data system used Test Factlity
for acquisition, processing, and display of excit.hion
and response measurerients is described in "Test
Systems of the Spacecraft Acoustic Laboratory"; a
higin-force vibration system witl, versatile excitation,
control, and spaceci-tt 5suspension techniques is
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TEST SYSTEMS OF THE SPACECRAFT ACOUSTIC
LABORATORY

bA',-GROUND 
SPACECRAr ACOUSTIC
LABORATORY TOWER

The Skylab acoi'Stic test prograr, objectives
required that a reverberant sound field be imposed on REMOVARtE CEILING,

each of the two major Skylab components, the Orbital
Workshop (OWS )and the Payload Assembly (PA), to
simul,,te the relatively uniform spatial conditions of I ' - REVERBERNT CHAMBER
both launch acoustic noise and aerodynamic fluctuat- t I
ing pressure environments. These simulatinis ,n-
cluded overall sound pressure levels up to about 158 1 EST ARTICLE

dB and 155 dB, respectively. Since the mostservere ' DOOR

launch roise and aerodynamic pressures occur at I
different flight times and differ in spectral content,
two separate tests were required for each of the two
Skylab components. However, the preceding Apollo
program testing (Reference 5), which was the majof
VATF effort prior to S,,ylab, had employed proressive-
wave acoustic fields to excite test article respznses.
For this reason, the facility had not L :an equipped 25-HZ HORN.

with a large reverberant chamber to complement its CMES J

extensive inventory of progressive-wave A';Atures. In
order that the Skylab testing could be achieved with
maximum effectiveness, a s' itable chamber was Figure 2. Configuration of Reverberant Chamber
constructed ard equipped. (A Other Horns Deleted from Illustration)

Significant construrtion economy was realized by
building the required reverberant chamber withi 1 the REVERBERANT CHAMBER
existing Spacecraft Acoustic Laboratory tower (Fig-
ure 2 ). The chamber walls were attached to existing The reverberant chamber used for the Skylab
tower structure, so that no new major structure was acoustic tests (FIgu.e 2 ) is a rectangular enclosure
necessary. Also, construction of the reverberant 44.4 x 47.3 x 75 feet high within the SAL tower.
chamber within the tower provided double wall (the Three of the chamber walls are supported externally
tower outer wall and the reverberant chamber wall) ( internal to the tower) by the steel frame structure of
isolation of the reverberant sound field from laboratory the tower and are smooth and flat on the inside to
,dreas which were occupied by personnel during test; minimize potential sound absorbing surface area; the
thus, the chamber walls and ceiling were made much fourth wall, which coincides with a part of the tower
lighter than would have been required for noise iso- north wall, has a test article access door 32 feet
lation by only a single chamber wall. Furthermore, wi:e and 40 feet high and an internal support struc-
the reverberant chamber made fuil use of existing SAL ture both of which interrupt flatness of the wall. All
tower services and equinment, such as air-conditioning, four of the walls are fabricated from 6-inch thick
exterior doors, test article handling crane and hoist, precast reinforced concrete panels. Nineteen cir-
electrical power, and noise generating equipment., cular openings for horns are distributed among the

room walls; these openings accommodate one 25 Hz
The major SAL test systems are defined here as horn, two 50 Hz horns, two 100 Hz horns, and 14

the reverberant chamber together with its spacecraft horns for use in the frequency range above 250 Hz.
handling equipment; the noise generation system which The chamber ceiling, which utilized work platforms
consists of air modulator noisemakers and an air coin- once employed in the original tower, is made in nine
pressor system for supplying pneumatic power to the removable pieces 5 feet wide by 49 feet lonq from
noisemakers; and the acoustic environment control steel beams faced on the chamber side with 1/4-inch
system which controls noise generation equipment to steel plate to achieve a flat inner surface. Floor,
produce the necessary acoustic test spectra in the ceiling, and wall surfaces of the chamber are all
reverberant chamber. In the following acoustics dis- sealed with epoxy paint to minimize their sound
cussion, the characteristics of these systems which absorption. 
pertain to the acoustic test capability of SAL will be
discussed. The data acquisition and processing sys- The reverberant chamber is well equipped to
tems which complement the test capabilities of the provide the test article handling necessary for access
VATF laboratories are briefly discussed in this part to the chatber; assemhy within the chamber, if re-
of the paper. quired; and positioning on the chamber floor. Test
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articles which exceed the door size of 32 feet wide ulators each rated at 20,000 acoustic watts output
by 40 feet high (and can be disassembled ) can be are used for low frequency (below 300Hz) chamber
assembled from components within the chamber with excitation; high frequency excitation (300 to 2,000
the use of a 75-ton fixed point hoist and a 5-ton cir- Hz) is provided by 14 air modulators, each rated at
clar bridge crane. The hoist and crane are located 10,000 acoustic watts output. The SAL air corn-
ia the tower above and external to the chamber and pressor can produce 27,000 SCFM at 30 PSIG.
can service the chamber when the chamber ceiling is This flow sipplies air for simultaneous operation of
partially removed. Test article handling and assembly various corbinatioqs of air modulators; for instance,
are expedited by supporting the test article with air five low frequency and eight high frequency air mod-
pallets. An air pallet, about 2 feet square and 2- ulators or twn low frequency and 14 high frequency
inches thick, inflated with shop air, can mobilize a modulators consume the full compressor capacity.
Inad of several tons on a smooth floor. Twelve of The SAL air compressor system can also operate
these units were used to facilitate the assembly and with nitrogen rather than air to reduce high frequency
positioning of the Skylab PA ir the chamber. The acoustic absorption and thereby obtain more effective
use of the 2-inc': thick air pallets rather than a more use of the sound energy in the chamber, as delineated
cumbersome sopporting structure (and dolly) will per- in a later section. Also, the comoressor provides
mit a tEst artice to be almost as tall as the chamber virtually unlimited test durations.
height. The PA was actually a few inches taller
than the chamber so a 3.5 foot diameter hoie was cut ACOUSTIC SPECTRUM CONTROL
in the ceiling to allow the PA nose cone to protrude;
in this case, the ue of air pallets minimized the re- Acoustic test spectra generated in the reverberant
quired ceiling modification, chamber are automatically controlled by a closed-loop

digital computer based system represented schemati-
NOISE GENERATION cally in Figure 3. The control system samples noise

data from up to 30 microphones, compares the average
Air modulated sound generators are used in the of these data to a preprogrammed 1/3 octave band

reverberant chamber for horn drivers. Five air mod- spectrum, and then gives appropriate commands to a

(17 max)

A )\ MICHROPHONE

REVERBERANT CHAMBER (30 max)

AMPLIFIE MULTIPLEXER

(17 max)I/3 OCTAVE FILTERS

NOISE 1/3 OCTAVE ,
SOURC ATTNUATRS J RMS DETECTOR

INPUT/OUTPUT GRAPHI

Figure 3. Diagram of Automatic Acoustic Control System
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set of digital attenuators which regulate the air REVERBERANT CHAMBER AC0USTj.
modulator power amplifiers. This system is capable CHARACTERISTICS
of simultaneously shaping and raising the acoustic
spectrum from 10 dB below nominal to the nominal Modal Properties
sound pressure level in eight to 20 seconds.

At low frequencies in a reverberant chamber
The use of an automatic spectrum shaping system (frequencies below some nominal frequency for which

has proven to be advantageous both in test quality and only a few wave lengths are equal to a typical room
in manpower utilization. Refinement of the test sound dimension), the acoustic energy available to excite
field has been obtained by basing the acceptability of test articles is largely concentrated at discrete a-
a spectrum on the average response of up to 10 micro- coustic modal frequencies of the chamber. The
phones (with a capability of 30 ); more microphones frequency locations of these acoustic modes with
than could be conveniently used without the aid of a respect to structural modes of the test article are
computer. A major improvement in test quality also therefore important. Specifically, the proper exci-
results from the fast buildup to full test level of the tation of the test structure by acoustic energy requires
computer controled spectrum shaping, since, there- that one or more chamber modal frequencies fall within
by, a test article is subjected to only a few seconds the modal bandwidth of each structural response mode.
of noise prior to the actual test start. The previously The bandwidth B for a striztural mode is defined as
used manual spectrum shaping procedure, on the other that frequency band between the modal halfpower
hand, required extensive undesirable exposure of the points: B = fo/Q where fo is the mode frequency and
test article to high level nontest noise (albeit below Q is the mode amplification factor. A rectangular
the full test level) to accomplish the iterative proce- room, such as the SAL reverberant chamber, has
dure of exposing the test article to noise while record- modal frequencies (Flmn) given by the formula:
ing microphone signals, data reduction and analysis,
and subsequent manual adjustments to the individual c 2 + 2 21/
air modulator power amplifiers. This entirely manual F = 2 +1/

operation, which typically spanned several days, has [ mn 2 L M N
been replaced by the minimal manual adjustments of
the individual air modulator amplifiers for use with the where I, m, and n have integer values; c is the speed
digital control system and only seconds for spectrum of sound in feet per second; and L, M, and N are the
buildup to test level . room dimensions in feet. All of the calculated modes

below 112Hz (788 modes) are shown in Figure 4.

N 3-
t

,Z 2-U

UJ0

<

0_

0 1 20 30 40 510 i0 70 80 90 0 liO

FREQUENCY, hertz

Figure 4. Reverberant Chamber Modal Characteristics

20

I *

LU

http://www.abbottaerospace.com/technical-library


(These calculations assume an air medium at standard absorption in air to the sound absorption after most of
atmospheric conditions.) The modal frequencies are tile oxygen in air has been replaced by nitrogen (the
indicated on the abcissa of the modal plot b vertical gas is 95.5% nitrogen). As expected, these data
lines. Tile height of each line is proportional to the show no significant difference in absorption below
sum of tile two frequency .paces between the indicated 400 Hz, but above 400 Hz, it can be seen that the
mode and its nearest neighboring mode ol each side; benefits of replacing the oxygen in air with nitrogen
thus, the line heights give an indication of the uni- increase with frequency. The effect of these absorp-
formity of modal spacing. The figure shows that the tion data on the generation of a sound spectrum is
average modal density of the reverberar.t chamber is shown in Figure 6. T' e same input power to the room
good enough in all 1/3 octave frequenty bands above
the 20 Hz band to excite typical structural modes 0o
Which have Q's ot 50 or less. I

Z 1'40 . -%Chamber Absorption WI14

As previously mentioned, ,'itrogen or air can be -

used as tile acoustic medium in tie reverberant chain- -t--I
ber. Nitrogen, which provides greater sound pressures o I
in the high frequency range fir a given acoustic power 2 1 _
input to the reverberant room, is introduced into the
compressed air loop by bleeding off air from the corn- j i I ,
pressor return line and using dry nitrogen stored in 1 63 125 250 500 0,, 2,, 40 00.. .. .
gaseous form as the makeup supply until the desired
nitrogen cortent is achieved. The effect of nitrogen FREQUENCY. , ,,,

content on the absorption of sound in the chamber is Pigure 6. Sound Spectra in Air and in
shown in Figure 5 which compares the chamber sound a Mixture of 95.5W N2 and 4.5% 02

1200 /

1000

800

o._S 600 ,

0

400 -,.. 5.5" N2,
4.5% 02

200

0 I I I I I I . I i I I I I I I I
31 63 125 250 500 1000 2000 4000

FREQUENCY, one-third octave bonds

Figure 5. Reverberant Chamber Sound Absorption in Air and a 95.57 N2 , 4.5' 02 Atmosphere

21

-' . .t. .. '- . - - -,- -- - - - --- ,

http://www.abbottaerospace.com/technical-library


was used to generate both spectra, but the high fre- time information in raw form can be displayed on
quencies are enhanced in the acoustic medium with oscillographs, oscilloscopes, and meters paralleled
oxygen replaced by nitrogen., with data recording systems.

Spectral Flexibility

Two spectra generated in an air environment with-
in the empty reverberant chamber in preparation for the
Skylab tests are shown in Figure 7. One can see 140

from these spectra that the SAL systems have a high
sound generation capability for spectra which peal,
at high or low frequencies. Both of the spectra of 30

Figure 7 were generated with the use of a mixture of 160-o

high and low frequency air modulators and horns, were o
obtained with air, and are representative of Skylab 0. 0

test conditions. o

DATA SYSTEMS 10

A Central Data Acquisition System (represented
schematically in Figure 8), located between the Vi- 130,

3ration and Acoustic Control Rooms, supports the

VATF laboratories in Building 49 (Figure 1 ). The FREQUENCY, hertz

acquisition capacity consists of 312 channels of P Figure 7. Acoustic Spectra Shaped Automatically in
to 2,500 Hz data recorded on four FM multiplexed the SAL Reverberant Chamber
tape recorder subsystems and 91 channels of 0 to
20,000 Hz data recorded on seven FM Simplex tape
recorder subsystems. During a test, limited real-

TRANSDUCERS SIGNAL CONDITIONING I ANALOG RECORDERS

PIEZOELECTRIC 0 SEV
OR VOLTAGE -300 ACCELEROMETERS DC TO

SERVO |

ACCEtEROMETERS 100 SVL

STRAIN GAGES OR IBRIDGE BALANCE
BRIDGE CIRCUITS 100 UNITS AND

I ~ ~AMPLIFIERS40=I

PIE% - c'CrRI( CHARGE OR

., VOI TAGE 230 VOLTAGE

A,.C i QMO.E, 1'c0 SAL I

STRAIN GAGES OR 20KHZ

BRIDGE CIRCUITS 120 VOLTAGE

Figure 8. Central Data Acquisition System
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Bulk data processing is performed using digital VIBRATION TOWER
techniques at the MSC central computer complex. The
processing for both random and sinusoidal waveform The Spacecraft Vibration Laboratory, in which
records is based on fast-Fourier-transform algorithms, Skylab vibration testing was performed, consists of
and the data can be displayed in a wide variety of for- a vertical test tower, spacecraft suspension systems,
mats (e.g., power spectral density, 1/3 OB spectro- high-force excitation systems, control and monitor-
gram, amplitude/phase vs frequency, force-normalized ing systems, and auxiliary equipment. The overall
coincident and quadrature acceleration vs frequency, size of the tower is 60 feet square by 106 feet
etc.). For quick-look test visibility, limited data high, and it contains a test space 37 by 47 feet
are processed at VATF by analog methods; for in - that has a vertical clearance of 93 feet. Spacecraft
stance, twelve 1/3 octave spectrograms or six power installation is accommodated by a main door clear-
spectral density plots per hour can be produced. ance 32 feet wide by 40 feet high; a fixed 75-ton

hoist, plus two bridge cranes of 10 and 20-ton capa-
This broad range of data acquisition and reduction city, respectively, provide for the handling of space-

capabilities permits full realization of the state-of- craft and heavy equipment. Fixed platforms of 10
the-art testing potential inherent in VATF. foot vertical intervals, starting at the 15 foot eleva-

tion, line the test space on three sides and provide
TEST SYSTEMS OF THE SPACECRAFT VIBRA- for test hardware support and personnel access. Full
T ION LABORATORY and intermediate length movable platforms are pro-

vided for support and additional access within the
BACKGROUND test space. The tower is air-conditioned and con-

nections for lighting, electrical power, air, water,
The Skylab vibration test program required test- instrumentation, intercom, and closed-circuit tele-

ing of the spacecraft in two sections, the Orbital vision are distributed throughout the laboratory. These
Workshop and the Payload Assembly; the PA was re- support systems are operated in conjunction with the
quired to be tested in two configurations, launch and special test systems described in tme following sec-
orbital (shroud removed, Apollo Telescope Mount tions to perform spacecraft vibration testing.
(AMT) deployed, and Command and Service Modules
(CSM) docked.) Testing of the OWS consisted of SPACECRAFT SUSPENSION SYSTEMS
low-level and high-level programmed-motion sine
sweeps, Excitation of the PA in the launch confi- Suspension systems for the Skylab spacecraft
guration consisted of low-level constant force sine were selected on the basis of spacecraft weight and
sweeps, high-level damped-sinusoidal transients, geometry, vibration displacement and frequency range,
and a modal survey. Vibration testing in the orbital and hardware availability. The Orbital Workshop test
configuration consisted of a modal survey only. The article weighed 77,000 pounds including force fix-
spacecraft were oriented with the longitudinal (flight) tures, was 22 feet in diameter by 40 feet high, and
axis vertical, except that the Apollo Telescope Mount had a CG (center of gravity) at the geometric center.
was deployed 90 degrees to a horizontal attitude in The Payload Assembly (launch configuration) weighed
the orbital configuration. The maximum vertical di- 123,000 pounds including fixtures, had a diameter
mension for these spacecraft was 76 feet for the Pay- of 22 feet and overall height of 76 feet, and had a
load Assembly (launch configuration), and the maxi- CG 33 feet high. The Payload Assembly in the
mum horizontal dimension was 40 feet for the PA with orbital configuration weighed a total of 130,000
the ATM deployed. Approximate weights of the test pounds including the Command and Service Modules.
articles were 60,000 pounds for the OWS, 110,000 High-force and modal vibration test specifications
pounds for the PA, and 120,000 pounds for the required that the test articles be freely supported
combined PA ind CSM in tl'e orbital configuration. with one inch displacement capability for high-force
This section describes the test systems of the Space- testing and three inch displacement clearance for
carft Vibration Laboratory which were utilized to modal testing. To minimize the influence of the
perform the high-force testing and also describes the supporting system, the suspension resonance fre-
suspension of the PA in the orbital configuration. quencies were required to be below one and one-half
(Modal survey testing in that configuration is de- hertz for the OWS and below one hertz for the PA,
scribed in Reference 6.) The test systems of the while damping was limited to five percent of critical
SVL may be conveniently divided into four parts: with one percent desirable.
the vibration tower, the spacecraft suspension sys-
tems, the spacecraft excitation system, and the Two basic types of suspension were available
vibration control system. Brief descriptions of these in the SVL; hydrostatic bearings and pneumatic
systems and explanations of how they were utilized springs. Bearings are employed when test article
for the Skylab testing are presented in tie following motion must be constrained to uniaxial translation,
paragraphs and springs are used primarily for free-free support;
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however, the two types may be used together for of the four springs consisted of one double-convolu-
special requirements. Pneumatic springs were avail- tion commercially frbricated rubber element; this item
able in two configurations; first, bellows of reinforced was attached to an integral orifice/plenum assembly
rubber; second, stee! piston assemblies with rolling which was mounted on a support stand; the stands
rubber diaphragm seals. The bellows type is suitable also provided hard support for the spacecraft when
primarily for ui.derneath support, while the piston the springs were deflated. The vertical resonance
assemblies are designed for overhead suspension. Both frequency attained by this combination was 1.1 Hz
of these spring types provide low spring rates in the and the stability ratio (which is defined as the ratio
vertical direction and the bellows type is soft hori- of restoring moment to overturning momentwas 4.6.
zontally, as well. However, the piston units are Suspension characteristics of this and the other two
very stiff in the horizontal plane and must be used in configurations are summarized in Table 1.
conjunction with suitable pendulum attachments to the
spacecraft if lateral freedom is desired. The require- Suspension of the Fayload Assembly in the two
ments given above led to the use of air spring suspen- configurations introduced some new considerations.
sion and both available types of pneumatic springs in The high vertical CG of the launch configuration re-
three separate configurations were utilized. Free- quired a support with either an extended base radius
free suspension with sufficient stability to omit or an increased spring rate to provide sufficient static
snubbers or cable restraints was achieved in all three stability for underneath support. The extended radius
setups, was structurally undesirable and the increased spring

rate would result in a resonance frequency higher
The moderate weight and CG height of the Orbital than the specified limit., Furthermore, it was de-

Workshop permitted the selection of bellows air springs sirable to use as much common spring hardware as
ir a simple underneath support configuration. The possible for the two PA configurations, and to have
OWS was mated to an existing ring fixture which was nearly identical spring characteristics for each of the
supported by four springs as shown in Figure 9. Each three spacecraft assemblies in the orbital configur-

ation. The spring rate of an air spring is propor-
tional to the abz.olute air pressure and inversely
proportional to the volume according to the relation

where K is the spring rate, A is the effective piston
EEL) . :i TEm area, P is the absolute pressure, V is the volume,

and LY is the ratio of specific heats ( ' is 1.4 for
air)., The absolute pressure required to support a
given load, W, is given by

a .. + PI -A attn

where Patm is the atmospheric pressure. When the
load, W, is fixed and the resonance frequency is
limited (as was the case for the PA spacecraft ),
then it is extremely desirable to be able Lo change
both the piston area and the volume of the air springs.
The area is then selected to obtain a reasonable
working pressure, and the volume is adjusted to
obtain the desired resonance frequency. The exist- 4

ing VATF piston air springs were modified to allow
incremental changes to the piston area and to pro-

S . . vide continuously adjustable volumes. The variable
area was achieved by installing 10 cylinders on the
plenum tank such that any even number of pistons
from two to 10 might be used according to the load.
At a nominal working pressure of 100 PSIG, each
assembly could be set up to support any load from
10,000 to 50,000 pounds. The volume change
in the horizontal cylindrical plenum tank was accom-

Figure 9. Orbital Workshop Suspension niodated by provisions for partially filling the tank
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TABLE I CHARACTERISTICS OF THE OWS AND PA SUSPENSION SYSTEM

PARAMETER OWS PA

Launch Config Orbital Coniguroton

Bose Assembly Apollo Telescope Mount CSM

Degrees of freedom Six Six Six Six S'x

lype of suspension Underneath, Overhead, piston Overhead, piston Overhead, piston Overhead, piston
bellows air c . sprngs/pend- air springs"pend- air sp.insaspend- air springs oend-
springs lun, lur lure ulun

Number of springs Four Three Three One One

Total supported weight 77,000 lb 123,000 lb 78,000 lb 25,5(. 1, 29,000 lb

Operating air pressure 70 psig 82-94 psig 87-103 psig 87 psi,; 107 psig

Resonance frequency:
vertical translation 1 I Hz 0.75 Hz 0.5 Hz 0.5 Hz 0.5 Hz
horizontal translation 0.3 Hz 0.3 Hz 0.3 Hz 0.25 Hz 0.3 Hz

Domp ng ratio, 'ertical Less -hon 1% Approx 2% Approx 2; Approx 2% Approx 2%o

Stability ratio 4.6 1 9 Not Applicable Not Applicable Not Applicable

Ratio of restoring moment to unbalance nonent,

with hydraulic oil. The total volume is 39,000
cubic inches and this may be reduced to 13,000
cubic inches by adding 113 gallons of oil. There-
fore, a volume change and consequent spring ratechange of about three to one may be effected. Accord-
ingly, five of the piston air springs were so modified
and utilized with the PA spacecraft. Three of these
assemblies with 10 pistons each were setup to sus-
pend the PA in the launch configuration shown in
Figure 10. The PA was mated to the same ring "
fixture used with the OWS, and the fixture was sus-
pended on 104-inch long pendulum rods attached to
short outriggers on the ring. Note that a load cell
was inserted it, each pendulum assembly to obtain
the load on each spring. The three spring plenums ,
were filled with calculated quantities of oil to obtaini
the same resonance frequency.

Five air spring assemblies (piston type )were
required for suspension of the PA and CSM in the
orbital configuration as seen in Figure 11. The space- ---,ttt,, U icraft were supported as three subassemblies:, the Ei U !'. - I
lower subassembly was hung on three springs in the
same manner as the launch configuration vehicle, but
only six i istons per spring were required; the CSM
and the ATM subassemblies were each suspended from
single springs also fitted with six pistons, and the
sprint plenum volumes were adjusted to provide iden-
tical resonance frequencies for each subassembly.
After mating of the three spacecraft components, the
suspension of the combined assembly was essentially
operated as a single system. Characteristics of the Filre l. Payload Assembly aunch Configu-
suspension systems for the PA in both launch and ration ssuspension.
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band from three to 60 Hz, displacements up to 0.5-
inch double amplitude, acceleration up to 3.6 g peak,
and inaximuLm calculated forces of 100,000 pounds.
The spacecraft excitation system of the SVL includes

P L eiglit thrusters (electrodynamic shakers equipped for
single point force attachment) each rated at 10,000
force pounds continuous output, three power amplifiers

CS M rated 175kva each, and a central switching console
capable of establishing all useful combinations of
series and parallel thruster/amplifier connections.

Eight thrusters were utilized for longitudinal
AT M excitation of the OWS and six in each of two lateral

axes. Since neither inertial mass nor structural stiff-
ness was available to react thruster forces within the
test frequency range, the thruster masse!s were aug-
mei:ted with steel billets attached to the field struc-
ture, and those inertial assemblies were isolated from
the facility floor and structure. For vertical operation,
eight thrusters were mated in pairs with six-inch thick
steel billets into assemblies weighing 30,000 pounds
as shown in Figure 12. These assemblies were iso-
lated from the floor by air spring units which had
mechanical position control valves. For horizontal
operation, shown in Figure 13, six thrusters were
individually increased in weight from 4,000 to

AIR 8,000 pounds, and each assembly was mounted on
X5 a modified support base which utilized four linear

IN G (5) ball bushings on twin horizontal shafts in a cast
,% steel base. The thruster body with the augmenting

steel billet. was free to slide along the shafts in the
direction of thrust, thus isolating vibration forces
from the tower structure. Thrusters were driven in
series to aid in obtaining uniform amplitude and phase
of excitation forces; actual force amplitudes which
were required for Skylab testing varied from 200 to
12,000 force pounds per thruster with one, two or
three series-connected power amplifiers used as
required.

Figure 11. Suspension System for Skylab Payload
Assembly, Orbital Configuration VIBRATION CONTROL SYSTEMS

Skylab test specifications required the imple-
mentation of a number of control system configurations.

orbital configurations are given in Table 1l In the For the sinusoidal, fixed and swept frequency tests,
three configurations, each air sprga s co ld automatic control of input force for constant force
be operated manually at a local control panel tests, and automatic programmed control of input
could be operated manually or automatically from the motion for the launch and boost simulation were re-
control room. Automatic operation utilized individual quired. Maximum allowable acceleration amplitudes
closed-loop control of the spacecraft elevation at at selected locations on the spacecraft were specified
each spring. Linear l. Aentiometers were used as for all tests and the input force was required to be
sensors and solenoid valves were used as control limited to preclude exceedance of th3se amplitudes.
elements. The solenoid valves were driven in a ran- (For the damped sinusoidal transient tests, the space-
dom sequence to prevent rythmic interaction of the craft response limiting requirements were deleted.)
springs. Automatic operation of the suspensions
maintained the mean spacecraft position within 0.05- Figure 14 shows the SVL control room located
inch. on the second level immediately adjacent to the tower.
SPACECRAFT EXCITATION SYSTEM Standard and special equipment are avaiiable for

generation and control (automatic or manual) of sinu-
The vibration test specifications for the Skylab soidal, random, and transient excitation, and for

spacecraft required excitation within the frequency monitoring test article response and tes. system status.
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Figure 14. Spacecraft Vibration Laboratory Control Room

This equipment may be easiy configured by patching For the PA tests, constant force input sine
and switching into systems capable of satisfying corn- sweeps were controlled by instantaneous summing of
plex test requirements, such as those of the Skylab the eight force signals and filtering out the funda-
program. The equipment was configured as shown in mental total force as the control signal. Spacecraft
Figure 15 for vibration testing of the Orbital Workshop. response motion at 23 locations was continuously
For constant force testing, excitation force signals compared with pre-established limit amplitudes, with
(not shown in the figure )were fed to the maximum an automatic abort for any limit exceedance as a
level selector and the maximum signal was used for mandatory action.
automatic control. Exploratory tests resulted in
switching of control to spacecraft response motion in For simulating booster cutoff and separaiion
certain frequency regions. Force levels and limiting excitation, the Payload Assembly was also subjected
response amplitudes were adjusted and a successful to darped sinusoidal transient excitation using the
constant force sweep w3s attained. Analysis re- control system shown in Figure 17. The transient
vealed that the eiaht thruster force amplitudes and signal was generated by modulating the amplitude of
phases were nearly identical. For the programmed a sinusoidal signal. Control was open-loop and
input motion tests of the OWS, 23 input and response proper amplitude was established by determining the
motion signals (acceleration) were filtered and response/excitation transfer function at low level.
weighted and fed to the maximum level selector. The Two to four iterations were required at each of the
selected signal was programmed and fed to the servo nine specified frequencies to attain the required peak
controller. Six additional motion signals, selected acceleration amplitude. Examples of typical transient
to represent cross-axis motion, were fed to a multi- excitation and spacecraft response are presented in
channel limit detector which was connected to effect Figure 18.
an abort upon the detection of any limit exceedance. CONCLUDING REMARKS
Figure 16 shows how the system performed during
the OWS test. Note that servo control was excelleat A major test capability was develo;,ed at the
and that spacecraft response was actively controlling Vibration and Ac, ':, Test Facility (VATF ) to
the input excitation at most frequencies above 12 Hz. meet the needs of trit ,i - rar 'or dynamic
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Figure 15. Vibration Control System for the Orbital Workshop
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Figure 17. Transient E'xcitationl System for Payload Assembly Vi-nration

FORCE, A CI
lb J 9

0 J0

-5000.O~

0!5.0 5 0 05 '

EXCITATION FORCE 0 OF 816~ON AC^_~r~

Figure Vs.ypca Transicnt Eixcitation and :1esponse. payload Assembly Vibration

30

http://www.abbottaerospace.com/technical-library


structural evaluation of the OWS and the PA. The during 'aunch and boost by staging transients, rough
structural effe^ts of the severe high frequency (approxi- fuel burn, wind loads, and other low-frequency pheno-
mately 40 to 4,O00Hz)portions of mission environ- mena was determined by high force testing in the
ments, such as lift-off acoustics and aerodynamic Soacecraft Vibration Laboratory (SVL). This paper
fluctuating pressures, o the Skylab spacecraft were has described the wide-ranging, state-of-the-art,
determined by tests in the Spacecraft Acoustic Labora- capabilities of the SAL, the SVL, and their comple-
tory (SAL ) reverberant chanber. The ability of the nentary data acquisition and reduction systems; all of
Skylab hardware to iv:thstand the vibrations induced these VATF capabilities contributed significantly to

the success of the Skylab structural evaluation program.
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DISCUSS ION

Mr. Arthur (Aerolet Propulsion Co.): On Mr. Schell (Shock and Vibration lnfnrn.ation
your acoustic teSting program, how do you center): You showed bi your controI acceler-
dotermine the irodal density of that acoustic ometers that you didn't allow" overtesting at
chamber? certain points. Tt occurs to me that there

might be other points on the structures which
Mr. Dirland (NASA Manned Spacecraft Ctr.): should be getting a much higher input during

The plot that you saw was of analytical results the test. Wouldn't this therefore result in
calculated for a rectang:lar rom. We attempt- an undertest at certain other points?
ed to get an experimental verificacion of that
but we never could because the modes in prac- Mr. Dorlard: This was a source ')f CndlLss
tice always tended to be smeared out and less hours (f debate on philosophy and rationale.
distinct than shown here. This is a more The upshot of it was that we felt that we had
rigorous measure of the success,or lack of it, to control on the weakest condition or on the
of being able to meet the criteria. item that was most resonant. We also had a

criteria that the test level had to maintain a
certain minimum value, which it always did.
We never had to face the issue what as to

would have happened if it hadn't.

31

• -i

http://www.abbottaerospace.com/technical-library


ORBITAL WORKSHOP VIBROACOUSTIC
TEST PROGRAM

W. H. Keller and E. Yoshida
McDonnell Douglas Astronautics Company

McDonnell Douglas Corporation
Huntington Beach, Cal;fornia

Acoustic and low frequency sinusoidal vibration tests were performed on the O~bital
Workshop Dynarmc Test Artihle, a full-scale, high fidelity flight article simulation, we~ghing
approximately 80.000 pounds. The test control techniques, results, and use of data to verify
component qualification test criteria and analytical models are described.

INTRODUCTION individual component basis if significant cost or schedule impact,
became apparent The mass of plumbing and wiring was

Acoustic and low frequency sinusoidal vibration tests were integrated and added to the associated equipment mass
performed on the Orbital Worksb. 1' Dynamic Test Article, a substitutes e cept for lines greater than 2-in. in diameter or wire
lull-scale, high fidelity flight article simulation weighing runs greater than I-n. in diameter in which stiffness and/or mass
approximately 80.000 lb. Testing of tlc Dynamic Test Article might signficantly affect dynamic response. In such cases.
(DTA) was conducted in two phases In the first phase. acoustic production ine attachments and terminals were installed
tests were conducted in wlich the maximum sound pressures and
resulting random vibration responses were produced !o simulate Some of the major components which were simulated are as
environment of the Orbital Workshop (OWS) dunng Iftoff and follows
boost. In the second phase, low freqi'ency sinusoidal N:b.dtion
tests were conducted to obtain modal response data and to Item Weight (lb Remarks
produce the maximum transient response to simulate
enviroimen. of the OWS during launch, engine cutoff, and stage Solar Array 2,160 (each) Simulated mass, center
separation. A two-volume report I I I covers each test phase. of gravity, and

stiffness
TEST OBJECTIVES AND TEST SPECIEN

Radiator 436 Simulated mass nnd
'Fle objectives of the DTA test program were to. center of gravity

A, Verify acoustically induced vibra ton design and test Film Vault 2,993 Simulated niass and
criteria previously selected fo components and center of gravity
subsystems

Water Contsaner 909 Filled with tap water
B. Demonstrate structural integrity of bracketry and

secondary structure exposed to launch acoustic and Power Distribution 741 Simulated mass and
vibiation environments and transient loads dunng Display Console stiffness
staging

Thruster Attitude 150 (each) Simulated mass and
C. Verify analytical models used for dynamic load Control System center of gravity

analyses Sphere

The DTA was a full-scale, high fidelity snu,..on of the ACOUSTIC TEST
OWS flight stage structure, which is shown in Fig. I. The DTA
was assembled from previously 'uilt tankage and skirt sections Acoustic testing was conducted at the Manned Spacecraft
The tankage came from the Facilities Checkout Vehicle. The Center in Houston, Texas during February 1971. The volume of
forward and aft skirts had been used on the Saturn S-IVB/V High the 60- by 70- by 105-ft reverberant acoustic test chamber (the
Force Vibration Test Program. Spacecraft Acoustic Laboratory) had to be reduced to attain the

sound pressure levels specified for the DTA To accomplish this,
Secondary structure and brackets were of a configuration to a prestressed concrete chamber was fabricated inside the original

provide proper stiffness, strength, and geometry to the flight facility. The new chamber size was 46- by 49. by 75-ft (Fig 4)
hardware. All components mounted on brackets, panels, basic To permit achievement of the required DTA spectrums in the
structure, and isolators were mass simulated. Weights of the mass new acoustic test chamber, special acoustic horns were designed,
simulations were defined by the existing weight mathematical built, and installed WAS-300 and LiPT-200 air modulators were
model for the OWS (21. Fig. 2 and 3 show some typical couplec to the horns.
compor nt simulations In Table I are presented baseline mass
simulation requirements for components Tlhese values provided The tet specimen includedt a mass simulated IBM
initial guidelines and values and were subject to negotiation on an Instrument Unit. the DynanuL Test Artine. and a Saturn
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Figure 2 Dynamic Tett Article Crew Quaitera Simulation Figare 3 Dynamic Test Article Forward Compartmrrent Simulation
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Table I

I)YNAMIC tEST ARTICLE MASS SIMULATION REQUIREMENTS AND TOLERANCES

Component C-ategory Simulation Parameter

ICG Moment ot Inertia Moment of Inertia
( Reference (Referensce (Refertice

Weight Component) Inlst allation) Component)

I udis idual items mounted on display or eqimpien t panels

For items weighinig less (total) NA N/A N/A
than I lb* j ±107%

For items weighing I10 (individual) N/A N/A N'A
to 10.0 lb ±0.5-lb_________ _______-

For items weighing ±10% ±5%r of component ±10% N/A
more than 10 lb dimension or ±:0 25-in

whichever is gr-ater - _________

Assemblies and components on brackets. basic structure, or isolators

For items weighing less ±10' or 0 5-lb. N/A N/A N/A
than 20 lb whichever is

greater

SFor itenis weighiiig ±10 ±5% of component N/A N/A
between 20 lb and dinmension or ±0 25-in -

b more than 100 lb -______a bv rae 0

*l-or eqipmient pat-/s toleranice on total weight on panel iiot to exeed ±0 5 lb or ±1W7,. whuiever is great er
Jtins weighinig less thn16 hud be integrated in thle basic panel Yinadation iti the f-Mat iteig/iI withtin f/ie tolera'icite

S-IVB/V aft interstage structure (Fig 5) The habitation and \-'in vibration aiid two acoustic measurements were nmade
waste tan~ks were pressurized at 8 ± 0 5 psid throughout the un die DTA which were identical in initallation to tidvI Soturn
acoustic tests Acoustic closeouts which provided at least a IS dB flighit measurements, and which, in stnieliral areas whLcre the
verall noise reduction were installed forward of' the Instrument least amnounit of difference between flight and DTA clyna-nic
Unit and aft of the aft interstage lii- forward closeout was made response was expected These measurements were on the forw ird
of 1/4-in steel plates and! the aft was made of wooden sheets and aft skirts The ratio of vibration level to acoustic level in ca-,h
spaced approxinmately 6 in. aipart and fmlltd with sand Rubber 113 oWave band was calculated fromt flight data. For the san c
tires. were utilized to isolate the test specimen from the chamber measurement location on the DTA, the vibration/acoust.. luvtl
floor The acoustic rest specimen was instrumented with 200 ratio was deternined fom l)TA test data taken ;.uring a
acceleronicters. 19 dynamic strain gages, and 18 microphones low-leiel acoustic run. The degree of test chamber efficiency %%as
An additicnal 10 miicrophlones were located in the reverberant determnend by subtracting the DTA vibration/acou-tic ratios
chamber front th;: flight dia ratios The acoustic qualification test level

was then lowered b% thIs difference.
The inteiit of the acoustic tests was to simulate the

maximum sound pressure levels expected during, liftoff and The following equati waS used to calculate the
boost 'I lie mamnimi expected levels arc represeiited by the OWS vi brat 10n/aoust IL ratios or transter funetuon m-rF) in do for
acoustic 1iialiittio'i0 test crtria, which are based oii measured one-third Wcave bandwidths
Saturn V data j3-01 with a factor of safety added (Fig 6)
However. stitiiural vibration can be iiore efficiently induced i0 Log Lrel
a reverberant acoustic chsamiber than in a tree field or flight TF = 0LgP/Pref
situation 171 It was therefore necssary io determine the degree
of this efficiency for the l)rA chamber and to adjust test criteria
ac.cordfingly The hollowing psrocediure was used m20 Log ig/gret) 20 Lug (P/Pref)
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SPACECRAFT ACOUSTIC LABORATORY

I-

,, ., ]Figure . Dynamic Test Article Aco stic Tet Sp ecmen

;,.' operated in an automatic closed loopl mode to fully control the

test levels to wthn plus or minus 2 dB In tie automatic 
cloed

COMPRSSOR ROOM loop mode, tie computer would first ,;anple thle /3 octave band

levels from two microphones, which were determined to be
table and generally representative of all the microphones If

Flqur 4 Spacecraft Acoustic Laboratory necessary tie outputs of the appropriate noise generators were

automatically varied until the average of the two microphones
reached the preset dB level (for example, -9 dD below the final

where levels) At this point te computer would sample all nine

g = ibraionampltud, risnmcrophones and modify the outputs of the appropriate noise

vibrtionamphuderu~sgenerators until the average of all nine mcrophones were w thin

g re = 10 g m- 2 LIB of the specified level irhe final acoustic test spectra are
ralso shown in Fig. 9.

20 Log (P/Pref) "-Sound pre,.sure lev el (SPL) in LIB
re 2 x 10"5 N/i2) Durations of the fall power lftoff level and boost level tests

were [-mm. and 2-m, respectively The DTA was inspected

therefore after the completion of each full level test run "there were no

TF = 20 Log (g) -SPL

A comparison of typical lght and DIA transfer functns -
is shown in Fig 7. The test chaOber 

BIfLciency factor was 
,

defined as tAe dCfference between the D'A and flght transfer -FLIHT DATA t4 FLIGHTS)

Xfunctions Only three of tie nine fliFht measurements were ,tOWS SPECIFICATION

ultimately used a cc spartng transfer functions to determine theo
averae effio aency factor Selection of tie three measurementsclosed p m t l

was base] on directional sensgtty of instrumentation to ther 
I

acousti4 Spacecraft aout a r necesary then Op of the approp140 n gt o

dataa Te plotted pontu on Fig 8 are tte average delta decibel -
Z/(rB) difference between DTA and flight transfer functions, using -9 d

the three noted measurements 
o te smoothed curtes on these rI

plt veibratfina ipciencs generator until the averace ofalnntmcohnsee ti

qualfcaton level acoustic brecificaiton for the tests 1. 20( 4 0 10 35 60 15 50 50 00

The efficiency factors were pplied to the OWS acoustict sNE-HIRD OCTAVE BAND CtNER Fi REQUNCIES HZ

criteria to obtain tae adjusted DTA test levels shoon in Fig 9

The outputs of nine microphones located on toe surfac of the Flure 6. Typica OWS Acoustfc T lt Spe vaficeaton Versus

test specimen ware averaged and used to control t2e adjusted test Flight DatT
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150 LIFTOFF RUN A041
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s-1" "1 125 20 .... OTA ADJUSTED SPECIFICATION

GNE THIRD OCTAVE RAND CENTER FREQU(NCiS HERTZ AVERAGE TEST CONTROL LEVEL

V,
cr 15C

BOOST (RUN A07)

Figure 7. Typical Comparison of OTA and Flight Transfer
Functions _________1140----- -Ip 1 , % I I

structural failures dunng the acoushc tests Several minor 1301-

anomaies were encouniered which were primarily attributed to F T
differences between the actual flight hardware and the simulated I I
hardware used in the DTA. Examples of anomalies were 020 40 80 160 315 630 1250 2503 50 1030

ONE-THIRD OCTAVE BAND CENTER FREQUENCIES 1HZ)

Description Disposition Figure 9 Comparison of OWS Specification, DTA Adjusted Specification
and Computer Average Test Control Leeli

Seven mass simulators became Production diawings specify use

loose of self-locking bolts

of the subtones, the criteria were lowered, rcsulting primarily
Mounting bolts of four units Production drawings specify use from lowering the "rn-plane" criteria for all shell structure

backed off trout torque of proper torquing techniques subzones These criteria had previously been conservatively
alignment markers and proper self-locking fasteners defined to be 3 dB below the test levels in a direction normal to

The DTA vibration data were reduced to acceleration the shell surface; DTA data allowed a greater reduction. Twenty

spectril density plots and were evaluated by a joint McDonnell new subzoies resulted directly from DTA data Many of these

Douglas and Marshall Space Flight Center review team to were generated to define vibration test levels for specific

determine adequacy of the existing OWS vibration specifications components, rather than use the more general subzone

Where significant differences were found between the data and specification. The DTA mass ssmulatiois of these components
the original criteria [81. the criteria were revised [9J The criteria were specifically instrumented for this purpose. The habitation
were raised in 6 (I I percent) of the environmental subrones and tank internal acoustic criteria were lowered by applying
unchanged in 14 (27 percent) of the subzones In 33 (62 percentl calculated DTA noise reductions to the external acoustic

specification These changes in test criteria were made before
qualification tests were performed with the exception of the
habitation tank sealing device: however, no requalification of this

°LtF.-OFF a sealing device was required because a functional sealing device
S -was tested in position on the DTA and this device passed special

10 post-DTA leakage tests Fig 10 shows a typical companson of
the FTA data with the OWS criteria,

LOW FREQUENCY VIBRATION TEST

Vibration testing was conducted at the Manned Spacecraft
Center in tile Spacecraft Vibration Laboratory The excitation
system consisted of Ling Model 310 vibration thrusters, each

25 _ _with a force rating of 10,000 lb. Eight thrusters were used in the
3i 10 50 200 longitudinal axis as shown in Fig, II. In the lateral axis tests, six

O[-s.tiRs OCTAVE BAND CENTER FREOUENCiFS -HtRTZ thrusters (3 aft and 3 forward) were utslsed ag shown in Fig 12
StENO

1) AVERAGE SDB DIFFERENCE BEIWEEN OTA AND FLIGHT RANSFtR 'ipiCtIONS and 13. The thruster armatures were connected in series and

Figure 8 Dynamic Test Article Acoustic Test Chamber Efficiency provided ssescntaIly in-phase excitation at each drive point The
Factor thrusters were used in conjunction with ring fixture% and an
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I1 I

Figure 10. Dynamic Test Article Typical Data Versus Component
Criteria

Figure 12. Dynamic Test Article Lateral Axis Vibration Test
(Aft Section)

dir-bag suspension systemn Major changes in test configtiration of
the low frrqutsc sibraitios fron the acoustic test were D 75 high freituency piec7electric atcceleronmeters were

deleted
A. The alt interstage and simulated Instrumsent Unit were

not nstaledThe OWS low frequency vibratton specifications are based
It he TA as ot resuriedOtt the maxitun expected vibrattotn levels predited for the OWS
B Th DTAwas ot pessuszedprinie structure during flight trainsiet-, such is launch. engtne
C. 10 lw fequncysero acelromter wee aded cutoff, and stage separation Response of the entire flight vehicle
c. IO lw frquecy srvoaccleroetes wee aded to these tranisients is at discrete frettuenic%. as is shown b the

"lisne 5pectra" presented its Fig 14 t 101 It %a.s recognied that
the sisusoidal sweep) test ciotld produce ittucli higher dr statu
response levels in the isajor subasseumblies titan those lesets thsat
would be induced by actual flighst transbient phiersoinena
Therefore. a constraint put ott tlie test was that M. ien th'e
response of , major subassembly reached calculated design

II d~nainue toad, thfe vibration test level was to be linsited This
.- ~response limiting was accomiplished auitomtatically withi the

conipatertled control systesti

Measurements on the DTA were niade with 269 vibration
and 19 strain transducers. Up to 8 acceleromneters miounted on
the OWS prime structure were used for test lesel tontroI A
maximuns of 18 vibration mseasuremnents %~ere used in tile

Now

.

Figure13 Dynamic Test Article Lteral Axis Vibration Test
Figure 11. Dynamic Test Article Longitudinal Axis Vibration Test (Forward Section)
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Figure 15. Dynam-c Test Article Longitudinal Vibration Test
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acceleration peak hnutomg control systemn and six were used in ,,

t 01 ouj1f-ln Fcclerreo au5.ti aboamt Tystet AriTeLniudnlVsttonT

control measurements were also monitored in real time oiler

oscillographs with red line req Srements to be used as a manual-

The vbration tests were conducted n several steps prinor to

the qualification test runs These step,; included low level runs to MEAURE NS(E 33.3t &t 0 '36? 'n
verify phase and istrumentation. to adentfy resonant - .1

frequencaes and aplrfcatlon factors. !o obtain mode shape
oiformation for major subsystems and to check out the 10 15 2 25 30 35 40 45 5 55 60
Automatic control tnd abort systems Several devpations ere FREQUtNCYoHZI

made to the origin., requirements priniarily due to lmutation tii Figure 16 Dynamic Test Article Vibration Response of PeaS
the testing equ.v-n, nt. The sweep rate %as reduced from 3 to 0 9 Limiting Subassembly

octaves/mit ih sweep was conducted in small incremental
.step dwells." the lowest Irequency was changed from 3 to 5 Ili
in the longitudinal axis and from 2 to 4 Hz in the lateral axis. and DTA data In Table 2. respoise of major siiassemibhes with
the levels below 30 1l1 were redt]Led for the longitudinal axis design criteria is compared and ii Table, 3 and 4 predicted and

measured resonant frequencies ol selected major subassemblies

rhe major test axis was the longitudinal direction (the onl, are compared
major component that responded to the lateral axis specification
[4 to 20 Hlz was the solar array wing assembly) The CONCLUSIONS

:oisgittidinal test control plot is shown in ig 15 The notches in
the data represent the frequency at which the limitsng response
of the subassenibls has been reached A typical response linited A Suffi .ent data were obtained to either verify the
plot is shown in Fig 16 Inspections revealed no structural lailure dynamic design atnd test criteria for OWS .osnponents
or degradation. one test anomaly occurred which was attributed aid subassenmblies or to revise them as necessary
to tile configuratio: of one of tile flight htardware siMnlations
that was used. SpeCUIicall. 6 out o 23 "IACS sphere straps B lhe structural inlegrity o prirmnar, and secondarq

loosened because the ,pheres. which were simulated with hmrd stru.ire was verified vith regard to structural
plastic. vere slightly out of round and had no bosses to present ca,)a, ty for wilhstandlng simulated maximuitin
rotation. e.pected aicoust c an' acousticall induced random

vibra?:son environmentser and the integritq of the major

I he data w&ere used to veri t major ()VS structural ,ubsys'ens was verilied %tll regard to capacity Ior
subsystem dynamic models rhere was generally good agreement wil, Fnding launch and stagig transients
with modes and frequencies of analvtical models used for

dynatic load anal',yes A mnnior :orrectioi ito the stilffness model ( I te low lrequenc. dyinltic responses ot the i)rA
for tie cres quarters floor assembly was made is a result of the verified the adequac . of the anal tical d5 namc model%
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Table 2 Table 4

COMPARISON OF OWS DESIGN CRITERIA AND COMPARISON OF PREDICTED AND MEASUaED
DTA RESPONSE DATA IN LONGITUDINAL AXIS RESONANT FREQUENCIES OF WATER CONTAINERS

AND STOWAGE CABINETS

Load Factor
DaPredicted Measured
Design Criteria DTA Response Frequency Frequency Percent

Major Compensated for at Fundamental Mode No Hz Hz Difference
Subassembly I g Effect Frequency

1 126 125 -080

Upper Floor Assembly 3. Ig ±3.3g 1 13 1 130

Lower Floor Assembly :3. 1g ± 1.9g 7 177 17.0 -41

Water Container ±4.Og ±4.0g 8 18 4 19 5 +5 65
Assembly

19 24 4 24.5 +0 49
Thruster Attitude ±;9.0g ±5.0g
Control System Sphere 22 28 6 28 0 -2 15
Assembly 26 33 1 305 -8 25
Solar Array Fairing 13.Og ±3.Og 29 34.3 38 0 +9 72

39 34.3 46 0 +9
Water Ring Stowage ±4.Og ±4.Og 31 38 I 38 0 -0 26Container Assembly

33 409 400 --25
39 47.2 460 2 -. 61

Table 3 -- - - 540 J -

COMPARISON OF PREDICTED AND MEASURED
RESONANT FREQUENCIES OF THE CREW C Peak limiting accelerometers maintained satisfactory

QUARTERS FLOORS control of the vibration test specimen

fredicted Measured REFERENCES
Frequency Frequency Percent

Mode No. Hz Hz Difference 1. "Orbital Workshop Dynamic Test Article Vibr'-Acoustic

Test Report". Volume I (Acoustic Test), and Volume I!
10.07 II 31 12 (Low Frequetc) Vibration Test). McDonnell Douglas

2 13.65 18.83 38 Astronautics Company Report MDC G2445. October 1971.

3 16.52 20.71 25 2. "Skylab A Dynamic Test Article Mass Properties Reoort.
Model No DSV7-DTA". McDonnell Douglas Astronautics

4 17.49 31.45 23 Company Report MDC G0869. December 1970

5 20.28 26.23 29 3 "Saturn S-IVB-501 Stage Flight Evaluation Report."

Volume 11. Douglas Report SM-47004. April 1968.6 20 40 *--

4. "Saturn S-IVB-502 Stage Flight Evaluation Report,"
7 21.06 28.27 34 _Douglas Report SM-47005. July 1968.

L Not identfied from DTAIOWS test data. 5. "Saturn S-IVB-503N Stage Flight Ealuat;on Report."

Douglas Report SM-47006. March 1969

used to calculate dynamic loads for the OWS during 6 "Saturn S-IVB-505N Stage Flight Evaluation Report,"
launch, boost, and stagng events. McDonnell Douglas Astronautics Company Report MDC

G0008, August 1969.
Conclusions regarding test techniques:

7. V Mason. "Inve ,igation of the Possible Structural
A. The schedule for this test was optimum because the Over-Test Due to 'he Quriification of Spacecraft Structi-res

test was late enough in the OWS program to permit the in a Reverberant Room." Wyle Lsboratories Report

structural configuration to be established and early WR 71-1, January Io'I
enough to precede component qualification

8. "Orbital Workshop Acoustic. Shock. and Vibration fest
B. Reverberation chamber efficiency factor was Criteria," McDonnell Douglas Astronautics Company

significant and must be considered. Report I)AC 56620B. April 1970
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9 "Oroital Workshop Acoustic, Shock, and Vibration Test 10 "Saturn V Dr) Workshop Velicle Conpolize ,uid Modal
Criteria," McDonnell Douglas Astronautics Conpany AccclVehioncl" NASA Mcnorjnthun S&EASTNADLlReport DAC 56(20C. May 1971 

714. F Nbru aSir 1970

DISCUSSIONHow d1deyou Lh he S"ace r, Mr. Keller: The objective was to make sure
tionsu? 

ight transfer func- that he large structure which heretofore had Justbeen shown adequate by analysis was, in fact,adequate for the analysis load factors. Each of

er. Keller: The fiight transfer functions those large structures with the exception of the
were determined by using flight vibration data lower floor and the gas spheres at the base of the
measured on the structure and ratloing that to workshop did in fact reach their limit load factors.
acoustic levels measured at the same structure. Therefore the structural analysis confirmed that
This was done by ratioing data in third octive they were adequate. It's interesting to note thatbadwidths. 

the upper floor did reach Its limit load factor
and it weighs more than the lower floor. You

Mru ertes: You hadn't flown this struc- might feel that since the analysis approach wasconfirmed on the upper floor, the lower floorshould be adequate by comparison. The gas sphere!
Mr. Keller: We flew a Satuin V vehicle which was not adequately tested, was tested

with a Saturn S IV 8 stage on it. If you look later as a component rather than as a clusterat the configuration of the workshop, it looks of spheres.essentially the same. We know that inside theworkshop we are filled with equipment rather Mr. Koen(Bell Laboratories): Were vibration
than fuel, but in the structural areas of the tests run on electronic equipment7 If so, what
skirts the similarities are expected to be good. kind of vibration tests were run?Mr. Kertesz: You measure the dynamic load Mr. Keller: There was no electronic equip-
at 17 or 18 locations and clip the input. ment on this dynamic test article, however we
Orij4nally, the Input was described as some did perform component tests of hardmounted elec-kind of excitation coming from the Saturn ronic equipment to specifications which werewhich was given, but then you uodified that ipme n to speaicts hiche r
excitation presumably not to exceed certain confirmed by this dynamic teat article.precomputed peaks at a given number of locations.If you modified it in that way, why do you runthe test in the first place?
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SKYLAB PAYLOAD ASSEMBLY

VIBROACOUSTIC TEST PROGRAM

Paul Rader
Martin Marietta Corporation

Denver, Colorado

and

Jack Macpherson
Marshall Space Flight Center

Huntsville, Alabama

The acoustic and vibration tests of the Skylab payload assembly
are described. Test conditions for liftoff and boundary layer
acoustical environments were determined by comparing the
vibroacoustic transfer functions calculated from measurements
of the test article and Saturn V flight vehicles. The test
results, including special additional tests necessitated by the
analyses of data from initial testing, are discussed.

INTRODUC TON c) Instrument unit (IU) acoustic test,*

The Skylab payload assembly vibroacoustic d) IU modal survey,*
test program conducted at the Manned Space-
craft Center from September 1971 thru July e) Additional IU acoustic tests,*
1972 was one of the riost ambitious of its type
ever conducted on a spacecraft. This paper f) Apollo telescope mount,'control
describes two phases of the total program-- moment gyro (ATMiCMG) quali-
the acoustic and vehicle dynamics tests. The fication test;
objectives of the tests were to:

2) Vehicle dynamics.
1) Verify the dynamic design and test

criteria for components and sub-
assemblies; TEST CONFIGURATION

2) Verify the structural integrity of The test article was assembled from the
bracketry and secondary structure; major structural articles shown in Figure 1.

The configuration included a number of flight-
3) Qualify selected flight hardware type components and subassemblies for quali-

components. fication or verification of response character-
istics. All other components weighing more

These tests formed a part of the total test than 5 pounds were simulated by mass mock-
program designed to insure the flightworthiness ups installed on flight-type brackets. The
of the Skylab. payload assembly in the launch configuration

was approximately 28 feet in diameter at the
The ;ollowing tests are discussed in this base, 76 feet long, and weighed approximately

paper: 129,000 pounds.

1) Acoustics,

a) Liftoff environment,

b) Boundary layer environment,

*These tests were added to the original
program as a result of analysis of data from
tests la) and b).
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I (I :

3Q " N, TCXX CM

AIRL~OCK MOULE -j~INUMENT UNIT

Fig. 1 - Payload assembly test article launch
configuration

ACOUSTIC TESTS Fig. 2 - Skylab payload assembly installed in

reverberation chamber

Payload Shroud Liftoff and Boundary Layer
T e s ts ° - .

The payload assembly was installed in -. 0. . -

the reverberation chamber at the Manned -.. ..
Spacecraft Center's Vibration Acoustic Test . - .
Facility as shown in the photograph in Figure,-
2. The article was instrumented with 43
microphones, 303 piezoelectric acceler- J .. -. , - --- ;U)

ometers, and 32 strain gages. .

Liftoff and boundary layer acoustic spectra
(Fig. 3) derived from Saturn V flight data
were modified to account for the reverbera-
tion chamber efficiency factor to achieve the ---- - - --- ---
required vibration levels. The initial test l
environments were based on chamber effi- ,
ciency factor corrections obtained during the
Orbital workshop dynamic test article (DTA) Fig. 3 - Liftoff and boundary layer spectra
tests. Since the acoustic field, ana, con- from Saturn V flight data
sequently, the chamber efficiency factor
depend on the test article geometry, absorp- These data indicated that an additional cor-
tion characteristics, and relative volumes of rection should be made to the liftof spectrum
the article and test chamber, low-level (-6 dB) in the frequency region below 100 Hz. Cor-
runs were conducted to determine vibro- parisons of the spectra derived from flight
acoustic transfer functions with which to data, initial test environments, and final test
establish the correct acoustic environment environments are presented in Figures 4 and
for the payload assembly. The transfer 5 for liftoff and boundary layer conditions.
funcions were calculated for measurementfn
corresponding to flight locations in the S-IVB
forward skirt and instrument unit modules.
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Fig. 4 Comparison of liftoff spectra from Fig. 5 - Comparison of boundary layer noise

flight data, OWS/DTA test and s~ectra from flight data and payload
payload assembly test assembly test

The test environment was controlled Instrument Unit Tests
within the specified tolerances by averaging
the signals from 10 microphones distributed For the IU acoustic tests, liftoff and
over the exterior surface of the test article. boundary layer spectra were derived for the
Spectrum equalization, of the acoustic genera- IU area from Saturn V flight data, and the
tors and the broadband sound pressure level chamber control microphones were located
(SPL) were controlled by a digital computer. on the IU circumference. Comparisons of
The spatial distribut,.on of the sound field the IU test spectra with those used for the
over the surface of the vehicle was quite Pntire payload assembly are shown in Figure
good, as shown by the typical ex(ample plotted 7. These tests were conducted to ensure
in Figure 6. that the exceedances observed were not a

result of an overtest in the IU area because
of the use of the payload shroud spectra for

160[ the payload assembly. It should be recog-
= . i t I nized that the liftoff environment for the IU

L i I CON|R0L AVRAGE resulted from a tight envelope of flight data,
'2 150 EN VELOPE OF SURFACE, whereas the payloa~dshroud (P/S) spectrum

MICROHONS = represents the 97. 5--o confidence level of the_flight data population.

140

1O /O0 000 IO -- 10K. .. ____

FREOUENCY, HZ • .

Fig. 6 Envelope and average of control '2 - ,0 -
microphones _ ' \

Analyses of the vibration data indicated Fig." -C
that vibration levels exceeded the qualification
test levels for components in the instrenument ni
unit and Apollo telescope mount modules. As
a result, additional acoustic and vibration acsittlfffa
tests were conducted on the IU and ATM to
evaluat e cresponse charac licomputer , Fig. 7 - Comparison of payload shroud and
to major components ia the Iu and to qualify IU spectra
the control man vt-eti.-n the the ATM.
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Further diagnostic tests were 'conducted VEHICLE DYNAMICS TEST
to investigate the IU dynamic response
anomaly. These included special measure- Vibration -sts of the entire payload
ments to determine the elfects of the 25-Flz -.ssembly were conducted to simulate the
horn and of chamber standing waves. In low-frequency environment resulting from
addition, modal surveys were conducted with the launch vehicle engine cutoff and separa-
both a flight control computer (FCC) dynamic tion transients. The test article was in-
simulator and an FCC proto:ype unit installed stalled on a 12,000-pound base ring and the
in the IU. There were sign.ficant differences entire assembly was su.-ended on three air
in response between the FCC mockup and FCC springs, providing a longitudinal suspension
prototype units. None of the diagnostic tests system frequency of approximately 0. 7 Hz.
provided an explanation of the increase in A photograph of the test installation is shown
vibration levels over the previous levels in Figure 9. Excitation was provided by
observed from Saturn flights. These in- eight 10,000-pound-force electrodynamic
creases were attributed to the difference in thrusters located in pairs at the vehicle axes
IU boundary conditions between the Skylab as shown in Figure 10. The assembly was
launch configuration and the Apollo laupch instrumented with 2J2 accelerometers and
configuration. eight fu, ce gages a; d was protected by an

automatic abort sys t ein that monitored and
controlled :esponsc levels at selected,

ATM/CMC Qualification Test critical_ load points.

A special test program was conducted to
qualify the ATM control moment gyro. The
test environments were controlled from
eight microphones internal to the payload
shroud. Other instrumentation included
eight external microphones and 70 piezoelec-
tric accelerometers. The test installation is
shown in Figure 8. As in the previous pay-
load assembly tests, the max.mum environ-
ment runs were preceded by low-level tests
to properly range the instrumentation and
provide data to derive the vibroacoustic
transfer functions. These functions are
necessary to adjust the acoustic environment
to establish the required iest article vibration
responses. The basic objettives of the test
were achieved in that a high-fidelity test bed m-
for the CMG was provided, and the acoustictest conditions necessary to produce the re-

quired structural vibration response were
achieved. The CMG was q .alified by the test.

ijii !"v

-DOUSLE-ANOLE
\j ,,os. ,coi,

AIM . I TH C&G')

OLJAL Ukd!

SFig. 9 - Payload assembly installed in vibration
• M A 0A siOA test facility

. p AAOlS," '& .;O T

Fig. 8 - ATM CMG acoustic test configuration
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-_..SUMMARY OF TEST RESULTS

The acoustic and vehicle dynamics tests
cf the payload assembly were completed with"1 -- no failures of flight-type structur e, either
primaly or secondary. Sufficient data were
acquired to evaluate component qualification

.,test criteria. These evaluations, termed
exceedance studies, were perfcrmed by the-8" applicable hardware contractors with the

F ,rollowing results:

=:'\\ ~ 1) Instrument unit - Twenty-three corn-

ponents were recommended for re-
', test to increased qualification levels.

AszQ an example, a revised specifica-
.... tion for the flight control computer is

I ,. 'compared to the original qualification
test level and the test data envelope
in Figure 11;

Nl , hight contrcl Csr,Oor tCCI

" .. .. ,,:t " .0 - ' - ! , . .-

dwell~~~~~~~~ tow verif insruenaton fore-cn- ... v,•

1'.
t( 0a 5 6 lI ' C. if _,- TEST EVE -

1 ctvemnuet identify resnace -nd 4c .,
Fig. 10- Vehicle dynamics test setup ate

The test sequence consisted of a 4-Hta -4. criteri
dwell to verify instrumentation, force-con - o ll m
trolled sinusoidal sweeps (2400 and 5600 lb at is- _J i>01. AL
I octave/minute) to identify resonances and 10 0C
transmissibility characteristics, and vibration
transients at selected frequencies to evaluate
the payload assembly st..ucture for simulated Fig. 11 -Comparison of test data and criteria
engine cutoff, separation, and ignition tran- for the flignt control computer
sients. The selection of the nine transients
listed in Table 1 was based on a review of the 2) Multiple docking adapter,
sine sweep data and the prior mathematical
analysis of the launch vehicle, a) Weigh. classifications in two

environmental subzones were
TABLE 1 changed,

Payload \ssembly Vehicle Dynamics Test b) Nine new environmental subzones
Transienm

Frequency, Input Acceler- Input Force, were added,

Fz ation, g, peak lb I c) No component requalification was.. .. k required;
34.78 0.37 8,000 r
28.24 0.20 5,328 3) Airlock module, payload shroud,18.70 0.09 4,000

deployment assembly, and fixed17.80 0.19 8,640 airlock shroud,14.50 0. 11 9,3200.b02 0 9 a) Test criteria were increased in 11
7.69 .3850,4007.69 0.28 66,800 1nv:roniental subzones,

7.45 0. 28 68, 800
6.92 0.29 , ,66,720 b) T tree new environmental subzones

GpI ?\J. Decay equivalent to that provided were added,
pG by 1 of critical damping -I c) S ),ial environmental criceria were

Note: Transients between 6.0 and 35 Hz were e!Aabished for seven components,
selected based on review of sine sweep

__ data. _______________
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d) Four components were recom-

mended for requalification tests;

4) Apollo telescope mount,

a) Test criteria were increased in
tw, environmental subzones,

h) The control moment gyro was
recommended for requalification
test. Requalification was accom-
plished during the ATM/CMG
acoustic test previously t-escribed
in this paper.

CONCLUSIONS

The testing program described in this
paper demonstrated the structural integrity
of bracketry and secondary structure of the
payload assembly for the expected flight
dynamic environments. In addition, data
were acquired to eithe, verify or establish
realistic test criteria for components, re-
sulting in the requirement to requalify a
number o, components.

The total Skylab vibroacoustic test pro-
gram, which included the tests described in
this paper, the orbital workshop program, and
the modal survey tests described in other
papers during this session, has served to
develop a high degree of confidence in the
flightworthiness of the Skylab vehicle.
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DEVELOPMENT OF AN AUTOMATIC MODAL TUNING AND ANALYSIS SYSTEM

rOR PERFORMING SKYLAB MODAL SURVEYS

Robert A. Salyer
TRW Systems

Redondo Beach, California

Ed J. Jung, Jr.
NASA-Manned Spacecraft Center

Houston, Texas

and

Stacy L. Huggins and Barry L. Stephens
Northrop Services, Inc..

Houston, Texas

A digitally based automatic modal tuning and analysis system was developed to
provide an operational capability beginning at 0.1 Hz. The system provides
unique control features, maximum operator visibility, and complete data
reduction and documentation within minutes after data acquisition is complete.
The automatic modal tuning and analysis techniques were proven during the
successful application of the system to a modal survey of the Skylab payload.

The elements of the system are briefly described and the operational flow is
discussed to illustrate the full range of capabilities and the flexibility of
application.

INTRODUCTION force feedback digital control of the forcing
function. The narrowband filtering and co-

The automatic modal tuning and analysis quad analysis capabilities are extended to
system (AMTAS) was developed to perform a modal essentially zero Hertz through software for
survey of the Skylab payload which weighs digital filtering and data reduction.
approximately 120,000 pounds and is approxi-
mately 76 feet high. The complexity of the Six elements constitute the automatic
task required an automatic control and data modal tuning and analysis system: 1) computer;
analysis system to provide positive excitation 2) excitation control subsystem; 3) data
control and broad real-time data bandpass be- acquisition subsystem; 4) excitation subsystem;
ginning at virtually zero Hertz. 5) monitoring subsystem; and 6) software

support package. The conceptual layout of the
The purpose of this paper is to present system is shown in Figure 1.

a general overview of thc hardware and soft-
ware components of the system and a functional System Director
description of the system capabilities.

A general purpose computer with 32K of

SYSTEM DESCRIPTION core memory is used to direct the system. The
computer supports the following peripherals:

General Features card reader, card punch, line printer, disk
drive, tape deck, console typewriter, input

Digital techniques are utilized to provide signal selectors, A/D converter and multi-
a low frequency operating bound of virtually plexer, alphanumeric CRT with keyboard, aIpha-
zero Hertz without co. promise of capability, numeric-graphic CRT with keyboard, force and
Positive excitation control is achieved through acceleration detector, and digital plotters.
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excitation subsystems are interconnected with
- - the computer through the peripherals (see

Figure 9). Man-computer interactive control

- .of system functions is provided by the key-
board display units at the control console.
Real time data reduction, modal purity, and
data validity assessment results are displayed

DA_ _ TA, A(,,I..IT on the alphanumeric CRT display. Quick-look
<SS~S~M graphic documentation is presented on the

_____ -graphic CRT hardcopy unit and digital plctter.

Five process control functions are pro-

vided by the software support pacsage:, sweep
direction and linear rate, response channel
selection, phase-lock control, force distri-

,rAT, -bution control, and limiting of critical accel-

erations, Data acquisition is inhibited when
any servo correction (force level or frequency)/ ", L  j  .is in progress.

Bookkeeping data, force data, and engin-

eerig uit espose ataare acquired and
s~ored in the computer for subsequent listing~and reduction.

Data reduction under control of the soft-
ware package includes binary to decimal con-

Sversion, voltage to engineering unit conver-
5I 1f _ rsion, co and quad component resolution, geo-

metric transformation, generalized mass com-
putation, normalization of generalized coor-

Figure 1 dinate data, and auto- and cross-orthogonality
checks..

Conceptual Layout
The modal documentation operations by the

software support package are real-time CPT
The computer operates under a group of displays of process control parameters and

programs (supplied by the manufacturer) for engineerinq unit data; real-time line printer
generating, organizing, testing, and executing listings of raw voltages, engineering unit data,
programs for real-time data acquisition and and generalized coordinate data; off-line

control. The major components of this software listings of auto-and cross-orthogonality re-
include a machine language assembler, FORTRAN sults; punched cards for raw data and normal
compiler, loader, disk utility program, super- mode data; and near-real-time quick-look and
visor, and real-time system director. permanent records consisting of a set of 15

stick plots.

The system director controls the real-
time data acquisition and control programs. The process control sequence during modal
It consists of time-sharing control, program sweeps is shown in Figure 2. The sweep para-
sequence control, master interrupt control, meters and reference accelerometer are selected
interval timer control, and error alert control. by keyboard entry. Frequency incrementing is
A subroutine library consists of input-output initiated by command. The individual force
conversion, arithmetic, functional, and selec- distribution and limit accelerations are
tive dump, debug, and miscellaneous programs. checked and corrected if required. Data sam-
In addition, three other categories of soft- ples are acquired and total response data from

ware are required for the system: I/O hand- tln'ee reference accelerometers are resolved

lers for nonstandard peripherals; application into co-quad components. The co-quad data are

programs (real-time and off-line); and test plotted and the frequency is incremented.

and validation routines. These three groups This sequence is repeated until the sweep is

of software, referred to as the software support completed.

package, were written specifically for the
AMTAS application. The process control sequence during a

modal dwell is shown in Figure 3. After the
Software Support Package modal decay indicates that the desired mode has

been separated from adjacent modes, the run

The software support package provides pro- number and mode number are entered on the CRT

cess control, data acquisition, data reduction, keyboard. All other bookkeeping and test data
and modal documentation. are acquired by the computer to completely

eliminate manual recording errors. Phase lock
The control, data acquisition, and and data acquisition are initiated by keyboard
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entry. The first set of tiree response channels and storage in disk and tape files.
are selectei for co-quad analysis. When data
sampling is complete, the next set of response A view of the control console is giver in
accelerometers is selected for priority level Figure 4. The keybeard display units are shown
sampling, while data reduction, documentation, on the right side of the control console. Over-
and storage continue on the mainline level of all views of the AMTAS are shown in Figures
software operation. If an exit command has 5 and 6.
not been entered on the keyboard, the force
distribution and limit acceleration are cor- The force level of each active exciter is
rected, if required. The sequence is repeated displayed on the alphanumeric CRT. Limit
until all response data are acquired or until acceleration status is displayed at the bottom
an exit conand is receiied. Fourteen digital of the CRT at each force level update time.
servos are active during the modal dwell: twelve
individual force servos, the total energy servo, Response data are acquired by a keyboard
and frequency servo (phase lock), selected load cell and a set of three accel-

erometers. These transducers are fixed through-
Data Acquisition out a sweep. However, in the tuning mode, the

load cell and response accelerometers may be
Several data acquisition functions are selected or changed at any time, providing the

common to both sweep and dwell modes of oper- flexibility required to examine response char-
ation. Bookkeeping data (run number and mode acteristics of the structure as the forcing
number) are entered by manual CRT keyboard, distribution and frequency are varied to opti-
shown at the left of Figure 9. The format is mize a desired mode. In the dwell mode the
printed out on the display such that the letter reference load cell is selected by keyboard
X appears where data must be entered bj the entry. The data acquisition sequence, initi-
operator. After data entry, the send key is ated on the keyboard, consists of acquiring
depressed to initiate a read by the computer. response data from all accelerometers (maximum
The format is updated and the input stored on of 200) in groups of three.
disk. The run and mode numbers are used to sub-
script the incoming data for proper organization The software support package provides

Figure 4.

AMTAS Control Console
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Figure 5.

Overall View Of ANTAS

Figure 6.
Overall View Of W~MAS
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maximum real time visibility and immediate post All structure dependent data exists in files
test documentation. The raw data is converted that are easily maintained during model updates
to engineering unit data, co-quad components and revisions. The operational program, file
are computed and translated from accelerometer creation program, and file input program with
to mass model (generalized) coordinates, and data modules are stored and maintained separ-
all data is stored in disk and tape files for ately. For a future modal test, only the file
off-line reduction (plots and orthogonality input modules need be revised to include the
checks). structure-peculiar data; other modules are in-

dependent of structure.

Documentation (Figure 7) 
consists of co-

quad plots, decay curves, listing of raw vol- The data file creation module creates the
tage, engineering unit and generalized coor- files required by the program for the program
dinate data, orthogonality matrix printout, for execution, including the structure-depen-
modal plots, and a punched card deck of modal dent data. The structure-dependent files can
response data. This documentation is avail- be revised at any time without disturbing the
able immediately after modal acquisition is other programs by replacing the data deck and
completed. reloading and executing the file input program.

The CRT display unit presents a dynamic Data Acquisition Subsystem
real-time status display. Parameters included
are force levels, frequency, error and status A diagram of the data acquisition subsystem
messages. Subroutine execution is initiated is shown in Figure 8. The analog front end of
by a command entered on the keyboard. the subsystem includes the following:

Data listing by the line printer is initi- A strain gage signal conditioning
ated by keyboard entry. This listing is avail- system with patching capabilities
able for single modes or total set of modes, to the test laboratory junction
The listing includes status and bookkeeping, boxes. This system supplies power,
raw voltage, engineering unit and generalized signal amplification, calibration
coordinate (normal mode) data. An additional capability, and bridge balancing
keyboard entry will result in an orthogonality for one, two, three, and four active
printout. element strain gage bridge circuits

and strain gage bridge transducers,
".dal dei',ctions for a given mode can be such as load cells.

output in the fo, of cards with a non-process
program in an off-line time-share computer mode. A servo accelerometer signal conditioning

system with patching capabilities to
A set of 'tick plots (15 maximum) documents the test laboratory junction boxes.

a mode in the 'irm of node deflections versus This system supplies power, output
vehicle statior. signal balancing, and calibration for
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Figure 7. Figure 8.

AMTAS Documentation Package Data Acquisition Subsystem
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Figure 9.

Excitation Control Subsytem

sensitive servo type acceleration acceleration detector. :, output of this unit
transducers. is fed to the computvr .o control the total

energy level.
The analog front end conditions the accel-

eration and force signals. Groups of trans- The fo't':,. distribution is manually ini-
ducers are selected automatically by the com- tialized b. level set and phase selection for
puter as inputs to the low-pass anti-aliesing each ',.,.Yidual exciter. Phase adjustment is
filters. Digitized samples of the inputs are hK P)ise only (0 to 180 degrees). Other phase
acquired by an A/D converter and multiplexer. *nipuldtion is undesirable because normal
Fourier analysis of these digitized data pro- mode motions and damping forces act, respective-
vides complex Fourier transform coefficients ly, in a 0 or 180 degree sense. The driving
for the conputation of co and quad values, forces are continuously variaole to cancel the

internal damping shears and moments to preserve
Excitation Control Subsstem the steady-state natural mode. To assure pre-

servation of the forcing distribution and natur-
Digital feedback force cor'vc1 techniques al mode, a tlected signal from each amplifier

avoid the need for constant h..width tracking representing force is monitored by the computer
analyzers and an analog selvo unit, either of to allot, computer adjustment of the current
which imposes a low frequency !,,it on the supplied to each individual exciter. If the
system. system amplitude .s corrected by the computer

(energy suppression), the individual forcing
The frequency synthesizer, controlle! by distribution digital control output is factored

the computer (Fhgure 9) provides the desired to prevent recompensation.
frequency. Finest resolution is 0.01 Hz. A separate component of the excitation

The system master gain, which controls the control subsystem is the zero mass cootrol unit
total forcing distribution is manually initi- needed to eliminate the effects of the armature
alized but is adjusted under direct program and stinger mass during modal decays and when
control to suppress the total energy supplied no drive signal is applied to the exciter. In
to the structure if critical acceleration levels addition, since the armature circuit remains
are exceeded. The signal from the ensemble of active, the unit must compensate for back
critical locations, which is sensing the high- electromotive force generated by the moving
est signal level, is selected with a force and coil. A secondary effect of the control unit
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is to transform a voltage amplifier into an quality output signals of force and acceler-
approximation of a current amplifier. A veloc- ation to the display units. In addition, a
ity transducer measures the differential veloc- 90-degree phase shift is introduced between
ity between the exciter body and armature (back the two channels of the analyzer so the lissa-
EMF is directly proportional to the differen- jous figure at resonance is a straight line
tial velocity). Mass cancellation is directly rather than an ellipse. The paired outputs of
proportional to the acceleration of the armature- the analyzers are hard wired to signal multi-
stinger assembly alone. Therefore, use of the plexing units and then to bistable storage dis-
acceleration signal measured on the vehicle at play units, which display four patterns on a
the stinger interface is appropriate. The single unit (storage display units are highly
signals generated by the two transducers are advantageous over standard oscilloscopes when
correctly phased, summed instantaneously, and operating below 5 Hz). Two options are avail-
then sunned with the excitation drive signal, able to the operators for tuning at frequencies
if present, resulting in a positive feedback below 3 Hz, where the analyzers cannot function.
system. The feedback signal is summed with thE Siice response signals are of much higher qual-
drive signal in lieu of switching the feedback ity at lower frequencies, the main function of
signal into the amplifier input circuit upon the analyzers is to provide the 90-degree phase
initiating a decay. shift between the force and acceleration signals,

Therefore, the raw acceleration can be used to
Excitation Subsystem tune on elliptical patterns. An alternative is

to use the raw velocity signal available from
A single channel of the excitation sub- the shaker mounted velocity transducers. By

system consists of a solid state, direct-coupled using these transducers only at the very low
power amplifier; field supply and control unit; frequencies, the phase problems associated with
low-frequency-long-stroke exciter assembly; shaker body motion are avoided.
and mechanical-force-input coupler (stinger).
A maximum of 12 channels can be excited simul- Other features of the monitoring subsystem
taneously utilizing a combination of 16 power include miniature oscilloscopes for continuous
amplifiers/field supplies and 24 exciters. A display of the raw force wave shape and analog
patching notwork provides access from a given voltmeters connected through a signal selector
exciter to any power amplifier, from the analyzer outputs, The analog meters

are used to monitor force and acceleration when
The primary consideration in application the central processor is not on line and to

of the excitation system is to assure that there cross-check the digital data acquisition system
is no phase shift between any of the inputs to during dwell operations by comparing analog and
the structure. Phase shifts may occur electri- digital readings.
cally in the input circuitry to the power amp-
lifiers or in the power amplifiers themselves. Ancillary Support Systems
A phase shift can also occur mechanically in
the shaker support structure or the stinger. The soft-spring suspension system provides
Direct coupling is advantageous in minimizing a sir.ulated free-free environment in which to
or deleting phase shifts in the input and drive excite and measure the natural elastic vibration
circuits and is a necessity for very low fre- modes of a structure. A maximum of 16 units can
quency operation. Direct coupling is used in be used to suspend the test article. Each unit
the system principally because of the low fre- can support up to 50,000 pounds while maintaining
quency design criterion, a very low resonance frequency.

The stinger assemblies were designed to be The closed circuit television caoability
stiff enough to transmit the force input with consists of eight video channels, including
no appreciable phase shift (less than 5 degrees) cameras and controls. The video control console
up to the upper frequency limit. Nominal guide- permits adjusting the position of each camera
lines are to have the first mode of the stinger, image. Patch panel and push button selection
axial or bending, at a minimum frequency of capability are available for matching cameras
three times the upper frequency limit of the and monitors. Scan conversion, split screen
test band. special effects, waveform nonitorina, and video

signal conditioning are also available.
Monitoring Subsystem

Analog data recording systems including

The peripheral monitoring subsystem con- the following:
sists of a group of analog meters, analyzers
and display units to aid in tuning operations Analog magnetic tape recorders with
and for continuous verification of nominal multiplex input capability (used to
system operation. The function of the moni- record data for off-line co-quad
toring subsystem is to display 12 lissajous reduction).
patterns simultaneously to aid the operator in
tuning. Oscillograph chart recorders utili-

zinq dry development, light sensi-
Twelve dual-channel dynamic analyzers act tive papers on which galvonometer

as narrowband filters (5 Hz) to provide high deflections are recorded.
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An off-line co-quad analysis capability co-quad data is stored on magnetic

was developed to process data acquired from a tape and listed on the line printer.
large number of transducers during an incremen-
tal sinusoidal sweep over a large frequency 6) SUPMD - Modal decay with signals from
band. lhe wideband sweep is perfurmed to de- a maximum of 24 selected Accelerome-
fine the structural modes, The processed data ters recorded on an oscillograph.
is used in conjunction with the analytical data
to define target modes and predicted forcing 7) SUPDW - Modal dwell operation for
distributions. digital data acquisition in co and

quad formdt. The system director checks
SYSTEM APPLICATION the phase lock, if in use, the force

Jistribution status while selecting
Two keyboard CRT terminals are used for input signals and resolves the data

entering test parameters, initiating commands into co and quad components. The
to the software system, and displaying data data is stored on magnetic tape, dis-
and computations. played on the CRT, listed on the line

orinter, and transferred to cards as
The system controller provides a logic a backup data file.

procedure (Figure 10) for selecting the basic
options for tuning and acquiring data for a 8) Return to Controller - Provides the
mode or manipulating and displaying modal res- initial display on the CRT and awaits
ponse data for assessing purity and validity a selection by the operator 1-- shown
of a previously acquired mode. The options in Figure 10).
are discussed below in the nominal operational
sequence. Print Option

Supervisor Option This entry from the controller provides
for additional printing of the generalized

The excitation control and dati acquisition ccordinate data from the disk unit to the line
supervisor is composed of the software modules printer. Any mode previously stored on disk
for tuning and data acquisition. All excita- can be printed.
tion, real-time monitoring and control, and
data acquisition are conducted with this super- Plot Option
visor. The remaining options of the controller
are associated with data analysis, display, and This option provides access to the plot
assessment. routines. The two options are listed below.

Eight operational possibilities are avail- 1) Stick plots on the digital plotter or
able within the supervisor: graphic CRT generated by this routine

are composed of node displacements or
1) SUPSS - Single shaker, wioeband, sinu- rotations as a function of elevation

soidal sweep with digital data acq- or station number about three mutually
uisition. Three accelerometers can perpendicular axes. The shape of the
be selected for generating co and perturbed structure is derived from
quad plots on the digital plotter the deflection data of the mass points.
during one sweep. The raw co-quad
data is stored on magnetic taoe and 2) The routine for orthographic and
listed on the line printer, stereographic plots on the digital

plotter generates three orthographic
2) ASUPS - Single shaker, wideband, sinu- and two stereographic views of the

soidal sweep with analog data acq- structure. Plotting parameters are
uisition for off-line co-quad re- manually ertered on the keyboard to
duction (not shown in Figure 10). allow the structure to be viewed at

any angle and at any focal point. The
3) SUPTS - Tuning operations with a single stereo plots, viewed with a stereo-

shaker jor approximate frequency scope, provide a three dimensional
settings. view of the structure.

4) SUPTM - Tuning operations w;th multi- ORTHO Option
ple shakers (maximum of 12). Fine
tuning is accomplished with this The orthogo'iality routine provides for
software module. selecting the type of check, auto or cross, to

be made between analytical or experimental
5) SUPSM - Multiple shaker, narrowband, modes. In addition, the particular set of

sinusoidal sweep to definri the res- desired modes for orthogonality is entered
onance condition. Three accelerome- through the CR keyboard.
ters can be selected for generating
co and quad plots on the digital
plotter during one sweep. The raw
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Figure 10.

AMTAS Operational Logic

TEST TECHNIQUES subsequent off-line data reduction. This mode
of operation is advantageous when a large num-

Modal Tuning and Data Acquisition ber of accelerometers is desi-ed for prelim-
inary data analysis.

The supervisor provides the algorithms for
excitation control, real-time monitoring, and The information resulting from wideband
data acquisition for, all modal operations. sweeps is gross mode shapes or pairing with
Upon selection of the supervisor through the predicted analytical modes, approximate fre-
controller, the initialization procedure is quency of a mode, preferred shakers for a mode,
performed, followed by keyboard entry of the 3nd initial phase settings for shakers.
limit accelerometer parameters and respective
response limits. The first operational entry After the initial wideband sweeps and sub-
is utilized to perfonn a wideband sinusoidal sequent data analysis, modal tuning follows.
sweep with a selected exciter to obtain pre- The next four options of the selection menu,
liminary data of vehicle response to uniaxial SUPTS, SUPTM, SUPSM and UPMD, are associaLed
single point force input. This data provides with the tuning operation. Modal tuning -vth
modal definition for usa during tuning. Gen- multiple exciters, SUPTM, is the main process
erally, the majority of these sweeps are con- of modal excitation and mode identification
ducted before advancing to the other sequences. and separation. Tuning with a single exciter,
(In either the SUPSS or the ASUPS mode two SUPTS, is a short form of tune multiple.
shakers can be driven simultaneously, although
only one is actively servo coitrolled. The The modal tuning and acquisition sequence
second shaker improves the quality of the ex- is initiated by selectin, a target mode and
citation for better definition of bending or determining the appropriate forcing distri-
torsional modes when driving tangentially bution. A nominal force level is manually
attached shakers.) In the SUPSS mode, three initialized on the master (prima,'y) exciter.
accelerometers can be selected for digital This exciter is selected by analysis of the
recording and concurrent co-quad plotting, analytical model data (plots and listings) and
Any number of accelerometers can be selected the experimental co-quad data derived from the
for analog tape recording in the ASUPS mode for single exciter (ASUPS and SUPSS) sinusoidal sweeps.
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The operator directs the operation by as shown in Figure 10.

keyboard entry. After manual initialization
of the forcing distribution, the LO command A sweep multiple operation can be conducted
returns the display update rate to the slow at any time in the tuning process as an aid in
mode (the HI update mode is automatically defining the resonance cendition, particularly
activated upon entry to a software module if difficulties arise in the tune multiple o~era-
requiring forcing distribution initialization). tion. A narrowband sweep can identify any
Returning to the slow update mode allows most neighboring problem mode and provide insight on
of the computer time to be devoted to acquiring suppression techniques. After completion of
and reducing data. The data acquired from the the final tune multiple sequence, a sweep mtl-
accelerometers and reference load cell is tiple operation is normally performed for dita
entered into the CRT format before the oper- purposes. The co-quad plots from these nar-ow-
ation begins. These transducers can be changed band sinusoidal sweeps are utilized in post-
by the appropriate entry at any time during a test analysis for an index of modal separation
given operation, and for the calculation of damping values. One

or more sweeps can be performed depending on
The modal response of the structure is the number of different accelerometers to be

optimized by varying the freoueny of excita- plotted.
tion and the forcing distributior, (phase and
level of the active exciters). While increas- When the co-quad data of the tune multiple
ing quadrature values are noted on the co-quad and sweep multiple operations indicates that a
displays, the frequency is incremented to op- mode has been properly separated and tuned, a
timize the quad value and to close the lissa- modal decay is performed. Shaker excitation is
jous pattern. The lissajous pattern comple- removed and the unfiltered signals from selected
ments the co-quad displays and is useful in accelerometers are recorded on an oscillograph.
approaching an effective distribution. How- The quality of the decay curves provides another
ever, fine tuning is best achieved by observing index of modal purity. If the structure decays
small changes in the quadrature values since smoothly with the absence of beating for the
these effects cannot be detected in the lissa-- tuned mode, modal purity is good. If the modal
jous patterns., Lissajous patterns are nor- purity is satisfactcy, the sequence will be
mally formed by pairing exciter forces and cycled automatically to the modal dwell opera-
respective driving point accelerations. How- tion for data acquisition. If modal purity is
ever, accelerations from other points of the poor, the tuning iterations can be repeated.
structure may also be used, particularly when In tuning problem modes it is sometimes helpful
fine tuning the mode. As more exciters are to acquire dwell data despite the impurities
activated, the resonance frequency will tend and to generate plots of the existing mode.
to shift downward, As this occurs, the fre- These plots provide the visibility to define
quency is incremented to below resonance, then problem areas and to assess the adequacy of the
increased in fine steps to peak the quadrature existing exciter locations to properly excite
values (see the comments below on hysteresis). the target mode.

In some instances it may be advantageous lhe modal dwell operation begins with the
to suppress the participation of a neighboring operator entering bookkeeping data, mode iden-
mode rather tian to attempt to excite the tifier, and run number for documentation and
target mode. A decrease in the co values in- data retrieval purposes. Excitation is re-
dicates suppression of the undesired mode. instated and the force servo maintains the pre-
The quad values must not decrease appreciably determined forcing distribution. The automatic
during the process. phase lock feature can be activated if desired.

After stabilization of the forcing distribution
After the forcing distribution is optimiz- and response, data is acquired on the operator's

ed, the frequency of resonance is established CRT. Upon completion of data acquisitior, the
from a lower frequency to eliminate effects of data is automatically reduced and stored on
hysteresis; hysteresis often distorts response disk (note te position of the REDUC module in
level versus frequency curves and may result Figure 10).
in erroneous indications of resonance con-
ditions. Data Reduction

Accelerometers at key points of the struc- Co and quad components are normalized to
ture are surveyed to assess the adequacy of force. Force normalized co-quad provides a
tuning. Co-quad values from several primary common basis of comparison for dwell data
locations are tabulated for reference during acquired when an individual exciter level varies
subsequent operations. within the tolerance band of the servo, causing

minor variations in response levels. The nor-
The four optio-; of the tuning process malized co and quad values are output to the line

automatically sequence in a logical order: printer, CRT and plotter.
tune single proceeds to tune multiple, then to
sweep multiple, ard then to modal decay. How- Co-quad Plots
ever, any desired operation can be entered
directly through the operation selection menu, The data obtained from a typical sine sweep
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is in the fcr of three sets of force normal- alphanumeric graphic CRT (quick-look) or the
ized coincident (CO) and quadrature (QUAD) digital plotter (report quality hardcopy),
component values dsplayed on a digital X-Y These plot degree-of-freedom versus station
plotter. The wideband force normalized co-quad number and are formatted to provide perturbance
plots provide a means of identifying the re- definition along each axis.
sonant frequencies of the structure.

Decay Curves
At a resonance frequency the 

quad compo-

nent of the data rises to a peak value and then ihis display is used to assess the purity
declines while the co component decreases to a of a mode by noting the amount of beating pre-
minimum, rises sharply crossing the zero axis sent. Curves generated during a modal decay
when the quad is at a peak value, increases to with only the target mode excited will reflect
a maximum, and gradually returns to the zero no beating.
axis, assuming a positive quadrature peak;
polarities of the co value wilF reverse for a Off-Line Co-Quad Analysis
negative quad peak.

This processing (by a central reduction
Line Printer Listinqs laboratory) is accomplished by digitizing and

reducing the taped analog data to the desired
The sequence log is generated automatically engineering unit output.

as a given operation progresses., Bookkeeping
data, type of operation, and data are displayed This reduced data permits an assessment
in the listing on the line printer, of the operation of the force servo subsystem

and detection of the approximate frequencies
The forcing distribution is iogged on the at which the response of the structure is sig-

sequence log when the operation is initiated nificant.
by keyboard entry. At this time the force
servo is activated by the computer to maintain CONCLUDING REMARKS
the logged forcing distribution.

The automatic modal tuning and analysis
A printout of bookkeeping data and engin- system described herein is capable of meeting

eerirg unit data in global and generalized the requirements of a modal survey of any
coordinates is obtained in the off-line mode structure comparable in size and complexity to
by the appropriate keyboard entrj. A listing the Skylab payload. The techniques and rethods
of this complete summary of modal data may be employed in the AMTAS will allow the system to
obtained at any time. be expanded to meet the requirements of larger

structures During the application of AWTAS to
Modal Plots the Skylab modal survey, several improveiients to

the system were defined. Those improvements,
The stick plots are useful as a diagnostic representing significant increases to overall

in addition to their normal function of pro- capability, are discussed below.
viding a graphic description of a mode. The
trimetric (three planar views) set and stereo Suspension System
pair provide a graphic capability for assess-
ing the adequacy of a particular forcing dis- The ancillary suspension system should
tribution in exciting a given mode. become an integral part of the system to per-

mit computer control of the suspension system.
Up to 15 stick plots can be produced by Single parameter (position) or dual parameter

the appropriate keyboard ritry in the off-line (load or pressure and position) feedback can
mode. Actually only six plots (three trans- be utilized for positive control of the test
lation and three rotation) are required to des- article suspension.
cribe a structure, but the capability of plot-
ting separate parts of the structure on diff- Technical Writer's Log Input
erent plots was developed to increase the clar-
ity of presentation. The maximum of 15 plots An additional CRT/KBD displai unit should
is divided into three sets of translation be incorporated for use by the technical
(nine plots) and two sets of rotation (six writer. Test comments could be composed in the
plots). local mode utilizing the edit features of the

unit. After the text is completed, the comments
An automatic scaling feature provides max- could be entered by a send comnand. The entire

imum resolution (the operator may override this sequence log, including comments, hould be
feature and specify a particular ,cale, if de- displayed on the line printer and stored on
sired). For comparison purposes, however, digital magnetic tape.
scaling for the total set of translation plots
is calculated on the basis of all data to be Modal Survey Simulator
plotted. Similarly, the scale for rotation is
calculated for all plots. Traininq could be facilitated if a sim-

ulator softw.,e Dackage were developed and
A set of stick plots may be made on the included as an on-line option. Data stored
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during the Skylab modal survey could be the mainline program will automatically dis-
utilized for a realistic simulation of a modal play the correct page of the procedure and
survey, including wideband and sarrowband scroll it forward as the test progresses.
sweeps, tuning operdtions, modal decays and
dwells. This approach would eliminate tr eeo BIBLIOGRAPNY
for a structure for training ourposes.

r. A. Salyer, "Hybrid Techniques for Modal
Test ProLedure Display Survey Control and Data Appraisal", Shock

and Vibration Bulletin, December 1970.
A separate CRT (monitor only) unit

should be incorporated to display the test 2. R. A. Salyer, "Purity Criteria for Modal
procedure with slaved monitor units at each Survey Data", Proceedings, 17th Anrual
test station. This would eliminate the com- Technical Conference, Institute of
plexity of follouing the test operation as Environmental Science.

DISCUSSION

Mi. Hodge (Lockheed Missiles & Space Co.): Mr. Salyer: That is really covered in the
In your post processing, what was your orthog- next paper("Skylab Modal Survey Testing"). We
onality criteria? EThat determined whether the shot for ten percent.
mode was acceptable?
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SKYLAB MODAL SUdVEY TESTING

J. '. Nichols
NASA-Marshall Space Flight Center

Huntsville, Alabama

and

R. E. Hull and B. 1. Bejmuk
Martin Marietta Corporation

Denver, Colorado

Recently completed modal surveys of two Skylab orbital laboratory configurations
are described. Included are discussions of test philosophy, pre-test analyses,
testing methods, the test results, and correlation of the test modes with analytically
derived vibration modes. The phase-separation techniques used and the multi-
shaker ex-ltation proved to be a highly successful method for testing coupled, coin-
plex structural systems.

INTRODUCTION of the Skylab launch and orbitpl configurations
shown in Figs. 1 and 2. The launch configuration

The Skylab orbital laboratory was designed to consisted of all hardware above the Saturn S-IVB
provide a long-term living and working environment stage workshop, including the S-IVB forward skirt,
for three men in orbit around the earth. A Saturn V The total system tested weighed approximately
upper stage was converted into living quarters and 130,000 lb and was 80 ft long. The orbital con-
a primary working area for the laboratory. Compat- figuration consisted of the same structure, but with
ible hardware was designed to provide docking ports, the payload shroud jettisoned and the Apollo Tele-
airlocks, and supports for heavy, sensitive experi- scope Mount deployed. The Apollo command and
ments. This paper describes recently completed service module was dockrd to the axial port. An
full scale modal survey tests of two configurations of air bag support system simulated a free boundary
tne Skylab, excluding the living quarters and primary c -ndition for both tests. The modal survey of the
working area. launch configuration structure was performed first

and providz.d valuable experience wh ch was used to
Since normal vibration modes provide the alter several areas in the approach to the orbital

basis of all dynamic loads and stability calculations, configuration modal surv--. These differences in
it is necessary that these data be accurately de~er- the conduct of the two tests and their effects on the
mined to assure the total dynamic adequacy of a results obtained are emphasized in the discussion of
system. On new and complex structural systems, the testing techniques.
mcdal survey tests are usually mandatory to obtain
the accuracy required. This is particularly true on Prior to the Skylab program, large rockets
complex structures that must support highly sensi- 'nd space vehicles were excited during dynamic
tiv2 equipment or be man rated. The Skylab vehicle tests by placing shakers in one plane only and re-
had to satisfy both of these requirements. The cording the resulting motion. This type of testi .g
philosophy governing the subject modal tests was to is adequate on simple structures that have very
S.cquire all structurally significant vibration modes little mass and stiffness coupling between planes and
in the frequency range affecting structural loads and when modes are fairly well separated. Skylab is t
flight controls computations. Comparison of the highly coupled system with a aense concentration of
normal modes acquired during the tests with analyt- modes below 20 Hz. This made a multiple plane
ically pr( Jicted modes facilitated the verification excitation system mandatory if individual modes
oi the mathematical model and exposed specific areas were to be isolated and mapped. A unique multi-
where modeling was inadequate, shaker control and online data acquisition system

known as AMTAS (Automatic Modal Tuning and

Modal surveys were conducted on two Acquisition System) was utilized on these tests.
physically distinct configurations. These consisted ...... W__.__________
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150 LB SHAKERS

APOLLO TELESCOPE/MOUNT (ATM)

PAYLOAD SHROUD (PLS)

MULTIPLE DOCKING
ADAPTER (MDA)

STRUCTURAL TRANSITIONSECTION , DEPOET

DEPLOYMENT

AIR SPRING ASSEMBLY (DA)

SUSPENSION-

AIR SPRING SUSPENSION

FIXED AIRLOCK
SHROUD (FAS) AIRLOCK MODULE (AM)

INSTRUMENTOUN ,) -- / ORBITAL WORKSHOP
INSTRUMEHT UNIT O)-' S-IVB FORWARD SKIRT

SUPPORT RING

Fig. 1. Schematic of the launch configuration dynamic test article

The AMTAS measures the total acceleration first time on a system as large as Skylab. The

response and resolves it into vector components in ,hase-separation technique coupled with multi-
phase with a selected force and one 90 degrees out- shaker excitation proved to be an efficient and ac-
of-phase with the force. These components are de- curate method for defimng system modal character-

fined as the coincident (CO) and quadrature (QUAD) istics.
response vectors, respectively. At resonance the
quadrature component represent,. he total response, Because of the pbvsical size and complexity of

since the in-phase component is zero. The phase- the Skylab structure, several problems were encoun-
separation technique had been used with previous tered in formating and evaluating the va.4. amount of
success in the aerospace Industry, but this was the experimental data obtained. Also, a schematic
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Fig. 2. Schematic of the orbital configuration dynamic test article

approach to correlating the test data witb analytical PRETEST ANALYSES
results had to be formulated before assessments
could be made. These topics, along with refinements Prior to starting actual modal testing, mode

made in other areas and helpful aids in acquiring shapes and frequencies for bot, test configurations

data, are discussed :n the following sections of this were calculated. The results of these analyses were
paper. used for further analytical pretest studies and
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subsequent post-test correlations with the test data. A further pretest analytical effort involved
The mode shapes and frequencies were derived using determining physical locations for the 150-pound
the same technique as was used in calculating modal modal shakers used to excite and isolate the test
data for design loads purposes. The technique is modes. These studies were necessary due to limi-
known as the Modf.l Synthesis Method and is de- tations on quantities and implementation of the
scribed in detail in Reference 1. Briefly, in ap- shakers. The studies were further complicated by
plying this technique, the structure to be analyzed physical clearance limitations in the laboratory.
is considered to consist of an assemblage of struc-
tural components. One of the components is desig- For each test, a limit of twelve shakers
nated as the "main beam", while the remaining could be simultaneously activated during modal
components are considered to be "branches" which tuning. In addition, the shakers could not be arbi-
are to be inertially coupled to the "main beam." tarily moved about the structure during tuning
The process involves calculating mode shapes and operations. As a result, nineteen permanently
frequencies for each "branch" when constrained at located shakers were designated for the launch
the various "main beam" interfaces. The "branch" configuration and twenty-one for the orbital configu-
mode shapes along with the "main beam" mode ration. As previously indicated, any combination of
shapes are mathematically combined to form the twelve of these shakers could be used for modal
coupled system for which coupled mode shapes and tuning. The shaker location studies were concerned
frequencies are calculated for the entire structure, with determining which of the physically possible

shaker locations could be used to excite the modes
Figs. 3 and 4 indicate the various "branches" of interest. The selection process was analytically

and "main beams" used in calculating the coupled conducted and the final locations were based on
mode shapes and frequencies for the launch and maximizing the accelerations of the modes of
orbital configurations, respectively. The results of interest while simultaneously suppressing accelera-
the coupled analyses indicated 205 modes in the tions in neighboring modes in order to maximize
launch configuration test frequency range of 0 to 50 modal purity.
Hz. The orbital configuration analysis resulted in
78 modes within the 0-to 20-Hz test frequency range. MODAL TUNING METHOD
The final coupled models contained 425 and 630 net
discrete degrees of freedom for the launch and The "co-quad" method of modal tuning was
orbital configurations, respectively, used for both Skylab modal survey tests. The fol-

lowing paragraphs briefly describe the essential
Further pretest analyses were performed for features of the method. Detailed discussions of co-

the purposes of determining accelerometer measure- qwAd tuning are found in References 2 and 3.
ment and modal shaker locations, measurement
transformation equations for data reduction, and The co-quad method involves resolving the
mass matrices for on-site orthogonality checks, total acceleration at each measured point on the

structure into coincident (co) and quadrature (quad)
Due to limitations in data acquisition and re- components which are in- and out-of-phase, respec-

duction capabilities, along with availability of accel- tively, with a reference force signal ("master"
erometers, each test was limited to 200 accelerom- shaker). These components are expressed mathe-
eter measurements per test mode. As a result, matically as
kinetic energy studies of the analytical modes were
performed in order to determine optimum measure- Quad = I FI A sinO (1)
ment locations for each of the test articles. In
determining the 200 locations, emphasis was placed Co = IFI 1Al cosO (2)
on instrumenting those areas which could be expect-
ed to have significant kinetic energy contributions in In the above equation, F is the value of the reference
the greatest number of highly-coupled modes within force, A is the total acceieration at a point on the
the test frequency range. After determining the lo- structure, and 0 is the phase angle between the
cations, transformation equations were generated reference force and acceleration vectors. Clearly,
(based on accurate laboratory accelerometer loca- as the phase angle approaches 90 ° , the quad com-
tion measurements) for the purpose of transforming ponent will approach a maximum while the co will
the measurements to the mathematical collocation approach zero. Fig. 5 depicts the classical rela-
points. These transformations were used along with tionship between these components and the total
analytically derived mass matrices to transform and acceleration as frequency is increased through a
normalize the test data and obtain on-site orthogo- resonance. In addition, it can be seen that, if the
nality checks and plots of the test modes. The mass total acceleration is expressed as a complex quanti-
matrices were derived from analytical component ty, the imaginary portion is analogous to the
matrices using static reduction techniques.
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Fig. 3. Breakdown of launch configuration dynamic test

article into components for vibration analysis

quadrature while the real part is analogous to the frequency. After completion oL the sweeps, the

coincident component. identified resonances are dwelled upon with the i
tention of exciting and isolating the attendant moo

In actual lahuratory practice, structural This 'tuning" process essentially consists of

resonances are iuentified by firsL performing single- attempting to maximize the quadrature response.

shaker "widu uand" sweeps through the frequency for the mode of interest by varying shaker force

range of interest. A portion of a typical single- amplitudes and phases. In practice, the quadrat

shaker sweep is shown in Fig. 6. This figure shows responses will be comprised of components fron

the variation of co and quad components with neighboring modes as well as the mode of intere
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Fig. 4. Breakdown of orbital configuration dynamic test article
into components for vibration analysis

As a result, the "ideal" relationship shown in Fig. 5 modal purity can be obtained through orthogonality
seldom exists. "Narrow band" shaker sweeps are checks.
utilized during the tuning process as an aid in identi-
fying the neighboring modes and the severity of The co-quad method of modal tuning was used
coupling with the mode of interest. Th~se sweeps quite successfully during both Skylab modal surveys.
may cover a range, for example, of one cycle on The greatest advantage of this method over other
either side of the desired modal frequency and yield methods lies in the high degree of visibility provided
high resolution online plots of co and quad variations by automatic online decomposition of the total
in this range, The effects of each change In shaker acceleration into co and quad components.
amplitude and phase is determined using the narrow
band sweeps. Once the quadrature responses have TEST PROCEDURES AND DATA EVALUATION
been satisfactorily optimized throughout the struc-
ture, the degree of success in isolating the mode of Since the objective of the Skylab modal sur-
interest is determined by recording decay histories vey tests was to acquire only significant vibration
of acceleration after all shakers are simultaneously modes of ,be launch and orbital configurations,
deactivated. The presence of "beating" during decay emphzsis was placed on modes characterized by the
will indicate lack of purity. A further check on motion of major components of the system.
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Fig. 5. Relation of co and quad to real and imaginary part of steady state response vector

ACCEL

! ! ' \ '1 a FREQUENCY

QUADRATURE '- '~ ., ,,

FREQUENCY

Fig. 6. Typical section of a wide band single shaker sweep

A large number of modes involving small, isolated system, considerable effort was allocated to the
components was not mapped since they were not pretest checkout.
considered significant to the scope of these tests.
The following dicussion gives an overview of the The polarities of accelerometers were veri-
tests conducted and the problems encountered dur- fled by exciting the test articles in suspension sys-
ing the course of testing, tern modes and observing the resulting rigid body

motion. A unity quadrature check was also per-
a. Pretest System Checkout formed to verify the operational capability of the

data acquisition system downstrearr from the co-

Occasionally, at the start of testing, quad analyzer. Input of a quadrature value of unity
the significance of a thorough system checkout is was used to simulate the reading of accelerometers
ove,-looked in favor of obtaining test data on or in all coordinate axes. In each case, these simu-
ahead of a planned schedule. It should be recog- lated readings were processed through all of the
nized that the pretest system checkout does yield data reduction channels, including transformations
valuable data which can save many days of man ef- of motion to the analytical modal mass points and
fort and schedule time. This is accomplished by then producing the corresnonding online plots.
eliminating instrumentation and data acquisition Several errors in the traDsformation equations were
probems at the start through the use of efficient exposed and corrected, as well as some hardware
and systematic planned procedures. Because of the problems that would have been difficult, if not im-
large number of accelerometers used on the Skylab possible, to spot without an attentive systematic
tests and complexity of the online data acquisition check. Additional routine data checks were made
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throughout the test program as part of the test pro- planes. A pretest analysis was used as ai aid in
cedures to verify the quality of data obtamned. Fail- identifying these conditions. Once their existence
ures in data acquisition equipment and configuration was recognized, it was no problem separating them
change errors were uncovered by these routine during the modal tuning operation.
checks that would otherwise have gone undetected for
days as piles of data were accumulated. Obviously, c. Tuning and Acquisition of Modes
this would have resulted in an unforgivable waste of
time and resources. The approximate shapes of frequencies

of major modes were acquired from the tabulated
b. Wide-Band Frequency Sweeps wide-band frequency-sweep data. Three-

dimensional vector plots made for each deflection
At the outset of each test, wide-band pattern aided in selecting shaker locations, phasing

!requency sweeps were made to experimentally shakers, and choosing instrumentation to be moni-
identify significant modes of the Skylab system. tored during the tuning process. Considerable ef-
During the launch configuration test, single-shaker fort was expended in analyzing the data and mahing
sweeps were made from 5 to 50 Hz at each of the the above selections. However, it was time well
19 shaker locations. Likewise, on the orbital con- spent. Modes that could be approximately defined
figuration test, frequency sweeps were conducted in this manner were tuned in only a fraction of the
from 1 to 20 Hz. Only selected shaker locations time required for ill-defined modes.
were excited on the orbital test. In some cass,
two shakers with either 0 or 180° phase were excited A total of 12 shakers could be controlled
simultaneously to obtain the desired response simultaneously during the modal dwells. A photo-
spectrum. Accelerometer data were acquired at graph of the control panel is shown in Fig. 7.
selected measurement points, decomposed into the Approximate tuning of the modes was accomplished
coincident and quadrature components, and plotted by varying force amplitudes while monitoring
as a function of frequency. The frequency sweep Lissojous patterns of selected accelerometers and
rate of 0. 5 Hz/min yielded near-steady-state the master shaker. Final tuning required further
response during these sweeps. Examination of the manipulation of the shaker forces and phases while
co-quad plots facilitated approximate definition of observing quadrature and coincident component
the mode shapes and their frequencies. During the vector amplitudes. A mode was considered to be
single-shaker sweeps performed on the launch con- well-tuned when the quadrature was maximized at
figuration test article, only three accelerometer points of largest displacement and the co vector was
measurements were acquired for each sweep. Esli- less than 10 percent of the quad amplitude.
mation of mode shapes from these limited measure-
ments was difficult and in some cases, impossible. Prior to the acquisition of data, the purity of
As a result of experience gained from these tests, a mode was verified first by performing a narrow
the number of accelerometers was increased to 56 band frequency sweep through the established reso-
for the orbital configuration sweep test. This nance. Several selected acceleration measurements
allowed a more accurate estimation of the mode were acquired and plotted as shown for the wide-
shapes and greatly enhanced the tuning of the orbital band sweep data. If the plots showed that neighbor-
configuration modes. ing modes had been depressed, the next step was to

acquire decay traces of several selected accelerom-
A typical section of a wide band, single- eters and examine them for beating. If any one of

shaker sweep plot is shown in Fig. 6. The measured the purity checks was negative, additional tuning
amplitude aL resonant peaks was tabulated as a func- was required. When this occurred, new shaker
tion of frequency and location for each acceJerom- locations were usually selected with the aid of the
eter. Data from all the accelerometers were listed co-quad data from the unsuccessful dwell. The
in matrix form so that the existence of a mode would entire tuning process was then repeated.
be more readily apparent. This type of formating
worked exceptionally well when there was good sepa- Acquisition of a mode using AMTAS involved
ration between modes. At the higher frequencies, recording the 200 acceleration measurements fol-
identification became more difficult because of the lowed by analog-to-digital data conversion. Digital
higher modal density. This might be eliminated on decomposition of the total acceleration into coinci-
future tests by taking smaller frequency Increments dent and quadrature components and transformation
when conducting the freqitency sweeps. It should be of the quadrature data from the accelerometer lo-
mentioned that separation can be difficult even at the cations to the mathematical model mass collocation
lower frequencies, since some modes appear in points was then accomplished. Online printouts of
pairs and very close In frequency. This occurred at total acceleration, coincident and quadrature com-
some of the lower bending modes due to slight stiff- ponents, and the co-quad ratio were generated.
nebN and mass differences betw.mn the pitch and yaw Quadrature data, normalized with respect
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Fig, 7. Vibration test control room

to the mass matrix to yield a generalized mass of Two-dimensional plots similkr to those produced
unity, were used to produce two-dimensional plots of on-line during the test are shown in Figs. 8 and 9.
the mode shape immediately following acquisition of Fig. 10 provides a pictorial display of the same
the mode, mode. Only motion of large components pertinent

to the description of the character of this mode is
During the launch configuration modal survey, shown. Figs. 11 and 12 depict the first elastic

24 unique modes were acquired in the frequency mode of the orbital configuration test article in the
range below 50 Hz. Orthogonality of these modes same fashion.
with respect to the mass matrix is shown in Table 1.
Table 2 shows the orthogonality between t' e 25 COi{RELATION OF TEST AND ANALYSIS
modes acquired during the orbital configuration test.
The off-diagonal terms shown in the orthogonality The correlation process leads to either con-
matrices are not squared. Therefore, they repre- firming the mathematical model or exposing its
sent true-coupling between the modes involved. In deficiencies. The Generalized Mass Contribution
most cases, the orthogonality results are excellent. (GMC) method, described in Reference 4, greatly
Some modes do show strong coupling, but a few high aided in this correlation. The fractional distribu-
off-diagonal terms should be expected due to the tion of the normalized kinetic energy throughout the
limited number of accelerometers and shaker loca- structure was computed for both the test anrd analyt-
tions used. ical modes. A least-squares fit method was then

used to find the best match between the GMC distri-
The first elastic mode of the launch configu- bution of a test and an analytical mode. Frequency

ration test article is shown ir. Figs. 8, 9, and 10. and mode shape plots we:e used to further confirm
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Fig. ~.Launch configuration first elastic mode, main beamn deflections

the GNIC correlation. A sun~niarv of the frecuencv hardware. A correct representation of the test
correlation results is shou~n in Tables *3 and 4for hr~ r lmntdteedsrpnis

the launch and orbital configurations, rspectively.
The orbital configuration conifirmned the

The launch configuration correlation analysis modeling problem in the ANM/STS area that was ex-
exposed a serious modeling orror in the airlock posed by the launch configuration test. A stiffness
module tunnel and at the NMDA/STS interface repre- error in the ATMI deployment assembly and the comn-
sentation. The frequency of modes involving large niand,'service module interface representations was
elastic deformation of these areas was up to 25 per- also found and corrected. Post test frequencies in
cent low-r than analytically predicted. The first Table 4 reflect these changes in the math model.
elastic experimental mode uas found at 5.3:5 Hiz com- Some of the higher frequencies of the launch configu-
pared to 7. 25 liz, as analytically predicted. Change ration shifted to give x~orse correlation frequency-
in a local area stiffners of the math model was re- %%isc than before mode! rework. hfouever, miodal
quired to make analyses agree uith the test results. amplitudes and phasing between different parts of the
The airlock module nitrogen storage Lank supports structure were greatly improved to give a better
were also found to be in error and were remodeled, overall correlation.
Differences betueen the test and analytical frequen-
cies of the FAS oxygen storage tanks were attributed
to structural differences between the test and flight
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SUMAR.\Y

The co-quad technique, coupled with multi- orthogonality checks and the narrow band frequency
shaker excitation, proved to be an efficient and ac- sweeps proved to be the most useful evaluations.
curate method for defining the Skylab zv steni's Orthogonalityv calculations were particularh helpful
modal characteristics. Refinements in test tech- in the evaluation of modes with (-losce frequencies,
fliques andl procedures were made as the testing
progressed. Only three accelerometers were moni- During the post-test data evaluation and sub-
tored for each wide-band frequency sweep on the sequent correlation wvith analysis, modal plots
launch configuration. This proved to be an mnade- failed to provide the information required for ac-
qu-ite amount of instrumentation to allow gross defi- curate detailed comparisons. Th generalized
nition of the required modes. This problem was mass-contribution method, as previouslv described,
corrected on the orbital configuration since assess- provided the necessar.N tool for defining aind sorting
ment of mode shapes prior to the tuning process was the characteristics of both the analytical and test
extremely helpful in tuninga. mode, modes. From the dlstributi-in of the generalized

mass, the dlominant subsystem or active~ structuiad
Several purity checks were made during the aasin each mode %%.is easilY defined.

course of acquiring modal data. The online
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. . Fig. 11. Orbital configuration first elastic mode,

~pictorial representation

Fig. 10. Launch configaration first elastic mode,

pictorial representation
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Fig. 12. Orbital configuration first elastic mcde, main beam deflections

The test data and correlation technique de- werc uwcovired and have been corrected. The im-
scribed provided valuable information for verifying pact of these math model changes on loads and sta-
dynamic math models of the Skylab. Several errors bility analysis results is still being assessed at the

time of writing of this paper.
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TABLE 3
Summary oL Test and Analytical 1Modes Correlation, Launch Configuration

Test Mode Correlating Pro test Correlating Pro.test
Analytical Mode Analytical Mode

No Frequency. Hz Frequency, Hi Frequency, Hz

1 0.73 0721 0.720
2 5.371 7.256 5.235
3 5.537 7.856 5.460

4 7A41 7.766 '.76
f 8.791 10257 9.018

6 0.208 1 0315 9063
7 10.39 11.073 9.691
8 11.30 12606 10.862
9 13.46 1396 13.220

10 15.15 16.326 15.373

11 16.87 18.119 15.072

12 16.28 t6.6e7 16.780
13 16.6 20.150 16.201

14 17.92 20.378 19.166
15 18.78 19.063 18815
18 20.28 21.783 19.966
17 21.96 23.992 30.249
1 22.2' 23 360 28.904

19 231, 24.926 22.640
20 23au
91 26.93
22 40.89
23 43.63 42.052 42,060
24 43.99 43.068 34.380

-No Analylical Mode Could Be Correlated

TABLE 4
Summary of Test and Analytical Modes Correlation, Orbital Configuration

Taot Mode Correlating Pre-telt Correlating Post-test
Analytical Mode Analytical Mode

No. Frequency. Hi Frequency, Hz Frequency, Hz

1 + ..JI 0.21 0.28

2 0.
°  

028 0.28
3 131 1,37 1.279
4 1.4 1.87 1.377
5 1.66 1.96 1 670
6 1 74 1.99 1.643

7 2.61 2.66 2.338
8 3.06 3.52 3.151

1 4.10 3.28 3.631
1. 4.61 832 4.323
11 ..03 6 Oll 4.391

12 5.18 5.76 5.706
13 6.30 7.04 6.682
14 6.73 9.10 9.192
15 8.86 9.38 9A06

16 11.69 12.64
17 12.66 .2.75 12.07.

18 13.30 13.01 12A6S6
19 13.61 13.20 13.323
20 14.56 14.97 14.5%

.5.40 13.97 14.955

2. 16.20 17.!4 17.65
23 16.53 18.32 1.361
74 17.01 19.81 19.644

*1N Aralytical Mode Could Be Correlated
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DISCUSSION

Mr. Arthur (Aerolet Solid Propulsion Co.): o- required additional retuning. We felt, due
You said that the main reason that you did the to the complexity of the structure and the
modal survey was to chec., your mathematical limitation of only 12 shakers that we could
modal. I'm wondering why you didn't just control at a time, that if we had thirty per-
check a simple frequercy response test against cent non-squared terms in our diagonal it would
your mather, tical results, have been a successful test. Of course, our

results looked much better than that.
Mr. Bejmuk: There are several philoso-

phies as to whether one should perform a full Mr. Hodge: How did your results compare
scale modal survey or whether monitoring the to your analytical modal?
frequency response will suffice. We felt
that performing a modal survey of the type we Mr. Beimuk: On launch configuration we
did, short of actually monitoring the flight found a little greater 'lisagreeeient between
data, was the only effective method of learn- test and analysis. For example, the first
ing the correctness of the mathematcal modal, elastic mode was predicted at 7.2 Hz and found
If you recall, this was a man-rated, single- at 5.3 tlz. How, that looks like a considerable
flight mission with a lot of new hardware frequency span but, if we consider that the
involved. We felt we needed a modal survey, mode actually involved elastic motion on o..e
In fact, I wish I had a little more time. I of -he interfaces, we found it was extremely
would have gotten into some of the results that easy to correct. Ln fact the s.volved contractor
we obtained and the impact or the analysis did correct the model. We nave rerun the
which was done on a pretest basis, as well as analysis and we have excellent agreement now,
improvement which were made as results of the We could not have assessed that disagreement
test. I think it would have become obvious without rhe test.
thac. t e money on the test was well spent.

Mr. Hedge: dow about the first mode in
Mr. Hedge (Lockheed Missiles and Space the orbital configuration7

Compan,): What was your orthogonality criteria?
What detcilined whether you accepted a mode er Mr. Bemuk: The mode in the orbital
rejected it? configuration was r'-ght on the bottow. The

simple reason is that, prior to g" -. into the
Mr. Be.muK: Criteria for acceptance or orbital configuration test, w- alrcat, id some

rejection of a mode was not e--elusively based knowledge ,lirh tpect to the problen, f our
orthogonality? We were looking at narrow model derived from the launch confi ,iration

band sweeps that we performed just prior to tests, So our analysis was nt exaitl, thc
mode acquisition. We have looked at the prirt- pretest aralysis. We already had some knw-
out of answers. We have lookcd at th, ledge of the modelim pro',ier-, wi'ih w.rc
appearance of coincideace and quadratkre at incornocated into tr analvtical odel. ic
the coordinates recorded. Tht ;erved in part resvltc were exrel.rlnt. The first nod( was
for assessment as to whether the mode was good someth~ng like 1.% vLrsus a predicted ,f 1.61.

It was a few hun'rcdth: of a 1l.
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USE OF GENERALIZED MASS CONTRIBUTIONS IN
CORRELATION OF TEST AND ANALYTICAL VIBRATION MODES

Robert E. Hull and Bohdan I. Bejmuk,
Martin Marietta Corporation

Denver, Colorado

and

J. Nichols
National Aeronautics and Space Administration,

Marshall Space Flight Center
Huntsville, Alabama

A technique for the use of generalized mass contributions of
discrete structural degrees of freedor as an aid in correlating
analytically derived vibration moaes with modes acquired from
modal survey testing is described. Examples of the application
of this method in the correlation of Skylab vibration modes are
presented.

INTRODUCTION The generalized mass contribution (GMC)
technique presented here provides a tool for

After completing a spacecraft modal sur- determining the characteristics of each .node
vey test program, the structural dynamicist shape by determining the distribution of
is confronted with the task of comparing or kinetic energy throughout a moe. With this
"correlating" measured spacecraft vibration information, the analyst can then differentiate
characteristics with corresponding analyti- between overall structural and local modes.
cally derived characteristics. The data to be In addition, GMC distributions for both test
compared consist of mode shapes and corre- and analytical modes can be directly compared
sponding modal frequencies. The usual in attempting to correlate the modes.
procedure is to compare directly plots of the
test and analytical mode shapes. If the plot The technique for determining GMC dis-
of an analytical mode appears similar in shape tributions is commonly employed in vibration
and amplitude with a given test mode plot, the analyses. The essential purpose here is to
two modes are said to correlaLe. The fre- illustrate the use of these distributions as a
quencies corresponding to the correlating tool for correlating test and analytical vibra-
mode shapes may or may not differ signifi- tion modes.
cantly.

The following discussion reviews the
Although this procedure may be adequate method ior determining GMC distributions

for use in relatively simple structures, the The results of a simple beam analysis arc
I . structure may be quite complex, consisting presented to illustrate the method. Finally,

of an assemblage of many large truss and the application of the method of the correlahon
shell components, with the components con- of Skylab vibration modes is presented.
taining some type of "local" appendages.
During forced excitation, the responses of
the appendages couple with the responses of DETERMINATION OF GMC DISTRIBUTIONS
the overall structure and these responses may
be very closely spaced in frequency. The A GMC distribution indicates the contri-
modal shape o)f the overall structure in one of bution of each discrete structural degree of
the coupled appendage modes may closely freedom to the total generalized mass for each
resemble that of a truly overall structural mode. of the normal • iodes of a vibrating structure.
Because in a highly coupled system these modes The determination -f this distribution is based
are very easily rii.taken for each other, before on the kinetic nergy expression for the vi-
attempting to correlate test modes with the brating structure given as
analytical modes for a zomplex structure, one
must be able to "sort out" the local modes from
the overall structural modes.
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KE 1 T [ where n is the total number of discrete
KE =1/2 't TL[M] (1) degrees of freedom and m is the total number

where ci is a column matrix of discrete veloc- of modes. It can be see. that equation (7)
ties at a finite i1Iber of points located represents a portion of the generalized mass

throughout the structure, and M is a mass triple matrix product contained in equation
matrix representing the vibrating mass at each (4). That is, if equation (7) is premultiplied
of these points. For a linear structure, the by the transpose of the modes matrix, the
velocity at any point in the structure, ci can unity generalized mass matrix will result.

If, however, we only multiply corresponding
be expressed as the sum of the velocities in elements of the modes matrix (nontransposed)
each of the normal vibration modes for the and the matrix result of equation (7), the
structure,, that is GMC matrix is obtained. That is

(2) GMC 1j 0. D (8)

Each column in the GMC matrix corresponds
where the superscript refers to a normal to a given mode shape. Each element in that
mode number. Transforming equation (2) to column corresponds to a discrete degree of
modal coordinates and using matrix notation freedom, and the value of that element is
gives that degree of freedom's "generalized mass

contribution" toward the total generalized
q1 0[1JI (3) mass value of 1. 0. The column, taken intotal, represents the generalized kinetic

In equation (3), ,0] is a matrix of orthogonal energy distribution of the degrees of freedom
mode shapes for the structure, andIj} is a for that mode.
column matrix of modal velocities with each
element corresponding to the generalized It can now be seen that, if both analytical
velocity of the modes. Each column in [0] and test mode shapes are normalized (per
is a mode shape containing the modal ampli- equation 6) using the same kernel mass
tudes for each discrete degree of freedom in matrix, the generalized mass contributions
the mnathematicnl model. These modal for analysis and test may be directly corn-
amplitudes can be normalized in an arbitra. y pared.
manner, and it is convenient to normalize
them so a generalized mass of unity is ob- To provide a simple example, a uniform
tained for each mode. Substituting equation beam with an attached concentrated mass
(3) into the kinetic energy expression (eq 1) Fig. 1(a) was analyzed. The purpose of
gives this example is to demonstrate the value of

the GMC matrix in evaluating the dominant
KE=1/21\ T[] T[M][€]{{ (4) characteristics of mode shapes. Plots of

I, the first two elastic modes for this system
The inner triple matrix product in equation are shown in Figures 1(b) and (c). It can be
(4) is defined as the generalized mass ntatrix. seen that both shapes exhibit "first vending"
If the mode shapes have been previously characteristics in the beam portion of the
normalized to give unity generalized masses, system, with the concentrated mass first
this triple product will yield an identity in phase and then olit of phase with the beam.
matrix. If the modes have not been previously Examination of the mode shape ulots does not
normalized in this manner, it is accomplished readily reveal where the dominant motions
oy letting lie. To determine this, GMCs were calcu-

lated for each mode. The individual degree
CGJ = [0T [M][€ (5) of freedom GMCs for the beam were summed

to determine the total beam contribution in
where [GM3 is a diagonal matrix of generalized each mode. The results, as shown in Figures
masses for each mode. The normalization 1(b) and (c), indicate that the first elastic
process consists A dividing each modal mode is dominated largelyby the response of
amplitude in a given mode by the square root the concentrated mass (GMC of 0. 73), while
of the generalized mass corresponding to that the second mode is dominated by the bea
mode. A typical normalized modal amplitude with a total GMC of 0. 78. For a complex
for the ith degree of freedom in the jth mode structural system containing many "local"
is systems such as the concentrated mass in

this example a GMC calculation based on
O\ (6)) 1/2 the analytical model is of great value in

Norm Non norm UMjI determining whether a given "local" syster.
should be instrumented for a modal survey of

The GMC matrix is calculated by first letting the structure in the laborptory. In the above
example, if the concentrated mass were not

nxm nxn nxm instrumented during modal testing, only the
'D] = M] [¢- (7) beam portion of the mode shapes would be
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measured and correlation with analytical USE OF GMC MATRICES IN MODAL SURVEY
shapes could be quite difficult since the TESTING
first and second modes exhibit similar shapes
along the beam. Prior to starting a modal survey test,

mode shapes derived from a mathematical
model of the structure to be tested are

Y usually available. If a GMC matrix is cal-
2culated using the analytical modes and mass

------- matrix, the results can be used to determine
. the number of accelerometers required and

their locations in the structure. That is,
the GMC matrix provides information as to

L_.JREE-f REE UNIF0 BEM _ X which portions of the structure have signi-
ficant contributions to the total kinetic energy

--. .. . . .. ..L 100 in. - in each of the analytical m odes included in
the test frequency range. Since practical

BEAM El • 8.333 x 10l b-in• 2  limitations in test instrumentation usually
0Ib's  require compromises in the total number of

T . degrees of freedom to be measured, a study
l-s of the analytical GMC matrix will help ensure
M ..in.that the most significant degrees of freedom

K - 0. 146 x 106 lb/in. are retained for measurement.

W~ UNIFORM BEAM EXAMPLE After completing testing, a GMC matrix
can be calculated for the test modes and
compared with a corresponding matrix for
the analytical modes as an aid to the correla-

0.61 f 57.5 Hz tion effort.
TOTAL BEAM GMC 0.27 The correlation phase of modal testing

0. CONCENTRATED requires a large amount of engineering
NORALIZED MASS GMC 0,73 judgment. The GMC matrix comparison

0.0 aids the engineer in making the best judgments

DEFLECTION, by providing a tool that goes beyond direct
D-BEAM Cmodc shape plot comparisons. However, it

, is emphasized that since the GMC matrix
provides no information in regard to relative

-O 6phasing of the various structural compononts
CONCENIRATED in a given mode, the plot comparisons m~st

.i91 MASS be employed in conjunction with the GMC
(b) FIRST ELASTIC MODE matrices.

0.6 CONCENTRATED If the mathematical model of the test
MASS structure is not suspected to be grossly

0.3 Inadequate, a "least-squares" method of
comparing test and analytical GMC matrices
can be satisfactorily employed. This method

0.0 ------- ~- consists of determining the sum of the squares
of the differences in the GMCs for each test

-0.3 mode, taken one at a time, with every analyt--0. BEAM ical mode, The analytical mode for which the
f - 75.5 Hz sum of the squares is a minimum would con-

-0.6 TOTAL BEAM GMC - 0.78 stitute the "best fit" of the GMCs for the test
CONCENTRATED mode. To perform this calculation, a column91 Sted and subtracted from every column of the

(c) SECOND ELASTIC MODE analytical modes GMC matrix. This results

Fig. 1 - Uniform Beam with Concentrated in a matrix of GMC differences having the
m Bsame size as the analytical GMC matrix. Each

mass element in the differences matrix is then
squared and the sum of all the elements in cach
column of the result is calculated. The column
that yields the least sum will correspond to the
analytical mode having the "best fit" of GMCs
for the particular test mode. The resulting
information provides the analyst a starting
point in the correlation task.
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The GMC matrix can be further used by
summing, for example, all the GMCs corre-
sponding to the torsional degrees of freedom
in each mode to determine if the mode is
largely a torsional mode. Or, if the structure - -,,.,'.5PA;

is composed of several subassemblies, the , 'r-
GMCs or tie degrees of freedom contained in GA ,(,
each subassembly can be summed in each mode ,' ,- APtO TIttUCpN

to determine the relative participations. &1 /[-'T ATM

APPLICATION TO SKYLAB MODAL SURVEY
R L MS .'

Extensive modal survey tests of two
lull-scale Skylab configurations were performed Z, i ,,
at the Manned Spacecraft Center in Houston, Ivo ,A..'
Texas during the first half of 1972. The con- -
figurations tested were the launch and orbit l

configurations shown in Figures 2 and 3. It , .. , I.(.U, ",A,

can be seen that in the orbital configuration, I91 '.T'ME',T *It'

the payload shroud is not present, the Apollo .9 OkIALI VOPYS- 'O,
telescope mount has been rotated 90 degrees --
to the deployed position, and an Apollo com- 8A i ,'AC
mand and service module has been axially
docked to the multiple docking adapter. During
test, each configuration was supported by a Fig. 2 - Skylab launch configuration for modal
low-frequency air spring system, rendering survey testing
the end conditions to be essentially free-free.

The modal survey of the launch config- X
uration was first in the test sequence and 24 /

unique test modes in the 0- to 50-Hz frequency Z
range were obtained. Two-hundred degrees
of freedom in each mode were measured using
a corresponding number of accelerometers.
During the posttest correlation study for the y
launch configuration test modes the need for
GMC calculations developed. Due to the com-
plexity of the launch configuration test modes COMMANDSERVICE
and the large number of degrees of freedom in MODULE ICSM
each mode, it became difficult to discern the
essential dominant characteristics of each mode
shape by simply inspecting two-dimensional
mode shape plots. Because of shaker place-
ment during testing, it was expected that the
test modes would not be "local" in nature but
would be overall structural modes exhibiting
motions in all areas of the structure. However,
as the correlation study progressed, it became
increasingly clear that some of the test modes
were possibly local in nature. To resolve
this question, GMC calculations were performed
on the test modes. The results showed that
many of the modes did display significant local
characteristics. For example, four of the
test modes had total GMCs for the six fixed
airlock shroud oxygen tanks ranging from 0. 59
to 0. 71. Many other modes contained signifi-
cant contributions from these tanks, ranging
from 0.20 to 0. 36 of the generalized masses
of unity.

Fig. 3 - Skylab orbital configuration for modal
survey testing
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As the test mode GMC results were being orbital configuration test and analytical mode."
studied, it was found inconvenient and time- the least-squares GMC fit technique previo-.
consuming to examine the GMC matrix in described was employed with excellent re-
the usual form of a computer printout. As a suits. The least-squares results were used
result, a small computer program that as a starting point in the correlation effort
arranged the GMC matrix into convenient followed by mode shape plot and GMC distri-
tables for each mode was written. One of bution comparisons. Many ol the loast-
these tables showed a summar 1, of GMCs for squares GMC fit results were further verified
various major areas, or components, of the by performing an orthogonality calcUlatlon of
structure by indicating the GMC sums for each the test modes with the analytical modes
degree of freedom contained in each component. ("cross -orthogonality") after normalizing
A second table generated indicated the GMC each set to the same mass matrix. This
for each individual degree of freedom at each calculation indicated significant coupling
collocation point with a description of the between correlating modes. It should be
collocation point. Hence, if it was desired noted that neither of these techniques would
to determine which component degrees of have yielded satisfactory results if the
freedom contributed to a particular component analytical modes or the mass matrix were
sum given in the first table, the second table grossly in error.
provided this information. Examples of the
two types of tables are shown in Table 1(a) An example of the orbital configuration
and (b). Table l(a) shows GMC summaries correlation results is shown in Figure 5. The
for seven nmajor components of the Skylab plots shown in Figures 5(a) and (b) are the
launch configuration. The first portion of test and analytical centerline bending deflec-
this table indicates the GMC sums by de- tions in the X-Z plane of the main portion of
grees of freedom for each component. For the structure from the OWS skirt forward
example, the numbers in the column labeled through the CSM. Figure 5(a) is the test
(DX) represent the sums of the GMCs for all mode plot while Figure 5(b) is a correspon-
the X degrees of freedom. The second por- ding plot for the correlating analytical mode.
tion of the summary table indicates the total These plots represent only a portion of the
GMC for each component and is the sum for entire mode shape but serve to illustrate the
all the degrees of freedom of each component, excellent shape correlation, which is verified
Table I(bygives the GMCs for degrees of by the agreement in the corresponding GMC
freedom corresponding to Table l(a) summary. summary tables shown in Table 2(a) and (b)
The test mode represented in these tables was directly below the plots.
selected as an example of a mode that could
easily be misinterpreted by examining only
the mode shape plots. Referring to the GMC CONCLUSION
summary Table l(a) , it can be seen that
the six FAS oxygen tanks contribute a GMC of The GMC matrix is an invaluable tool in
almost 0. 71, largely in the Y and Z degrees correlating test and analytical vibration modes
of freedom. However, this is not apparent and provides real insight in deter in ining the
in the two-dimensional plots shown in Figure dominant characteristics of the individual
4(a) and (b). Figure 4(a) is a plot of the modes. The use of GMC matrices in corre-
normalized Y deflections versus station for lating Skylab modal survey te'st m,,des pro,-
the payload shroud/FAS/IU/OWS portion of vided a systematic approach and increased
the structure, while Figure (b) is a corre- confidence in the results. Further modal
spunding plot of the normalized Z deflections. survey tests could utilize on-line GMC cabcu-
These plots indicate apparent bending in the lations as the test modes are acquired. The
Y and Z directions of the plotted components. correlation effort could then be commenced
It can be seen that the FAS tank deflections during actual testing.
appear to be significant but that the relative
significance of the bending deflections is not
apparent. The question is immediately ACKNOWLEDGEMENT
answered by the GMC summary table indicating
that the bending aeflections represent a total The authors wish to express their
GMC of about 0. 14. The mode is therefore appreciation to Messrs. R. F. HIruda.
classified as local in nature due to the large I. D. Wilkening, and C. W. White of the
GMC of the FAS tanks. GMC tables w--re Martin Marietta Corporation for their
also generated for the analytical mode shapes contributions and guidance in developing the
and used along with the mode shape plots for systematic utilization of generalized mass
detormining correlating modes, contributions for correlatin,. test and analy-

hieal vibration modes.
As a result of the knowledge gained in

usin, GMCs to coi relate the launch configu ra-
tion test modes, the correlation effort following
the subsequent orbital configuration test could
be performed in a rapid and systematic manner.
In addition to gene-ating GMC tables for the
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TABLE 1
Generalized Mass Contributions

(a) Launch Configuration Modal Survey

Test Modes Generalized Mass Contribution Summary

Test Mode No. 10 Test Frequency = 9. 208 Hz

IGMC F M GMC FGMC GMC GMC
Component Name (DX) (DY) (DZ) (TX) (TY) (TZ)

Shroud/FAS/IU/OWS/SS .0002 .0609 .0623 .0056 1 .0041 .0064
6-FAS 02 Tanks .0248 .2783 .2942 .0565 .0268 .0262
Deployment Assembly .0015 .0204 .0069 .0000 .0000 .0000
MDA/STS/AM .0008 .0252 .0309 .0025 .0074 .0049
6-AM N2 Tanks .0009 .0107 .0302
ATM-Rack, CMGS, SAS .0000 .0034 .0024 . 0.01 .0002 .0000
ATM-Spar/Can/GRA .0000 .0013 .0032 .0000 .0005 .0003
SUM .0282 .4002 .4301 .0647 .0390 .0378

Total GM Contribution for each Component

Shroud/FAS/U/OWS/SS .1395
6-FAS 02 Tanks .7068
Deployment Assembly .0288
MDA/STS/AM .0717
6-AM N2 Tanks .0418
ATM-Rack, CMGS, SAS .0061
ATM-Spar/Can/GRA .0053

(b) Generalized Mass Contributions by Degree-of-Freedom

Launch Configuration (DTA)

Test Mode No. 10 Test Run No. 200
Test Frequency = 9. 208 Hz

Noe GMC IGMC GMC IGMC1GMCI GMC
No. (DX) (DY) I (DZ) (TX) (TY) ITZ) Node Description

1 .0001 .0520 .0454 .0003 .0023 .0010 OWS .irt/Base Ring
2 .0000 .0016 .0033 .0001 .0008 .0005 OWS/IU I/F
3 .0000 .0006 .0012 .0000 .0002 .0002 IU/FAS I/F
4 .0001 .0061 .0101 .0047 .0007 .0043 FAS/PLS/DA/AM I/F
5 .0000 .0000 .0019 .0000 .0000 .0001 Payload Shroud
6 .0000 .0000 .0001 .0000 .0000 .0000 Payload Shroud
7 .0000 .0005 .0002 .0004 .0001 .0001 PLS/ATM I/F
8 .0000 .0001 .0000 .0001 . 0000 .0000 Payload Shroud
9 .0000 .0000 .0001 .0000 .0000 .0001 Payload Shroud Nose

10 .0032 .0649 .0016 .0019 .0017 .0010 FAS 02 Bottle
11 .0040 .1017 .0323 .0313 .0031 .0148 FAS 02 Bottle
12 .0011 .0189 .0000 .0045 .0047 .0014 FAS 02 Bottle
13 .0011 .0026 .0387 .0064 .0038 .0028 FAB 02 Bottle
14 .0079 .0535 .1346 .0123 .0135 .0038 FAS 02 Bottle
15 .0075 .0367 .0870 .0001 .0000 .0024 FAS 02 Bottle
18 .0006 .0000 .0000 .0000 .0000 .0000 DA EREP Packagp
17 .0000 .0112 .0008 DA Trunnion
18 I .0009 .0023 .0045 DA Trunnion
19 .0069 .0016 DA/ATM Support Frame
20 .0000 .0064 .0083 .0001 .0002 .0001 AM Tunnel
21 .0000 ,0046 .0068 .0007 .0005 .0007 AM Tunnel
22 .0000 , 0038 .0063 .0007 .0010 .0008 AM/STS I/F
23 .0008 .0010 .0016 .0005 .0001 .0000 STS/MDA I/F
24 r .0000 .0021 1 .0014 .0005 .0038 .0026 MDA
25 .0000 .0073 .0065 .0000 .0018 .0007 MDA
28 .0000 .0053 .0000 AM N2 Tank T3A
27 .0003 .0030 .0001 AM N2 Tank T3F
28 .0001 :0010 .0124 AM N2 Tank T2A
29 .0003 .0011 .0058 AM N2 Tank T2F
30 .0001 .0003 .0070 AM K- Tank T4F
31 .0001 .0000 .0049 AM N2 Tank T4F
32 .0000 .0034 .0024 .0001 .0002 .0000 CG ATM Rack + SAS
33 .0000 .0013 .0032 .0000 .0005 .0003 CG Spar/Canister
SUM .0282 .4002 .4301 .0647 .0390 .0378
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TABLE 2
GMC Summaries

a)Orbital Confguration Modal tSorvey

Test Mode Generalized Mass Contribuation Summary

Test Mode No. 3 Test Frequenev -1 31 Hz
1 GMC IGMC 1 GMC GMC _IUMC - _ZC_[_-Copliwnt Name, - - (X (DY) (). T) I '(T) (T7L

'016 WS Roirt 10 FAS T oieo0 .00 .01S .0000 !.6162- 1 .O0l
G.FAS 02 Tanks .0209 1.0000 .02
MDA STS,/AM .0112 .0000 .0130 .0000 .0007 1.0000
86-AM N2 Tankbs .0034 .0000 1.00071
Commardt 'Seroice Nod .0135 .0001 1.4132 .00014 .0078 .0013
DePloyment Assntmb.y .,00?2 .0000 .0097
ATM -~k. CM , I .SA .1823 .0026 .1107 .0000 .0001 .0000
ATM.1.Syor Cente rS .0536 .0001 .:0246 .0000 .0026
ATZ&GROA Can Ceniter .0500 1.0000 .0103 .0000 003-3 .0000
'SUM 1.548 j.0028 6140 .0004 !.0247 __ __(

Pio..l GM Contribution for each 67mpticti

,I -0/ SirtIU iAS - .043t,
6-FAS 02 Tanks .0234
MDA STS.'AM .0249
6-AM N2 Tadn .0042
Command, Serolce Mod 4362

Deplyment Assembly 02
ATM-ack , CMGS, 4 -SAS .3037
ATM-Spar Center .0010
ATM.GlSA'Can Center 0702

(b) Orbial Configuration Modal Survey

Anal~llcaI Modes Generalized Mass Cortribotion Sumary
Analt~cl Moe N. 7Analytical Frequency - 1.3721Hz

GM -.-- - - - - - - MC GMC
Corn ent Name (DX) (DY) (OZ) .ti(TY -11Z).

,BR'CP'SoirIUFA .0a2 000 .31,. 0000 .016$ .0000
,1 -FASO02 Tanks .0192 .0000 .0020
MDA'ISTSiAM :0091 .000 .0184 .000 1.0011 .0000
6 -AM N2 Tadn .0024 .0000 .00071
Command Service Mod 1 .0132 .0001 .4367 .0019 ..0000 .0000
IDeployment Asserrbl .0023 .0000 i.0118
ATM-ltack. CMOS, -.SAS 1591 1.0010 .1125 .0000 .0000 .0000
%~TM:&Par Center .0460 .00W0 0211. .0000 .0016
ATM~t0 Can Center .0412 .0000 .0190 'AV00 0028 .0000

[SUM-------------.308 .022 804 .33s -(;;To0

Total GM Contribution for each Compyonent

R OWS Sirt IU FAS .0060
6-FASO02 Tanks I M212.
MDA ST'S AM 1 .0284;
6-AM '2 Tanks 1.0031
Commrand Servtce Mod .4609
De~omcnt A.&embt .0'41
A A t.,ack CM -SAS .2736
ATM4S $ Cete .034

A SC :nCenter

1.4 J.

.0 1.0
100Eb CMIV, I0IJiC.RAlIO 1(0? (&A( W.5 3 SKNIAS 000010,. CWt1.iRA'j00,
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Fig. 5 -Partial plot of Skylab orbital configuration test mode 3
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VIBRATION AND ACOUSTIC TESTS OF THE RECONFIGURED APOLLO

SERVICE MODULE ADAPTED FOR SKYLAB MISSIONS

Richard A. Colonna Dan F. Newbrough
NASA Manned Spacecraft Center General Electric Company

Houston, Texas Houston, Texas
and

James R. West, Jr.
North American Rockwell Corporation

Downey, California

Substantial modifications were made to the Apollo service module (SM) to adapt it z
for use on Skylab missions. These modifications required that structural integrity
be demonstrated by a series of vibration and acoustic tests and that analytically de-
veloped random and sinusoidal test requirements be verified.

Extensive vibration and acoustic tests were conducted on the Apollo SM and the
techniques used for the Skylab SM were similar. The Skylab SM acoustic tests
were not conducted in the same reverberant test facility used for the other Skylab
payload modules, but were conducted using the NASA's Manned Spacecraft Center
Vibration and Acoustic Test Facility progressive wave mode of excitation. Sin-
usoidal vibration tests were accomplished using combinations of electrodynamic
shakers. Data acquired from the Skylab SM acoustic and vibration tests were use
to refine and deterrine test requirements for new Skylab SM components and
experiments.

This paper discusses the vibration and acoustic tests conducted, the effectiveness
of these tests, and the data evaluation used to develop component and subassembly
vibration test requirements.

INTRODUCTION consisting of two modules stacked end-to-end. The
command module contains the flight crew with asso-

The Skylab commanti and service modules are ciated life support, spacecraft control, stowage,
subjected to severe vibration and acoustic environ- docking, and landing systems. The service module
ments during launch and boost. Although these contains the propulsion, electrical power and environ-
dynamic environments 'lave been measured and test mental control systems as well as some scientific
requirements verified on Apollo flight3, the changes experiments. For the Skylab mission, the command
to the service module to adapt Apoll, hardware for and service modules were modified to support extended
Skylab missions made prediction of vibration require- earth orbital missions. Changes to the command
ments and demonstation of structural adequacy module were primarily associated withf components,
difficult without vehicle-level dynamic tests. The while primary and secondary structures retrained the
vibration and Jcoustic tests briefly described herein same. None of these component changes required
were used to demunstrate Skylab service module retesting of the command module at the structural
structural ntegrity for the vibration environment, and assembly !evel. On the other hand, modifications
to verify analytically developed random vibration were quite significant for the service module. The
criteria for equipment testing. Apollo "J" mission scientific experintents and cryo-

genic storage tanks, located in Bay 1 of the service
SPACECRAFT DESCRIPTION module, were replaced with additional propellant

storage for the reaction control system (RCS ), as
The Skylab spacecraft, as shown in Fig. 1, is well as a scientific equipment shelf and a battery

similar in exterior appearance to the Apollo spacecraft, shelf as shown in Fig. 2. The service propulsion
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FIGURE 1.- SKYLAB SPACECRAFT AND LAUNCH VEHICLE.

system (SPS ) propellant required for an earth orbital module vibration environments are presented in Refs.
mission is significantly less than that needed for lunar 1, 2, 3, and 4. Initial vibration test requirements
orbital operation, and allows two of the four SPS pro- for Skylab hardware were based on extrapolations of
pellant tanks and one of the two helium pressurization Apollo requirements which utilized scaling factors de-
tanks for the SPS to be removed from the Skylab service rived from the differences in mass and stiffness for
module. One of the three fuel cells located in Bay IV the Apollo and Skylab primary structure.
and the "J" mission batteries on the Bay IV aft bulk-
head were also removed These changes completely SKYLAB VIBRATION AND ACOUSTIC TESTS
reconfigured service module Bay I and required signi-
ficant changes to plumbing lines and electrical cables Because of the extensive modifications to the Apollo
throughout the service module. The service module service module to adapt it for the Skylab mission, an
configuration changes were sufficient to warrant vibra- Apollo service module, modified to the Skylab confi-
tion and acoustic testing of a fully assembled Skylab guration, was subjected to a series of vibration and
service module. acoustic tests in the Manned Spacecraft Center (MSC)

Vibration and Acoustic Test Facility. These tests -

DYNAMIC ENVIRONMENTS were conducted to verify the design of Skylab structural
elements and to refine predicted vibration criteria for new

It should be noted that the Skylab spacecraft will Skylab functional components. In addition, these tests
be launched on the Saturn IB booster, whereas the provided margin to verify that Apollo components will
Apollo spacecraft were launched on the Saturn V launch function for tLe new Skylab application. The service
vehicle. However, the vibration and acoustic environ- module used for this test, designated SM 3D-2, was
ments induced by both launch vehicles are generally originally Apollo SM 105, described in Ref. 3. Bay I
similar and Apollo design and test requirements account of the service module was modified to include:
for both Saturn launch vehicles. The vibration induced
in the command and service modules during atmospheric a. A propellant storage module (PSM )and mount-
flight is intense and the content is both random and sinu- ing provisons. (The tanks were filled with
soidal. Detailed descriptions of the command and service referee fluids to simulate the launch loading.)
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b. A scientific experiment shelf with mass simulated and portions of wire harnesses were also includedexperiments. 
on this panel.

c c. A battery shelf with the necessary battery cases Mass simulations of the RCS tanks and engines,
containing ballast for mass simulation. .iounted on the o-ter sh~LI, we~re used al ali foor enginelocations. At one of these locations, the new, Skylabd. A new outer shell structural panel, rework~ed to :omponents and associated pluirbing wiere included toinclude the battery and experimient access pro- provide an interface with the new )ropel lant storage 'w-vision. Plumbing for the RCS propeilant storage vision~s. The additional Plu:11bi Ig and 4akves required
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to distribute this propellant to the four engine locations An air sprinq type suspension system was attached to
t,,ts also installed, the bottom of this ring. The service module was se-

cured to the top of the ring, and the vibration thrusters
Only one of the SPS helium tanks was installed, were attached as shown in Figure 3. The suspension

and thie SPS engine used for this test did not have a system consisted of four air springs located at 90-
..ozzle extension. The SPS tanks in Bays II and V degree intervals around the ring. The thruster system
were filled with referee fluids to simulate the Skylab for longitudinal excitation consisted of four Ling model
launch loadiag conditions. 310 thrusters attached to the ring. For lateral excita-

tion, two thrusters were attached to the aft end of the
INSTRUMENTATION service module on primary structure.

The instrumentation employed during testing con- Selection of the sinusoidal vibration spectrum for
-;piezoelectric accelerometers and microphones, control was difficult because of unceitainties in the

All output signals for the acoustic and vibration measur- response of the test structure. From evaluation of
ing systems were rccorded on magnetic tape. The data Apollo flight data, it was determined that bending or
on each recorded channel consisted of calibration sig- longitudinal modes of the launch vehicle would pro-
nals, instrumentation ambient noise floor signals, and duce sinusoid. ;ifitudes of .. spacecraft no greater
the 't data. More detailed descriptions of the charac- than 0.2g peai, fhe flight data also indicated that
teris -s of the data acquisition systems are presented sinusoids could occur up to 35 hertz and analysis ir-
i' 3. dicated that no component resonances existed below

5 hertz. Therefore, the control procedure that evolved
. ra! of 180 accelerometers were used to measure was to subject the service module to a 0.25g peak

vibra,.on responses of primary and secondary structure swept sinusoidal vibration environment over the fre-
and responses at the interfaces of new Skylab equipment quency range of 5 to 35 hertz at a rate of 0.5 octave
support structures. A total of 12 microphones was used per minute in the three major axes; longitudinal (X-
to measure and control the acoustic tests. axis ), radial (R-axis: parallel to the horizontal Bay

I centerline ), and tangential (T-axis: orthogonal to
VIBRATION TESTS the X and R axes and tangential to the horizontal Bay

I centerline ). The acceleration amplitude was con-
Figure 3 shows the overall vibration test conf gura- trolled at either the service module aft bulkhead or for-

tion. The test fixture was a ring constructed to be ward bulkhead (whichever was greater). Table 1
rigid in the frequency range of interest, 5 to 35 hertz, summarizes the vibration tests performed in each of

the three axes.

: "YA

-ZA

AIR SPRING

!-SUPFORT FIXTURE

LING 310 THRUSTERR
LING 310 THRUSTER SM 3-?2

-ADAPTER

r-SM SUPPORT RING

AIR SPRING ASSY "T

SUPPORT ASSY
AIR SPRING PLAN VIENV

S
PARTIAL ELEVATION

FIGURE 3.- SM 3U-2VIBRATION TEST CONFIGURATION
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TABLE 1.- SINUSOIDAL SWEEP VIBRATION TESTS a

Planned Ts u we ae

Run number Axis frequency Test, run Sweep rate, Comments

_______ bad, Hz timie, sec octaves/min ometband, Hz

X 5-35 292.229 0.568 Successful test.

2 5-35 292.230 0.568 Successful test.

3 T 5-?' 253.623 0.568 Aborted at . frequency
of 27.06 hertz.

T 10-35 285.846 0.2845 Aborted at a frequency
of 25.90 hertz.

5 T 10-35 230.012 0.2845 Aborted at a frequency
of 25.72 hertz. Test

-_______jarticle dumged.

aWput level for tests was 0.25g peak.

Testing in the X and R axes was successfully com- The service module outer shell damage sustained
pleted with no anomalies. Three attempts were made during the vibration testing was repaired to the extent
to conduct the T-axis test, but anomalous conditions necessary to proceed with the acoustic tests. Damaged -
resulted in premature termination of each attempt. Dur- parts were not replaced with new parts and the repair
ing the first two T-axis sweep tests, a rescnant con- did not restore the structure to its full static strength.
dit ion in the test setup caused test termination due to The service module was then subjected to a progressive
inufficier, thruster nontrol system capability. In the wave acoustic environment, which produced random vi-
first attempt, the resonant buildup rate was greater than bration levels in the service module outer shell equal
the response speed of the control system. Accordingly, to those experienced during the transonic and maximum
the sweep rate was reduced. In the second attempt, dynamic pressure portiois of flight. Table 2 summarizes
the desired vibration level could not be maintained be- the acoustic tests performed.
cause of the inability of the amplifier to pro-ide suffi-
cient power to achieve thc- required thruster force levels. TEST RESULTS AND DATA EVALUATION
For the third attempt, one control accelerometer was re-
located aimd an amplifier was connected in series with The service module outer shell structural failure was
the original amplifier to provide a greater dynamic range, a result of improper application of the sinusoidal forcing
The last T-axis attempt was manually termiated at function. The thruster force required to maintain the de-
25.72 hertz because the ,:- article sustained damage sired vibration level and the configuration of the thruster
at both thrister attach points, attachment (single point ) to the test article resulted in

local overloading of the structure. Evaluation of the
ACOUST'; 1 ESTS data obtained during the attempts to conduct the T-axis i'-

test resulted in the conclusion that the test setup ex-
The Skylab service module acoustic tests were hibited a unique resonance at approximately 26 hertz

a conducted in the MSC progressive wave acoustic test with an antinode condition at the thruster attachment,facility, Ref. 5, which allows variation in spectrum plane. The single point attachment of the thrusters isand levels in each of 16 separate ducts located around unrealistic when compared to the actual load path across
the service module. Figure 4 shows the test setup a spacecraft module-to-module interface. Vibration
The sound pressure levels used successfully to test loads are transmitted over the entire interface, rather
the Apollo service module were also useo for SM 3D-2. than at two discrete points. Therefore, the local loading

.;, ,Compariscn of flight-measured vihration en%,ironments conditions producing the outer shell failure were not
with those generated during Apollo ground tests proved considered representative of flight conditions, and the
the validity of simulating flight noise levels with acoustic failure does not represent a structural design deficiency.
tests. The dc vation of the test spectrum Is treated in Further attempts to complete the T-axis testing were
greater detail it) Refs. 1, 2, and 3. The acoustic tests terminated because of program schedule considerations.
were controlled to the levels shown in Fig. 5 by monitor- The risk involved with not having tested in the rangeof
ing microphones located in each duct, midway along 25 to 35 hertz for the T-axis was considered to be
the service module. very small since Apollo flight data indicated only minor
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FIGURE 4.- ACOUSTIC TEST ASSEMBLY, MODIFIED SERVICE MODULE 3D-2.
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TABLE 2.- ACOUSTIC TEST SUMMARY

Average overall Test run C
Run number sound pressure time ru Comments

level, dB 
t

1 i46 60 Successful test.

152 15 Successful test; re-
sponse measurement
ranging confirmed.

152 15 The second short high-

level run was made to op-

timize spectrum levels.

4 152 112 Successful long dura-
tior run; all required

156 10 excitation time accumu-

lated.

ACCUMULATED EXCITATION TIMES:

146 60

152 142

156 10

Total 212

sinusoidal forcing functions in this frequency range, typical composite of several measurements and the

Moreover, the absence of equipment resonances over resulting envelope which was then used as the com-25 hertz during the R-axis test and the similarity of ponent random vibration test criteria.
the equipment in the . and R directions tended to in-
dicate that T-axis resonances were unlikely. The SM 3D-2 tests allowed derivation or refine-

ment of vibration test requireme-nts for approximately
Table 3 summarizes the sinusoidal vibration test ten Skylab equipment items and assemblies.

criteria derived from the SM 3D-2 tests for the Bay I
batteries, the scientific experiment shelf, and the CONCLUSION
PSM. These vibration criteria were established by
adjusting the X, R, and T axis response vibration The Skylab SM 3D-2 vibration and acoustic tests
data for SM 3D-2 by the correction factors defined in were successfully completed and the required vibrationFig. 6. The correction factors represent a 2-sigma response data obtained. Structural integrity of the
peak amplitude envelope of a composite of several Skylab service module was demonstrated for the vibra-
measurements recorded on two Apollo flights. These tion environment and evaluations of measured data pro-
factors were used to account for differences between vided the necessary refinement to predicted Skylab
SM 3D-2 vibration inputs aau the in-flight service equipment test requirements.
module sinusoidal forcing function.

The data recorded during the acoustic tests from all
accelerometers were reduced to acceleration spectral
density plots which were then grouped into composites
to represent the maximum environments for each Skylab
item of equipment on SM 3D-2. Figure 7 presents a
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TABLE 3.- SKYLAB SINUSOIDAL TEST CRITERIA DERIVED
FROM SM 3D-2 ACCELERATION DATA

Amplitude
Location g peak in. D.A. Frequency, Hz

Inputs to batteries on
bay I battery shelf

X-axis 0.13 5 - 15
0.15 15 - 20
o.8 20 - 35

R-axis 0.25 5 - 15
o.4 15 - 20
0.25 20 - 35

T-axis 0.115 - 16
1.5 1 -20
0.35 20 - 35

Inputs to equipment on
scientific experiment
shelf

X-axis 0.25 5 - 14
0.025 14 - 27.5

1.0 27.5 - 32.5
0.25 32.5 - 35

R and T axes 0.25 5 - 35

Inputs to PSM at
structural attach points

X, R, and 0.25 5 - 35
T axes i

7

* .6

5.4

FREQUENCY"- HZ

FIGUR.E 6. - CORRECTION FACTOR FOR SM 3D-Z SINUSOIDAL DATA
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VIBRATION TESTING AND ANALYSIS

1HE EFFECTIVENESS OF ENVIRONMENT ACCEPTANCE TESTING
ON THE APOLLO SPACECRAFT PROGRAM

Richard W. Peverley +
The Boeing Company

Houston, Texas

The Apollo envi-ormental accettince test program was unique in the the vibration and thermal test levels
were generally uniform for all components regardless of the fliqht environment. Some components, in fact,
were requalif 4ed because the acceptance levels exceeded the qualification levels. During a three year
period, 14,99d indiviuual components were subjected to thermal and vibration acceptance testing with a
failure rate of 9.4%. Thermal testing appeared to be more effective with a failure rate of 17.5% as com-
pared to 6.7% for vibration. Of the total 1,406 failures, 23.5% were caused by des;gn inadequacies while
57% were caused by worknanship defects The remaining failures were caused by test errors. A survey was
made of failures on components that had not been subjected to environmental acceptance testing. Less than
4% of those units not tubjected to this type of test had a failure during ground checkout of a flight I
spacecraft that might have been detected during an environmental acceptance test. No flight failures were
considered to have been an escape from the environmental acceptance test screen. A detailed descriptionof the test program and the data analysis is presented in this paper.

INTRODUCTION
Environmental acceptance* tests are conducted joint reviews between NASA/MSC* and each of the f

to screen latent or incipient defects which might major Apollo contractors (the criteria for this
otherwise be undetectable in a quiescent environ- selection process are described in the following
ment. The environments utilized for this purpose section of this paper). A total of 174 electronic,
on the Apollo Spacecraft Program were high and electrical, and electromechanical components were
low temperature and vibration. The inique aspect selected for acceptance vibration and 119 for
of the Apollo tests was the selection of common thermal acceptance testing. All p.'oduction units 4
environmental test levels which were the sawe for of these component types were then tested with
all components and were qenerally independent of the exception of those components that had been
the flight environment, previously installed on spacecraft. Additional

cqnsideration was given to these components and
The environmental acceptance tesc levels were some units were removed from the spacecra~ts for

selected to be sufficiently severe to detect work- environmental acceptance tests. From mid-1967
manship faults but passive enougn to preclude the through mid-1970, a total of 14,994 components
overstressing and weakening of a component.' It had been subjected to acceptance vibration tests
had become an accepted practice in the aerospace and/or to acceptance thermal tests. In addition
industry to conduct acceptance vibration tests at eight manned Apollo flights with three lunar
a nominal mission level. This practice assured landings had been completed. Thus, a sufficient
that the design stresses were not exceeded since quantity of failure date is available to proper-
quallfication levels were generally set at thp ly assess the Apollo env--onmental a:ceptance
design leve; pus some margin, Test-n- the test program. Prior to discussing toie failure
mission environment, however, did not always rete, however, a brief summary of the test re-
assu-:' that parts were adequately stressed so that quirements will be presented to insure that the
workmanship feults would be detected. This prob- significance of those failures Is understood.
her, was part'cularly acute on the Apollo spacecraft
vhere some qualification vibration levels were as The background of this paper was described
low as 0.005 g2/Hz. The philosophy adopted on the in papers by Mr. (,. Low' and Mr. S. Slmpklnson2.
,koollo program was that the environmental accep- The purpose of this paper is to present any
t~nc- Tests were to be conducted to verify the analysis of the additional data that have become
cqual ty ef manufacturing; and, since qua!hty mist avavable *nce their papers were written ard %0
be uniform, the environmental acceptance tests to present some data in more detail.
levels must be the same for all components.

The Apollo environmental acceptance test * Tne Apollo environmental acceptance test pro-
program %s initiated in nid-1967. At the time, g'am was the result of the joint effort nf several
severa spacecraft were in variojs s'oaies of organiztions ,'thin NASA/MSC; prima-,iv, the
.sser!by, an. a nunber of comDo,,erts had completed Ppollo Spacecraft Program Office, the tn{ neering
their qualification tests. A decision had been and Development directorate, the Reliebi,,ty and
made to test only selected components. The sel- Qualit) A surance Office, and 'te Safety ,fficre.
ection process wzi conducted through a series uf *i.rIy ot. oe Geenra; Electr c w~-y.s - to'. To-
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A.

TERMINOLO00 2. components that have marginal or ques-
tionable environmental sensitivity.

CERTIFICATION The fo& 1owlng defects were expected to

The combined testing aiid analysis required be uncuvered:

to determine that the design of the Vibration

hardware meets the requirements. Loot-r electri(.al connections
Loose parts

QUALIFICATION Rel:,y contact chatter

A test structured to demonstrate that design Switch contact chatter
performance can be realized under design Coidmi nd tion
limit mission environments. Tests are Cold soller joints
conducted on a representative sample of Incomplete weld joints
production hardware and are part of the Close tolerances
certification program. Incomplete crimp connections

ENVIRONMENTAL ACCEPTANCE Therml

Test structured to demonstrate the manufac- Voids in potting
ture is adequate to meet the requirements, Short run wires
This is a screening test conducted under Welded solder connections
specified environments on every production Dimetc:llc effect of leak springs
component. Insula!ion penetrations

Close tolerance mechanisms
QUALIFICATION/CERTIFICaTION ENVIRONMENTS 3. Items for which additional confidence

Environmental test levels that simulate the is desired through the elimination of
maximum envibonmertal conditions encountered infant mortality failures.
In the specified design limit mission. Once a component was designated for environ-

ACCEPTANCE ENVIRONMENTS mental acceptance testing, all manufactured items

Environmental test levels arbitrarily of that part number were tested.
assigned for the s.'vironmental acceptance The acceptance vibration test levels are
test. These levels wero daeived on the shown in Figure 1. These vibration levels were
basis of inducing stress's that would based on Gemini experience where the failure
identify latent defects and were not derived rate following exposure to such test levels was
on the basis of flight environments, Certi- reduced. As shown in Figure 1, tht qualifica-
fication was required to be some factor tion level must ex.'eed the accept3nce level, as
above the acceptance environment, as a a minimum, by a facor of 1.66. .hen this
minimum, program was initiated, most of the Apollo had-

FAILURE ware had completed qualification testing. Those

The inability of an item to perfornm its components that had not been qualified to 1.66

prescribed function within established times the acceptance level were requalified.

limits and within operati,,g environments. Some exceptions were made when the qual' Fcation
vibration levels were near 1.66 times th. accept-

TEST REQUIREMENTS ance level, but each case required an in. , idual

Environmental acceptance tests were con- deviation from NASA. All new programs ret, e

ducted to screen manufacturing and workmanship the minimum qualification level to be at I

flaws In flight and test hardware that are not
readily detectable by normal inspection tech- vibration test duration was a minimum of 30 sec-

niques. The requirements established for these onds, but one minute was considered optimum.
t .; w, primarily ;'or' -mal - els are s r n t4guro, 7,

a3nd ,el-,ctr.,echarA(l co-poner~s Adit-a' ,cation l,'vls than were the vilwation . ccepta.,ce
-failure data were also to be provided to assist levels.lOrl tne t n a o a cetSome
in the detection and elimination of the causes levels. Or, toe testing of Apcilu hardwdre, some

of the failures produced. The test environment deviations were granted while some items were

was to be defined by hardware sensivity and requalified. For hardware that was qualified

could include vibra*ion, thermal cycling, or both. after the environmental acceptance program was

These -ssts were norma' , ,ouc'e by "he inittated, it was requ-.red that qualification

vendor as a part of the rustier acceptance test. s,,uce, .. -i,,mun, .h= IOOF ar.,eptanco-
r'artle. n~lus ',he 40OF rpread between acceptance

Environmental acceptance tes.b wert: con- and .-,:lFbcatitn
ducted at the same component evel " .. e .n n c at ,, t

as the certification* tests. All comronent_ Funct ji 11 .A.ntinuity checks were
were not necessarily subjected to environmental _ _" ", e-. s before, during, and

acceptarce testing, Components were selected by atter tne test. It a iunctional verificatop

the application of the following criteria: * The term "certificatilt' is USed in place of

, 1. Components tnat cannot be effectively the term "qualificat:,n" in Aollo terminology.
inspected during manufacture, or com- Specifically, the term certification defines
ponents whose assembly processes and those environmeptal tests which combined with
techniques are not readily quality other tests and ar,-ly es. constitute the certi-
controlled, fication of a component for flignt.

cotold -
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Figure 1. Environmentli acceptance vibration test fequirements.
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Figure 2. Environmental acceptance thermal test requirments.
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cou!Oi n,: ,Ie performed during the test because testing was completed prior to that time.
of tvmie !nitations, then only those functions Hence, the newer data would have a negligible
trat were critical to crev. safety and mission effect on the analysis. A component type in
success were continuously monitored. Table I is defined as those with the same basic

A'I contractors were required to report all part number. There were approximately the same
acceDtanfp test failures through tie NASA/MSC number of LM and CSM component types testeJ. Of(Maanned Spacecraft Center) failure reporting the 293 component types tested, 76 were sub-
system. They 4ere, in addition, required to jected to both vibration and thermal testing.
-." arize these failures in periodic reports. The total number, of units tested only approxi-

These reports constitute the basis for the mates the total number of tests that were con-
assessment described below. ducted, since some components were tested more

than one time. The numbe- of failures represents
FAILURE SUMMARY the number of failure reports that'were written,

some of which were subsequently found to be
Table I shows a cabulacion of the number caused by testing errors (this subject will be

of component types, liumber o% individual compo- discussed in more detail later in the paper).
nent tests, number of failures, and the failure The failure rate is simply the number of failures
rate for the Apollo Command and Service Module divided by the number of units tested.
(CSM) and the Lunar Module (LM). The tabulation
is for both thermal dnd vibration testing. The The failere rate for thermal testing was
data analyzed were acquired over a three year substantially higher than for vibration testing.
period of time, beginning in mid-'?67 and ending There was no conclusive explanation for this
i-n mid-1970. Although additional 4at- have phenomenon, but its existence was not only sub-
been taken since mid-1970, the bulk of the stantiated by the higher overall failure rate

TABLE I but was also obvious during the detailed analysis
of individual failures.

SUMMARY OF ACCEPTANCE VIBRATION AND A further breakdown for the failure rate byTHERMAL TESTING FOR CSM AND LM individual subsystem is shown in Table II, below,
COMPONENTS where failure rate is based on the number of

units tested versus the number of failures that
VIBRATION occurred.

Number of component types 174 As miqht be expected, the failure rate is
Total number of units tested 11,467 higher for those subsystems with a higher per..

centage of electronic equipment. The failure
Number of hardware failures 741 rate for the disolay panels is not significant.
Failure rate in percent 6.7 These tests were conducted on removable panels

which contained various numbers of individual
THERMAL comporents. Thus, the failure rate per number
Number of component types 129 of components would be much less than shown in

Tab.e II. The failu-e rate obtained on one
Total number of units tested 3,809 subsystem, the abort guidance subsystem, was
Number of hardware failures 665 over 100%. A total of 100 failures occurred
Failure rate in percent 17.4 during the thermal testing of 88 units of 5

TABLE II
SUMMARY OF ACCEPTANCE VIBRATION AND THERMAL TESTING FOR THE LM AND CSM

BY INDIVIDUAL SUBSYSTEM
COWSTRIUCT000 'EUATION TESTS ~ ~

SUISVSTIM in__________ - - - .

ELCTRaO- COMPONENT UNNTS COWPOWuT uNTS
_LICTR OC MEC U NICAL TYPES 1151 PAILU9ZS PRCI TYPES TIESTiE FAAUS rIMZT

NM$~Lt 90% 10% 10 169 11 6.%5 a 13 4.X%
[IUOIONTAL 10% 906 14 i33 31 9.4% is 197 22 11.2%
ELECTICL .0% 20% is 847 103 12.2% N 449 25 4.X
STAMUZATM 80% 2ft 11 A64 25 Is.^ i1 71 18.3%
COMMIUNIATION 901 10% 23 441 105 23.0% 21 275 7) 2 .0
I4TWiW1M1TATfi 90% 10% 7 11 30 2S.40 5 449 26 5.0
RMT"OCORTIOi 2016 I0% 1 543 7 1.9% 3 757 71 9.X5
PR0PUJLS" 1M 85%' 9 239 14 4.5% 3 22 1 4.9%
MAoT UI0AK9 80% at 9 257 17 300% 5 8 100 114.5
09CoUCA 0 100 A ?4 7 10.% 1 51 4 11.7A
RADM S 20% 4 SA 32 6.2% 0 S 0
DIPLAY COUPONETS1 9 10% 32 8$0O 353 4.% 15 848 177 21.5

*(SLA 0 J 0 [ 0% ui 104 77 17.3165
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different component types in this subsystem. THERMAL
There were 29 failures on one compoAent type Number of component types 119
and 47 failures on another type. There were a
number of circumstances which caused the fail- Total number of units tested 3,809
ure rate in this subsystem to be so high. As an Number of hardware failures 470
example, several components incurred multiple Failure rate in percent 12.4
failures. One individual component, in fact,
incurred six different failures before it passed. As might be expected, the number of work-
Also, all units from one component type were manship failures was the highest. The number of
reworked, and an additional environmental test design faults that escaped the certification
was required for all units. This subsystem is program and were detected during the acceptance
by no means typical, but shows the value of an program is significant.
environmental acceptance test in screening out
failures in a subsyster. that was particularly A breakdown of environmental acceptance
failure prone. test failures by failure mode that has been pre-

viously presented1 is shown in Figure 5 below:
The failure rate versus time is shown in

FigL'. 3. The significance of this figure is to
show tn at having overcome the high failure rate ELECTRICAL

at ,he beginning of the program, the failure
rate remained constant. ECHWAXICAL

COSTAMIIATION

Edch failure was analyzed to determine if
its origin was a workmanship, design, or testing OTHER
deficiency. A breakdown of this failure classi- io I 30 I so I 7'0 I I
fication bv percentage is shown in Figure 4. 20 40 60 6 0 10

The follr ving are definitions of the fail- Figure 5. CSM and LM o.Ironuwntal accqlance too fuilurus

ure classif,(,tons: bfailuremok

These results are to be expected, since the
I. Test -'ror - Failure occurring during large majority of the monitored functions are

tsiq acceptance test caused electrical.
by the test operator, test 1
equipment, and/or improper At this point in the essessment, we have
procedures. shown that 9.4% of the 14,994 units subjected

to environmental accepta:nce testing incurred
2. Workma:: ip - Failure caused by the some type of failure (test errors not included).

improper application of Thus, the effectiveness of the program has been
approved manufacturing demonstrated. One might now question how many
processes and techniques., escapes from this scrcen occurred. The follow-I Also includes failures ing analysis was made to provide an answer to
caused by the inherent this question.
piece part failure rate.

3. Design - Failure caused by design POST TEST FAILURESdeficiency requiring a

rawing and/or process An analysis was made of post-acceptance
'pecification change. test failures to determine how many defects were

found that could have been (or should have been)

In many cases, a single design fix was used detected during an environmental acceptance
as corrective action for several failures. Dis- test. This analysis was conducted by reviewing
counting the test errors, Table I can be re- the post-acceptance test closeout of CSM failures
vised to show definite hardware failures as to determine if the failure could have been (or

shown in Table III be.ow: should have been) detected by the environmental
acceptance test screen. Such an analysis called

TABLE I1l for a large amount of judgement by the reviewer.

SUMMARY OF ACCEPT~ANCE VIBRATION As previously mentioned, 144 CSM component
ANSUTHRMA L TEtN E VIBR MATN ttypes were considered to be candidates but wereAND THERMAL TESTING t)R CSM AND LM eliminated. Of tnose component types that were

COMPONENTS DISCOUNTIPJG tEST ERROR not subjected to environmental acceptance test-
ing, there were 101 post-acceptance test

VIBRATION FAILURES failures that occurred during later ground test
operations; mostly during integrated vehicle

Number of co17onent pes 174 testinq., Only 44 or 4% of these could have
possibly been detected during an environmentalTotal number of units tested 11.467 acceptance test. Twenty of these failuresNumber of hardware failures 559 occurred on one component type. Thus, only 2.2T

Failure rate in percent 4.7 of the remaining 1100 failures could possibly J
'I __ ____ _____ _ __102_
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have been screened by this method. None of
these failures occurred on 90 of the 16 compo- REFERENCES
nent types, and 11 incurred only one failure of 1. G. I. Low: "Introduction to a Series of Hinethe type that rnght have been screenable. Articles Covering Major Facets of Design

beve-opment and Operations in the Apollo
Program," Astronautics and Aeronautics,CONCLUSIONS M.arch 19707p P 2-4b.

The current Manned Spacecraft Center 2. S. H. Simpkinson: "Testing to Insure Hission
programs have included environmental acceptance Success," Astronautics ad Aeronatics,
testing at the lowest practical component level March 1970. pp 50-.
of assembly. The conduct of a rigorous program 3. R. W. Peverley and D. E. Newbrough: "Anof this type on components, plus repeated inte- Assessment of the Apollo Spacecraft Vibrationgrated checKout tests on the spacecraft, have Test Program," The Journal of Environmentalbeen used to provide the necessary screens for Sciences, March/April-1971, pp 12-T.
defective hardware.,

The results have been encouraging. Since ACKNOWLEDGEMENTS
the adoption of the environmental acceptance
testing techniques, there have been no flight The author wishes to express his apprecia-failures on equipment that have been subjected tion to Mr. C. Laubach of the NASAAMSC Testto this type of test. The environmental accept- Division for supplying some of the data used in
ance tests have uncovered defects which could this analysis. Credit must also be given .o.-have produced flight problems. As a bonus, North Americar, Rockwell and Grumman Aerospace
some design defects were also uncovered which Corporation personnel who generated the data.had not been detected during qualification test- Credit must also be given to the NASA/MSC per-ing. In terms of cost and effectiveness, these sonnel who participated in this program, buttests have more than justified their existence, who are too numerous to list.
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ON THE DEVELOPNT OF PASSENGER VIBRATION RIDE ACCEPTANCE CRITERIA

Sherman A. Clevenson and Jack D. Leatherwood

NASA Langley Research Center
Hampton, Virginia

This paper contains a description of the Passenger Ride Quality Apparatus (PRQA)
and discusses the full range of its capabilities. In addition, a brief discussion is
included of a pilot test program to obtain subjective reactions of bus passengers in
a rapid transit sjstem and correlations of the reactions with the ride motions.

INTRODUCTION representative of the traveling public. The large
motion simulators are excellent for the study of

Environmental factors such as vibration, kinetosis (motion sickness). The Passenger Ride
noise, and temperature are important considerations Quality Apparatus (PRQA) described herein has been
in the design of transportation systems since such developed to study subjective response to vibra-
factors may adversely affect passenger acceptabil- tion in the frequency range above the kinetosis
ity of the system. Future transportation systems (0 to O.4 Hz) range and below the acoustic (30 Hz)
such as STOL aircraft and high-speed ground vehi- range, and in an environment closely resembling
cles are expected to experience larger vibration the passenger environment in aircraft or surface
amplitudes than those encountered in currently vehicles.
operating systems. The question arises as to
whether the passenger will accept these levels and, The development of an acceptable ride comfort
if not, how much reduction in vibration level will criteria requires the assessment of the passenger
be needed to achieve acceptability. To answer comfort associated with specific vibration environ-
these questions the relations between vibration and ments. Since comfort is highly subjective, its
passenger comfort must be understood. To provide measurement has many of the problems inherent in

such relations, or comfort criteria, a vibration psychological research such as choice of subject
ride comfort program is now underway at the Langley population, elimination of psychological bias, and
Research Center of the NASA. In this paper, two so forth. Thus, a psychologically valid comfort
studies that are part of this program are described, rating scale is required. Many different comfort
First, the development of a laboratory simulator rating scales have been used as evidenced from the

for systematically sudying the effect of vibration papers presented at a recent ride quality symposium
on people will be discussed, and then the develop- held at Langley Research Center (1). These scales
ment of a method for determining passenger sub- are generally interger-valued ranging from 4-point
jective response, or comfort rating, of the vibra- to 10-point scales with varying descriptive
tory environment will be described, adjectives. It is therefore difficult to evaluate

and compare the results available in the litera-
Unlike environmental factors such as .-ise and ture (2]. The research p-esently underway is

temperature, vibration effects on comfort percep- directed toward the development of a "standard"
tion are difficult to characterize due to the subjective response rating scale and demonstration
inherent complexity of the vibration (random and of its validity for measuring human response.
multidirectional) and also the unique effect of
vibration on various portions of the human body. The role of the simulator and the subjective
In comparison with studies conducted in the field response rating scale in the development of a ride
under real world conditions, laboratory simulation vibration criterion can be explained usingFigurel.
and study offers several important advantages. Specified inputs are applisd to the PRQA resulting
These advantages include:, generally lower cost, in a desired ride environment which the subjects
the ability to sort out and study vibration parame- are asked to rate for vibration comfort. The L"
ters separately, broad spectra-shaping capability, inputs and resulting ride environment can be ideal
control of subject population, separation of axis (such as sinusoidal, white noise, or shaped-
effects, and elimination of other environmental spectra) or actual tape recordings from field
parameters such as noise and temperature. vehicles can be used. It should be noted that

extensive field measurements have been made on
Practically no studies have been reported with various vehicles using a portable measuring/

the traveling public in simulators that resemble recording system developed by Langley as reported
and reproduce a multidegree-of-freedom transporta- in Reference [3]. Data representing the ride
tion environment. Although many moving base environments of more than 30 vehicles are nresently
simulators exist, they are usually of the single- stored in a data library and discussion of some of
degree-of-freedom type. In general, the larger the vehicles and data can be found in References
movbng base simulators are configured as a crew [4] and [5]. A correspondingly large library of
compartment. In most instances, test personnel subjective data measurements, however, does not
are experienced pilots or crew who are not exist at this time. The experimental program
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* described in this paper is intended to produce u actuators with a phase difference of 1.800, the
comprehensive set of such subjective measurements, motion base table is forced to rotate.

The physical data, as shown in Figure 2, are A fourth actcator used for obtaining lateral
analyzed for vibration characteristics such as motion is connected from the underside of the
power spectra, rms levels, exceedances, and so center of the table to a vertical extension of
forth. The comfort ratings are obtained by asking the reaction mass. The electronic servocontrols
the subjects to rate selected portions of the ride are compensated such that correction signals are
using comfort rating scales developed in the pro- directed to any actuators that are not directly
gram described later in this paper. The results controlling the motion. For example, for side-to-
are then analyzed statistically to produce an side motion cf the table, the vertical actuators
indicator of comfort level. Finally, the comfort must extend to aPep the table moving in only one
levels and associated vibration characteristics plane. All four a:Luatvrs are mounted on ball
are correlated and regression models for ride joints to allow side, vertical, and rolling motions
comfort formulated. It is expected that results of the table. Other motions are restrained.
from these studies with the PRQA will provide
(1) a "first cut" ride vibration acceptance cri- Restraint System. The motion base restraint
tenion for use in design of future vehicles, and system is shown in Figure 6. This system of link-
(2) a guide to procedures and data to be used in ages is designed to allow the desired three degrees
field tests to verify the ride criteria in a more of freedom, roll, vertical and lateral, and
realistic environment, restrain motions in the fore and aft, pitch, and

yaw degrees of freedom. The restraint of the yaw
DESCRIPTION OF THE PASSENGER RIDE QUALITY and fore-and-aft motions is accomplished by the
APPARATUS geometry of the restraint linkages and by the use

of pin end connections at the reaction mass and
Overall System table and ball joints at the centers of the link-

ages. Pitch motion is prevented by appropriate
The Passenger Ride Quality Apparatus (PRQA) control of the signals to the vertical actuators.

is shown in Figures 2 to 6. To illustrate the
assembly of the PRQA, a model is shown beside the Performance
passenger research compartment in Figure 2. The
passenger cabin, referred to as'a research model, The distinctive operating feature of the PRQA
is bolted to the table of the motion-base system is its ability to reproduce three degrees of free-
in one of two positions 900 apart. The hydraulic dom of the ride recorded from an actual vehicle.
actuators and restraints are indicated. The Furthermore, it can do it in single or multiple
supports, one below each corner of the motion-base degrees of freedom under control of the operator.
table, are used to support the table and cabin The three motions are heave (vertical), lateral
when not in use. The reaction mass is made of (sideways), and roll. The amplitude and phase
steel-reinforced concrete and weighs approximately relationships are infinitely variable between axes.
100,000 pounds. This PRQA is the only simulator
capable of multidegree-of-freedom motion using a Motion. The performance of the PRQA is limited
close simulation of a transportation system at by its actuators and controls. Curves showing its
vibration frequencies up to 30 Hz. Great emphasis capabilities are given in Figure 7. The capability
is placed on human safety aspects, in the vertical and lateral directions is identi-

cal; namely, the displacement is limited to
Research Compartment 6 inches double amplitude from 0 to 1.28 Hz, the

V maximum velocity is 24 inches per second, and the
The initial research compartment was made to accel a ion is limited to 10.5g up to 30 Hz. In

* simulate the upper quarter of a passenger cabin the roll degree of freedom, the displacement is
of a modern jet aircraft. An exterior view of limited to 0. 2 radian double amplitude from 0 to
the cabin is shown in Figure 3. The base of the 1.28 Hz, the maximum angular velocity is 7 radians
cabin is 7 feet by 7 feet. Interior head room is per second, and the acceleration is limited to
just over 7 feet. The interior as shown in 6 radians per second squared in the frequency range
Figure 2 is closely configured like the real air- from 1.28 to 5 Hz.
craft as to seating, overhead rack, and so forth.

* However, the interior wall has a mirrored finish Control. The control console (Fig. 8) for the
to supply an impression of width and the forward PRQA is located in an adjoining room where the
and rear bulkheads have two-way mirrored panels, operator can observe the PRQA and its occupants
That is, they appear as mirrors on the inside, but while controlling its motion. Considerable versa-
can be seen through from the outside. ',ility is built into the control console. Some

ixamples are: (1) a program selector allows selec-
Motion Base System lion of up to six programs including random noise,

tLpe recorders, and signal generators for each
The motion base system is more clearly actuator; (2) a program conditioner to allow an

defined in the closeup photograph of the model in adjustable rate of turn-on and turn-off of the
Figure 4 and with drawings (Figs. 5 and 6) showing signal selected and allows master programing of
locations of the actuators and restraints, each or all degrees of freedom; (3) limit detectors

to limit displacement, velocity, and acceleration
Actuators. Three hydraulic servocontrolled and (4) controllers that allow complete preprogram-

actuators are used to control the vertical motion. ing. When the test program has been preset, a
The actuators are located such that one is on the push of the start/stop button initiates testing.
roll axis (see Fig. 5). P3 forcing the other two For any repetitive testing, after the preset
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number of cycles have occurred, the system comes Man Rating and Safety Considerations

to rest at the preselected rate.
All equipment in NASA that is used in man-

Operation. The PRQA is operated by two machine research is required to be man-rated. In
certify ed operators. Prior to the initiation of general, th s means that the operation of the PRQA
a series of tests, both operators use a checklist equipment is foolproof and safe it, all respects.
and set the controls for the prescribed test. In The intent of the PRQA is to expose passengers to
addition to adjusting the potentiomete-s for the the dynamic environments typical of existing
desired motions, displacements, accelerations, ground transportation systems or commercial jet
frequencies, and time for the particular t st, aircraft. Passengers will not be exposed to vibra-
limiters are also adjusted. These limiters are tions resulting in pain or injury. The following
for displacements, accelerations, or pressures. discussion of sefety aspects has to do with poten-
They are adjusted such that a visual indicator, tial emergency conditions only. The safety con-
a light on the controller panel, shows when the siderations for the PrQA as F. .own in Table 1 fall
signals are off by a preselected va~ue, say 5 per- in two categories: the apparatus and its location.
cent. When the signal has a greater discrepancy,
say 10 percent, the system automatically shuts TABLE 1. SAFETY CONSIDEFATIONS
down. For conducting a test, one operator pushes
the start/stop button and monitors a four-beam o Apparatus
oscilloscope to be assured that the expected test
is being conducted. The particular signals o Electrical and Hydrualic
monitored are selected by wire connections on the "
scope matrix board. Typical signals of interest o Mechanical
include actuator control signalbp table displace- -.

ment, passenger cabin accelerations. The test o Facility
either finishes automatically, or the operator
pushes the start/stop button a second time. The Among the electrical safety devices are those
second operator observes the test and the subjects that will shut down the system automatically such
from a position outside the passenger cabin and as activating a limit switch by exceeding a preset
notifies the control console operator of any condi- voltage representing displacement, velocity, or
tions requiring test termination. The test sub- acceleration. Hydraulic safety devices consist of
jects can also abort the test by pushing any of temperature and pressure controllers, oil level in
the "chicken" switches. reservoir, and preset valves called load limiters

to prevent any nonprogramed loads to the research
Reproducibility. An indication of the compartment.

reproducibility of the PRQA is shown in Figure 9.
Signals proportional to the accelerations measured . Examples of mechanical devices are xicro-
on the floor of a bus were used as input to the switches at the limits of the travel of the motion
PRQA. These signals were integrated twice to base table. If the table does not stop due to
obtain control signals for the actuators. The electronic control, four mechanical supports (see
resulting motions on the floor of the PRQA were Fig. 4) are provided to insure that the table

4 measured using the same portable vibration cannot proceed more than 1/2 inch farther. Shock-
measuring/recording system £3) used to obtain the absorbing material is attached to the motion-base
bus measurements. From the figure, it is seen table to reduce impact forces during emergency
that accelerations measured on the floor of the conditions. Metal-to-metal impact is prevented.
PRQA passenger compartment closely resemble those Other mechanical switches that will stop the sys-
measured on the floor of the bus. When a sinu- ten are activated upon opening either access door
soidal input representing either displacement or or by pressing the "chicken" switches located above
acceleration was used, the reproducibility was each seat. The research compartment is designed
excellent, to withstand a more severe vibratory environment

than conventional aircraft. The structural analy-
Another indication of the PRQA reproducibility sis of the compartment showed the first structural

is shown in Figure 10, again using the accelera- freque.cy to be 38 Rz.

tion measurements obtained during tie above-
mentioned bus ride. The upper curve in Figure 10 Some of the safety considerations of the
shows the power spectral density (PSD) of the facility include hinged cover plates that cover
accelerations measured on the floor of the bus. the space between the table and the platform.
The data used for this PSI) encompass the 1-second These plates are kept closed except during tests.
interval of data shown at the top of Figure 9. They prevent anyone from accidentally stepping
The lower curve in Figure 10 shows the PSD of the where there is no platform. Warning flashing .

response measured on the floor of the PRQA compart- lights stating "tests in progress" are activated
ment for the same time period as the upper curve, during tests to prevent wuiauthorized entrance.
With the exception of the responses below 2 Hz,
excellent agreement exists between input and out- PRQA Programs
put. For frequ~ncies below 2 Hz, the control
console has rolloff filters to reduce the response Although not finalized, it is planned that
of the PRQA to quasi- or steady-state accelera- initial programs utilizing the PRQ will be directed
tions. This reduction is necessary due to the toward identifying and verifying the principal
limited excursion available to the PRQA. vibration parameters influencing human comfort
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response. Physical parameters of interest include the LRC ride measurement package (31. These meas-
frequency, amplitude, narrow-band power, exceed- urements consisted of the three-axis linear
ance count, peaks, rms levels, and axes oi vibra- accelerations at forward and center locations in
tion. Psychological parameters include such the bus floor. The acceleration time hibtories
variables as crowding, attitudes, surroundings, were then processed through the LRC time series
and subject population, analysis program to obtain power spectra (g

2 /Hz)

of the ride. The power spectra were then inte-
One series of tests will determine the fre- grated over 2 Hz bandwidths and the square root

quency and direct'onal sensitivity of human of the results taken to obtain a measure of the
subjects by exposing them to narrow-band white average rms level of acceleration contained within
noise with center frequencies ranging from 1 Hz each bandwidth. Typical examples for two rides,
to 30 Hz along one axis at a time. The results one of which was rated satisfactory and the other
should help To refine the human frequency depend- unsatisfactory, are shown in Figure 13. The upper
ent transfer function for each axis, and also to graph shows the average ms acceleration levels
determine the relative weighting factors to be associated with each of 12 frequency bands ranging
applied to each axis of vibration. Once frequency from I to 25 Hz. These data correspond to vertical
and directional sensitivity factors have been motions at the front of the bus and were obtained
determined, another series of tests will be when scale 3 was in use. For this condition,
oriented toward identifying the vibration parame- 82.1 percent of the subjects rated the ride as
ter(s) best correlating with measured comfort satisfactory denoting a relatively smooth ride. In
responses. This will involve application of contrast, however, examine the lower graph of I
correlation or regression techniques to the PRQA figure. This shows considerably large rms levels
data. The outcome is expected to be a regression with only 17.6 percent of the subjects rating the
model for comfort. ride as being satisfactory. Note also that the

overall rms acceleration level associated with the
DEVELOPMENT OF SUBJECTIVE RESPONSE SCALES rough ride is approximately three times the level

for the smooth ride. The subjective data for each
The Department of Psychology of Old Dominion scale were analyzed by ODU to obtain interscale

University (ODU), under contract to LRC, is con- correlations, identify inconsistencies, and to
ducting an experimental study to develop and identify a best scale. Data analysis and compara-
validate means for measuring and assessing the tive evaluation of rating scales are still underway
response of people to motion and vibration. Sev- by ODU. Preliminary results, however, indicate
eral condidate subjective response rating scales that scale 2 appears to be the best at this point
have been tested by exposing large groups of in time. Final selection of a scale awaits further
passenger subjects to ride motions under actual analysis and will be published by ODU.
field conditions. The field vehicles used were
City Rapid Transit buses that were operated over CONCIDDING REMARKS
a preselected route which included segments of
ride varying from relatively smooth (interstate A discussion of the Langley Research Center
highway) to relatively rough (isolated rural roads), ride comfort program has been presented with
A total of four candidate rating scales were emphasis on the development of a Passenger Ride
investigated. Scales 1 and 2 are illustrated in Qua ity Apparatus and development of validated
Figure 11. Both are integer scales with point subjective response rating scales. The performance
values ranging from one to five for scale I and and safety features of the Passenger Ride Quality
one to six for scale 2. Note also in Figure 11 Apparatus have been described and some of the
the differences in descriptive adjectives between initial ride quality test programs outlined. A
the two scales. A third scale (scale 3) shown in description of the experimental procedure employed
Figure 11 was used in which the subjects were by Old Dominion University to develop improved
merely asked to rate the ride comfort as being comfort rating scales has been given. Although
satisfactory or unsatisfactory. The fourth scale data analysis is not yet complete, a tentative
(not shown) is a magnitude estimation scale in rating scale has been identified.
which the passenger subject assigns his own
numbers to his perception of comfort. A discussion REFERENCES
of the psychological factors influencing the
selection of these scales for study is beyond the (1] Symposium of Vehicle Ride Quality held at
scope of this paper but will be reported in detail Langley Research Center, Hampton, Virginia,
in a report to be prepared by ODU at a later date. July 6-7, 1972. Papers No. 4, 6, and 11,

NASA T14 X-26201 October 1972.
The basic ingredients of the exper'mental bus

program are illustrated in Figure 12. The tests [2] R. M. Hanes, "Human Sonsitivity to Whole-Body
involved the leasing of City Rapid Transit buses Vibration in Urban Transportation Systems -
to transport groups of passenger subjects over a A Literature Review," Johns Hopkins University,
preselected route approximately 54 miles in length APL/JHU TPR 004, May 1970.
and 2 hours in duration. A total of eight bus
trips have been made to date with groups of 20 to [3J John J. Catherines, Sherman A. Clevenson, and
30 passenger subjects per trip. The subjects were Harland F. Scholl, "A Method for the Measure-
asked to rate the comfort of 17 preselected por- ment and Analysis of Ride Vibrations of
tions of the total ride using one of the candidate Transportation Systems," NASA TN D-6785-
rating scales. The comfort evaluations were taken May 1972.
at about 5- to 10-minute intervals with the sab-
jects allowed about 15 seconds to indicate their (4] Sherman A. Cleven:.,n, and Kenneth B. Uliman,
ratings. Physical ride motion measurements were "A Technique for Ev'luating Track Condition
obtained during each l-second rating period using Using Railcar Vibrations," Presente _ at the
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AIM/ASME 12th Structures, Structural Dynamics, Environments, t Presented at th, Joint Sympo-
and Materials Conference, Anaheimr, California, sium on Environmental Ff'ects or V OL Designs,
April 19.21, 1971, AIMA Paper No. 71-384~. Arlington, Texas, Novetiber 197C, t're~rin~t

No. SW-70-21, American lieli'iopter tociety,
(5) John J. Catherines, and Sherman A. Clevenson, Novemnber 17'(0.

"Measurements and Analysis of Vibration Ride
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*MUTHAXSPECTCRA AA SUJCTV DT EMERGENCY EX T
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Figure 1. Langley Research Center ride comf'ort

program plan.

Figure 3. Exterior view of the PRQA.

NI.

ACTuATORS

Figure 2. Interior view of the PRQA and a model
of the PRQA.A

Figure 4~. Model of the PRQA in-' .at~r.r tlk'e
supports, actuators, arnd restraint.
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CAPTIVE FLIGHT ACOUSTIC TEST

CRITERIA FOR AIRCRAFT STORES1V
_T Alan Burkhard

Air Force Flight Dynamics Laboratory
Wrig'.t-Patterson AFB, Ohio

This p -er describes the development of an acoustic test criteria for
assembled externally carried aircraft stores for their captive flight
enviroriment. This test method 'nduces random vibration within the
store which closely simulates the actual service environment at vibra-
tory frequencies above 200 Hz. Because it requires application of the
oscillatory force external to the store, there is no need to account
for structural transmissabliity characteristics in the test development.
The criteria were developed using the results of extensive captive flight
and acoustic chamber measurements on aircraft stores and wind tunnel
studies of typical store shapes. The test criteria are not rigidly
established but are adaotable to a particular aircrift/store interface,
aircraft's dynamic pvessure and the store's geometric properties. The
paper contains numerical examples that demonstrate the use of the

& developed acoustic test criteria.

INTRODUCTION vibration throughout the store. A good store
qualification test should, thus, cause the same

Externally carr:,,d aircraft stores are random vibration patterns. It was pointed out
exposed to a very severe operational vibration in reference l and demonstrated in reference 2 '1
environment. This tivironment has been known that testing in an acoustic chamber would ful-
to cause malfunctions such as improper activa- fill this requirement.
tion of fuzes, inadvertent jettison of stores,
or other failures which compromise the mission This paper describes the effects of turbu-
of the weapon system. lent airflow acting on the store's surfaces.

The results of wind tunnel and flight studies
AFFOL has conducted an extensive study of are first discussed to define the characteris-

existing literature on the vibracoustic envi- tics of this flow field as it relates to stores
ronment of externally carried aircraft stores of various geometric shapes. This is followed
and their qualification testing criteria (1). by a discussion of AFFDL acoustic chamber tests
This study showed that new test methods are wherein studies were made to duplicate the mea-
needed because the present qualification cri- sured in-flight vibrations of six distinct
teria do not provide adequate screening of stores. The results of these independent
stores before flight evaluation and operational studies are then correlated and generalized -to
deployment, develop acoustic qualification test criteria

for captive carry of a wide range of assembled
The study further showed that the vibra- aircraft stores. The paper concludes with

tion environment in captive carried aircraft examples of the use of the test criteria.
stores stems from three principal sources: 1 !
aircraft motion such as occurs during takeoff, Related random vibration tests for store RK 'f
landing, and air gusts; aerodynamics (oscillat- components and assembled stores can be found
ing air pressure at the store's surface) such in Method 514 of MIL-STO-810, "Environmental
as boundary layer turbulence, buffetting, jet Test Methods." The acoustic criteria which are
engine noise, and propeller blade passage detailed in the appendix to this paper are con-
noise; and self induced motion such as internal taned in Method 515 of MIL-STD-810. All of I
pumps and motors or ram air turbines, these external store test criteria complement

each other so that testing is done over the
Generally the most significant of all entire frequency range which vibration has been

these sources is the random aerodynamic pres- known to cause failures or malfunctions.
sure fluctuations which beat upon the skin of
the store which in turn, produces random TRANSONIC WIND TUNNEL STUDIES
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The turbulent airflow about a store's sur- pressure fluctuations and q (Prms-q). These
face contains randomly oscillating air pres- relationships provide conservative estimates
sures which cause random vibration in the sur- of these environments if measured values at
face structure. This vibration is transferred 0.85 to 0.90 Mach number are used to evaluate
throughout the stores structure and to internal the proportionality constants.
equipm-nt such as fuzes, electronic guidance
and propulsion subsystems. The magnitude of c. Clu..ter carriage of a store increases
these turbulent forces is sufficient to produce its vibratior levels above that which single
failure and malfunctions of internal equipment carriage wo,:id produce. The largest increase
and sonic fatigue of light weight surface in % TR (triple ejection rack) is 3 dB for
structure (4,5). Thus it is important to those stores in the shoulder positions and a
understand what influences various surface con- 6 dB increase for those stores in the aft
tours have on the pressure fluctuations in the shoulder positions of a MER (multiple ejection
airflow about a store, rack).

Surface pressure fluctuations on various d. Tailfins which are exposed to the air-
shaped rotationally symmetric bodies in tran- stream in captive carriage can introduce signi-
sonic conditions have been measured by several ficant vibratory energy into the whole store at
investigators (6, 7, 8, 9). Their results show the tailfin's natural frequencies.
that the character of this fluctuating pressure
field is highly dependent on the surface geom- ACOUSTIC CHAMBER STUDIES
etry of a store. Six different stores were selected for

Close examination of this transonic wind this program. These were selected because t':ey
tunnel data shuws the following general char- possessed the different aerodynamic properties
acteristics of aerodynamic induced surface that are commonly used in aircraft stores.
pressure fluctuations. These store shapes are shown, not to scale, in

Fig. 1. Each of these stores had been instru-
a. At transitions from conical to cylin- mented at various structural locations to mea-

drical sections, local flow separation occurs sure vibration and several stores had two or
causing local increase in pressure fluctuations. thrie flush mounted microphones to measure the
The magnitude of these increases in pressure in-flight pressure fluctuations on the surface A.
fluctuations is dependet on local cone angle. of the store. The instrumentation and flight

measurement program for these stores was
b. The effect of local disturbances dies described by Dreher (10).

out within one store diameter down stream of '1
surface irregularities.

c. The pressure fluctuations on a long j .
cylindrical sectifn at locations more than one

P- store diameter down stream of surface irregu- - . t
larities do not increase in magnitude with aft . " ,
station.

d. For regions where the vehicle 
profile STORE A STORE

is continuously changing with aft station, themagnitude of pressure fluctuations also in- . l
creases with aft station.

e. The magnitude of pressure fluctuations STORE B STORE E

is a linear function of dynamic pressure (q). 4
-+ CAPTIVE FLIGHT ENVIRONMENT

The captive flight vibration and acoustic
environments of externally carried stores in STORE C STORE F
general have been extensively analyzed by
Dreher, Lakin, and Tolle (1) and Pi.'sol (3).
lhe following general conclusions can be drawn Fig. I - Ceneral profiles of stores used in
from their analyses: this study

a. The vibration and acoustic spectrun Because of a limited number of data re-
of a store in captive flight does not signifi- cording channels available du-;ng the flight
cantly change in relative shape witn Mach test program, the flush surface microphones
numbers from 0.45 to 0.90. The whole spectrum were not in sufficient number to realistically
just shifts in amplitude with increasing q. define the total fluctuating pressure field

about each store. Even in the cases where
b. Linear relationships exist between sufficient microphones were available, there

store vibration and q (Grms"q) and between is some concern that differences in the
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turbulent flow field characteristics and
acoustic chamber characteristics do not permit A B C
a one to one correlation between these environ-
ments (1). Thus, it was decided to place the
flight instrumented stores into an acoustic
chamber and adjust the chamber environment such
that the captive flight vibration environment
was duplicated. 

-
The six flight instrumented stores were

acoustically tested in the AFFDL Wide Band
Acoustic Chamber which has a single noise
source. This facility was described by Kolb
and Magrath (11). The stores were suspended
by their lugs by means of soft springs and in- 44

stalled h:rizontally with the long central axis I m
of the store coinciding with the horizontal NOSE , MIDDLE AFT
center axis of the horn. Most stores were posi-
tioned with their aft end toward the horn, as
shown in Fig. 2.

ABC PLANES WHERE ACOUSTIC
SPECTRUM WAS MEASURED

Fig. 3 - Subdividipg a typical store into
three regions

different unshaped acoustic chamber environ-
ments that encompassed its measured captive
flight acoustic levels. The responses of the
store mounted accelerometers to the applied
acoustic chamber spectra were then'compared to
their respective captive flight vibrations. t.
The flight data used in this comparisn was for
Mach numbers 0.85 to 0.90 or maximum q condi-
tion if this Maci number rcoge was not attain-
able. Fig. 4 shows how tte applied acoustic
chamber environments excited vibrations'in the
stores that had the same resonance peaks and

A- valleys as the captive flight data. However,
1A the relative amplitudes of the individual peaks

and valleys were not necessarily reproduced
since the chamber acoustic spectrum was notAlt specially shaped.

Fig. 2 - Store installed in acoustic chamber It should be noted from the figre that an

acoustic test does not subject a store's com-

The microphones and accelerometers used ponents to an artificial vibration Environment,
in the captive flight measurement program were with high levels at frequencies where low
supplemented by five to ninp :"rtable B&K con- levels occur in captive flight or vice versa.
denser microphones, Type 41:; These addition- Therefore, an acoustic test with a properly
al microphones were located so that they were shaped spectrum will realistically evaluate a
not close to any major discontinuity in the store for its captive flight environment over =

profile of the store. Microphones were located its range of applicability as described later.
in each of the three -srtions of the store
(nose, middle, and aft) a- shown in Fig. 3. The response of all the accelerometers in
These microphones were used to define the each of the regions were averaged. The average
average superimposed acoustic spectrum that one-third octave acceleration spectrum in each

acts on each of these three regions of the region was compared to the average external
store. The outputs of all the transducers noise outside of its respective region. Fig. 5
were recorded on tape by a Honeywell Model LAR shows a typical example of the linear relation-
7400 tape recorder and analyzed by a B&K Model ship that exists between acoustic noise and - ,

P-297 one-third octave band analyzer and a Time store vibration. A strong relationship was
Data 100 Digital Spectrum Analyzer. found for one-third octave band levels having

center frequencies above 160 Hz. This linear
Each store was exposed to several relationship permitted interpolation between
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the various acoustic spectra to determine a Below 200 Hz, the acoustic chamber re-
shaped acoustic test spectrum that will exact- sults exhibited an unusual phenomenon. The
ly duplicate the measured captive flight vibra- vibrations induced in this frequency range by
tion above 160 Hz. the chamber noise were much lower relative to

the flight measured vibrations even though the
unshaped chamber acoustic environments encom-
passed the flight acoustic environments. In

-- CT. fact, using the interpolation/extrapolation
-CAPTIVEFLIGHT techniques described in the last paragraph,
A T R the projected test levels were significantly

, ACOUSTIC CHAMBER different than the flight measured acoustic
P ,levels in this lower frequency range.

', If we couple this fact with the assumption
o that acoustic fields only excite vibrations at

the natural frequencies of the store surface
(shell modes) and that these are generally
above 200 cps (1), it can be rationalized that

0.01 the vibrations induced in the store below 200
O Hz stem from other sources such as aircraft

U Z motion, air gust, and buffeting. Thus, pending
,, further investigation of this phenomenon, it

was decided to cut off the acoustic test spec-
o.oo1 A. 1 trum at 200 Hz. As a consequence, it is neces-

'00 200 500 * 2000 sry to simulate this lower frequency vibration
environment by direct application of vibration
to the store using a shaker. Such a vibration

FREQUENCY (H) test for assembled stores can be found in
Method 514 of MIL-STD-810C.

Fig. 4 - Comparison of captive flight and
acoustic chamber vibration response Fig. 6 shows a typical comparison between
for the same store station (Bandwidth the resultant shaped acoustic test spectrum and
of analysis = 20 Hz) the measured captive flight acoustic spectrum

for two store stations that were within one
store diameter of each other (a store diameter
is the maximum diameter in the store). Both i
spectra demonstrate similar profiles for the
higher frequencies. However, the shaped acous-
tic spectrum is always less than the captive

110 2o flight spectrwn. This difference in levels0 31 could very well' be attributed to the placem-ent

0 0 500 of the flush mounted microphones which measured
,o the captive flight acobutic levels. These

b 2000 microphones were located next to major surface
discontinuities which cause localized higher

0acdustic levels than that which was founOi on
90. the surrounding store surface (8).

SE" The shaped acoustic test spectrum -epre-
8L sents the average aerodynamic pressure fluctua-
-0.e tions profile along the store. Therefore,

0 strongly localized effects are not included in ']

0 W these levels. To simulate these phenomena in
| , ;cL F - 8 7 e IS BAND CE NTER FREQUENCY - conjunction witho the distributed acoustic pro- ;

file would require a multi-source acoustic'
facility. Such a facility is more expensive
to operate and would not significantly improve

0. r .,on the excellent agreement between the captive
-'0-' l id 60 10 1CO =flight and the acoustic test store vibrations
ONE-THIRD OCTAVE BAND SOUND that.has been found using a single source --
PRESSURE LEVEL del (REF 0.0002 acoustic facility. Moreover, a single source
McRoBAR) facility could be as simple is a jet engine

with appropriate reflective walls and baffles.

Fig. 5 - Linear relationship between average The shaped acoustic test spectra for the "
acoustic noise outside the store and individual stores differ considerably in both
average vibration for the same store spectrum shape and level. To further analyze
region the results of this acoustic study the shaped

acoustic test spectrum for each store was
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0___________Z____ test spectrm T

The detailed development of the prediction
relationships for each parameter that definesONE-THIRD OCTAVE BAND CENTER FREQUENCY (HZ) the envelope for the shaped acoustic test spec-

trum can be found in an Air Force Flight
Dynamics Laboratory Technical Report which is

Fig. 6- Comparison of measured captive flight scheduled for publication in 1973. Pertinent 0
acoustic spectrum with the shaped results of the study which lead to the develop
acutcsetu o tr ttosment of the acoustic test criteria are discus-sacoustic spectrum for store stations

that were within one store diameter of sed in the following sections.
' each other " "

eSPECTRUM SHAPE

normalized to a dynamic pressure (q) of 1000 Fig. 8 shows how F0 values tend to cluster
psf and to single carriage levels. Normaliza- into separate groups when plotted against non-
tion to single carriage levels was done using dimensional characteristic length ratio, X/R,
the criteria discussed earlier (3) and nomall- where X is distance from the nose of the store
zation to a dynamic preLsure of 1000 psf was measured along the longitudinal axis of the
accomplished using a linear relationship store and R is the local radius of the store
between vibration and dynamic pressure ('j). at any store station. One group of data is for

store stations that were either aft of re-
The normalized shaped acoustic test spec- entrant atigles or that were within one store

trum for each store was enveloped by a series diameter of the aft end of the store. The rest
of straight line segments as shown in Fig. 7. of the storv- itations cluster into the other
These envelopes were drawn for each store sta- group. This data can be pproximated by Equa-
tion where the B&K microphones were positioned tlon I below, when the calculated values of F0
in the acoustic test. The shaped acoustic test are rounded off upwards to the next highest
spectrum in each region of the store was quan- one-third octave band center frequency.
tized in terms of three variables, Lo, F0, and
A, where Lo is the maximun one-third octave Fo = 600 Log(X/R) + C
band level in the envelope, F, is the one-third F 0 gX-(I octave band center frequency at which the where C = -200 for store stations that are
acoustic envelope starts to roll off, and A is within one store diameter of either 7
the high frequency roll off rate. the aft end of the store or aft of

These three variables that defined the 
re-entrant angles

shaped acoustic test spectrum were analyzed C = 400 for other store stations
for any general trends that could be identified
for each store or group of stores. These The lower values of F0 at the aft end of
trends were found to parallel the results of the store and at stations that are aft of re- i i
the transonic wind turmel studies mentioned entrant angles are characteristic of pressure
earlier. This correlation permitted the extra- fluctuations accompanying flow separation (12).
polation and Interpolation to flight regimes
and vehicle shapes not investigated in this
study.
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this measure of nose bluntness, a general
E TEequation for these types of stores is Equation

A A F REGIONS TANTANTONE OTR 3 except when local nose cone angle approaches
AFT END OF STORE 90 degrees (ref. Eq. 5):1500 CN O- Z4OE

150 OTHER STORE REGIONS LO = 20 Log(q) +11 Log(X) +

0 0 0

' 000, C_ 2 7 Log(l-cos(ej)) + 72 (3)

S•C0. 
Stores with Long Cylindrical Sections

F0 600 LOGCx/R) c - -

WO 00" The overall pressure fluctuations on a "
500 0vs00e nc0vfg0 o 5" a long cylindrical section does not increase

- with aft station and is approximately
- P'MSA 0.02q (12). The one-third octave band

0.1 .0 l 00 levels measured in captive flight f~r stores. 1.0 I / with long cylindrical sections are approxi-
mately flat from 200 to 2000 Hz. Therefore,}I

Fig. 8 - Shaped acoustic test envelope cut oft
frequency variation wit" .haracteris- 160.
tic nondimensional stv' length 0 L

ACOUSTIC LEVEL, Lo d 1o. 0 C

The extensive analysis of captive flight S
vibracoustic data done b', )rpher tl, and ( 40 - .
Piersol (3) shows that -ynamic pressure has a 0 0
strong influence on 0.p acoustic end vibration d
levels in externally carried stores. A con- W
servative approxiration of this relationship 0 A° 3 A
is the assumption that acoustic levels and 0 0 0 E
vibration levels are linearly dependent on , .; O
dynamic pressure (q) nrovided data measured in 1 i I
the transor ic flight regime is used to evaluate 0. 3 10:00
the pror. ticnality constants. Therefore, a X (INCHES)
basic ...uation of the form Lo = 20 L%(q) + Z
cc-. t,. used, where Z represents the influence

the individual geometry of each store as Fig. 9 - Aftward variation of maxiium one-
discussed below, third octave band sound pressure

level, scaled to q = 1000 psf.
Fig. 9 shows how the one-third octave band

level, L,, changes with store station. Three the one-third octave pressure fluctuation
distinct trends are evident. Most of the level is approximately PrmsbiO.O06q or:
stores tested had L, increasing with aft store 20 Log(q) + 84 (4)
station. However, store C had Lo decreasing Lo
with aft store station, while stores B and D Equation 3 Is used for store stations up un-
had i remaining relatively constant across til oi.e store diameter into a long cylindrical
certain store stations. All these trends can section and then Ecuation 4 is used fo store
be related to their individual store profiles stations in the long cylindrical sectlon. d ;
using the earlier mentioned wind tunnel results.

For a changing diameter region which is
Stores with Changing Cross-sectional DiameterafofalrcyidclreirueEatn

For those-stores which had gradually 2. Redefine X and K so that X equals one at

changing store profile (i.e., stores A and B), the aft end of .he cylindrical section and K
the one-third octave band level variation with equals 84.

I store station can be enveloped by the following Stores with Blunt Noses
equation:

-L= 20L(q) + 11 Log(X) + K (2) A very blunt nose (a. equal to 80-90
LO = 20 L q + 11 +K (2)degrees) produces a very strong increase in

each K is evaluated by considering the nose of pressure fluctuations at the nose of the
hstore. A convenient measure of the store. The effect of this strong nose pres-

arw unt of pressure fluctuations that the nose sure rise over-shadows the influence of
introduces into the environment about the store
in captive flight is the local cone angle at
station X 1 inch as shown in Fig. 10.e Using
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I20 dB to the measured vibrations levels
throughout the store, which suggests that this
under prediction is, in fact, largely due to
the highly turbulent conditions around the aft

fin vibration from the flight data so that only

the vibration due to surface pressure fluctua-( tions on the main body of the store is consider-
ed, the acoustic chamber and predicted levels

tend to fall in 
line.

The analysis of the flight measuremerts
for the other finned stores (E and F) shows
that tailfin vibration does not predominate
to such a significant extent as occurred for
store A. In the case of store E, flight acous-
tic measurements near the fins are, in fact,

X=1. higher than flight measured levels from store
A. However, store E's tail cone assembly is
loosely attached (definite play observable) to
the main body of the store such that its highly

Fig. 10 - Local cone angle at station X vibrating tail cone can be easily isolated.
q s1 inch The tail cone on store A, on the other hand, is ,equals Irigidly attached to the main store body result- '

ing in no attenuation.
radual surface profile changes in the Ft~re
9). This is evident in store C where L, de- In the case of store F, its fins are more
creases with aft store station (see Fig. 9). like wings (i.e., large with respect to the
In this case Equation 3 is replaced with main body). As discussed in references 1 and
Equation 5, below. 13, it is difficult or impossible to excite the ('

the more fundamental natural frequencies of -
°

Lo = 20 Log(q)-6 Log(X) + 96 (5) relatively large surfaces in flight because of
the relatively poor space/phase correlation of

Equation 5 is used for store stations up the turbulent air flow. Thus, it follows that
until X equals 100. Aft of this station use the wings on store F should not contribute
Equation 3 or 4 depending which one is appro- significantly to its dynamic environments
priate for the type of store profile in this whereas the relative 3 small fins on store A
region. should, and do, contribute significantly.

HIGH FREQUENCY ROLL OFF RATE, A It thus appears that more work is neces-
sary to establish a cutoff fin area (or size)

To best envelope the individual shaped below which the fin vibration effect is signi-acoustic test spectrum for each store and store ficant. In this case, then, the acoustic
station without being too conservative resulted chamber predicted test level would be raised
:n twn different roll-off rates. 6 dB/octave by a certain factor (say 12 to 15 dB) near the
for F0 greater than 400 Hz and 2 dB/octave for fins. This would provide both a sonic fatigue
F0 equal to or less than 400 Hz. test for the fins (many fins have fatigued and

fallen off in flight) as well as a vibration
ACCURACY OF PREDICTION RELATIONSHIP test for the rest of the store.

To demonstrate the accuracy of the de- As an interim approach to qualifying .%
rived acoustic test prediction criteria, test stores with rigidly attached small tail fins,
parameters were calculated for the stores used the use of the assembled store vibration test

II to develop these criteria. A comparison of outlined in Method 514 of MIL-STD-810C is
*predicted values from equations 3, 4, and 5 and recommended. This test is designed so that

acoustic chamber values is shown in Table 1. most stores in this category receive a thorough "
All stores except store A were predicted vibration shake-down over a frequency range
withion acceptable tolerances, which extends to 2000 Hz.

The L values for the three sections of TEST CRITERIA
store A were severely under predicted by 7 to
12 dB. This can be explained by considering A general acoustic test criteria for cap-
the structural makeip of this store and the tive and free flight of assembled externally __

spectral characteristics of its flight data. carried aircraft stores is contained in the-
As discussed by Dreher (10) the significant Appendix and was constructed using the results
peaks in this flight data can be correlated of this investigation and the characteristics
to the natural frequencies of the tailfins on of normal mission profiles for aircraft that
the store, lie estimated that the vibrating carry stores. Note how the criteria can be
tailfins could contribute as much as 13 to adjusted for frequency range, amplitude, and
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TABLE I
Comparison of Predicted and Acoustic Chamber Values for Shaped Acoustic Test Spectrum Envelopes

Store Chamber Predicted Chamber Predicted Chamber Predicted
Store Region o L, F0  F A A

A Nose 146 134 500 500 -6 -6
A Middle 150 143 800 803 -6 -6
A Aft 157 145 630 630 -6 -6

B Nose 127 127 1250 630 -6 -6
B Middle 140 138 1250 1000 -6 -6
B Aft 140 142 1250 1600 -6 -6

C Nose 148 150 500 400 -6 -2

C Aft 142 143 400 400 -2 -2

D Nose 138 136 800 1000 -6 -6

D Middle 143 143 630 1250 -6 -6
D Aft 143 144 630 500 -2 -6

E Nose 139 139 400 500 -6 -6
E Mid61* 145 144 400 800 -6 -6
E Aft 150 150 800 400 -6 -2

F Nose 134 144 400 630 -2 -6 1
F Middle 138 140 400 1000 -2 -6
F Aft 142 142 400 500 -2 -6

flight conditions. Thus overtesting and under- EXAMPLE CALCULATION USING ACOUSTIC TEST
testing are minimized. CRITERIA

The free flight criteria were derived Example I
directly from the captive flight criteria be-
cause of the lack of any significant amount of A new store is being developed for captive
free flight store data. In this regard, the carriage on a high perfomance aircraft. This
acoustic test criteria for single carriage of store is designed for a life of 50 missions
a store during captive flight is used for the with an expected maximum dynamic pressure of
free flight criteria provided that the maximum 1400 psf. The shape of the store Is shown in
free flight dynamic pressure is used to calcu- Fig. 11 and pertinent geometric properties of
late the test levels. It is judged that this the store are listed in Table 2.
approach is slightly conservative to the ex-
tent of any addition to the test level caused Plane A
by pylon/rack generated turbulence which is not
present during free flight. fo a 600Log(20/4.5) + 400 - 790

The captive flight criteria contain func- foo 800 Hz
tional and fatigue (endurance) tests. A sepa-
rate functional test was provided to allow Lo  20Log0400) + 11Log20 + 7Log(I-cos
performance evaluation of operating store equip-
ment at realistic environmental levels. The 69) + 72 a 147.9 Functional Level
fatigue test levels are generally higher and
are adaptable to the testing time and the num- 0
ber of operational missions. The development

of these fatigue criteria parallels those used 147.9 - 148.3 Endurance Level
in other store and aircraft equipment vibration
tests (3, 14).
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Plane B TABLE 3
o 600Log(80/5) + 400. 1250 Acoustic Test Criteria for the Store

+Hz _ _ in ExaDle I
L, - 20Log(1400) + 84 = 147 Functional Reference fo *Lo Endurance

Level Plane (Hz) Functional (T 3 hours] A

Lo = 20Log(1200) + 2.5Log(50/9) + 84 A 800 148 148 -6
B 1253 147 147 6

147.4 Endurance Level C 1600 147 147 -6

PlaneC __

S600Log(140/5) + 400 1600Since functional levels are the same as en-fodurance levels, functional checks could be
Lo = 20Log(1400) + 84 - 147 Functional made during the endurance test. In this case,

only 3 hours of testing is necessary.
Level

Lo  20Log(1200) + 2.5Log(50/9) + 84 Example II

147.4 Endurance Level Suppose a new store is being developed
for use on a high performance aircraft. This
store Is designed for cluster carriage in
either a TER or MER rack, total of 3 missions,
and a maximum dynamic pressure of 1000 psf.
The deployment of this store permits a maximum
free flight dynamic pressure of 1500 psf. The -
shape of this store is shown in Fig. 12 and
pertinent geometric data for this store is
listed in Table 4.

Fig. 11 -Store profile of Example I

TABLE 2

Properties of the Store in Example I

Reference Store Local
Plane Station Store Fig. 12 - Store profile of Example II

(Inches) Radius
(Inches) PaeA

A 20 4.5 f, = 600Log(16/6) + 400 4V 800 Hz

B 80 5
C 140 5 Lo - 20Log(lO00) + 1og(16) + 7Log(I-cos

"=," ~ ~~241) + 72 a 137.7 Functional Level ~,?
N - 50 qmax 1400 psf
Length of Store • 160 inches Lo 2OLog(1000/l000) + 2.5Log(3/3) +
8 3690 T 3 hours

137.7 137.7 Endurance Level
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Plane B TABLE 4

fo = 60OLog(50/l0) + 400 '- 1000 Hz Properties of the Store in Example II

Lo = 2OLog(l000) + llLog(50) + 7Log(l-cos Reference Store Local
Plane Station Store

240) + 72 = 143.2 Functional, (Inches) Radius
(Inches)

Endurance Levels A 16 6

Plane C B 50 10;C 84 7

fo = 600Log(84/7) - 200 Z 500 Hz

Lo = 20Log(1OOD) + llLog(84) + 7Log(l-cos Total Length of Store 100 inches

240) + 72 = 145.8 Functional, s, = 240 N = 3 T = 1 hour

Endurance Levels

TABLE S

Note: Since the store can be carried on a TER Acoustic Test Criteria for the Store
or MER rack these levels were raised in Example II
6 d8 for the test criteria. Since func- - _ _ _ _

tional and endurance test levels are Reference fo L, Athe same for a test time, T =1 how, no Plane 1 Hz I Functional
endurance test is needed. MER Rack

(T = 1 Hour)
Free Flight Calculations A 800 144 -6

B 1000 149 -6
Plane A C 500 152 -6

i . . .... ..
1 o = 800 Hz

Lo = 20Log(1500) + llLog(16) + 7Log(l-cos REFERENCES

24°) +72 1. Dreher, J. F., Lakin, E. D., and Tolle, E.
L,= 141.2 A., "Vibracoustic Environment ?nd TestLCriteria for Aircraft Stores During Captive

Plane B Flight," Shock and Vibration Bulletin, No.
39, Supplement, April 1969.

fo= OOO Hz 2. Peverley, R. W., "Vibracoustic Test Methods

SL o = 20Log(1500) + 111og(50) + 7Log(l-cos for Vibration Qualification of Apollo
240) +72 Flight Hardware," Shock and Vibration

Bulletin, No. 37, January 1968.

Lo = 146.7 3. Piersol, A. G., "Vibration and Acoustic

Plane C Test Criteria for Captive Flight of
Externally Carried Aircraft Stores,"

500 Hz AFFDL-TR-71-158, December 1971.

20Log(1500) + ll4og(84) + 7Log(l-cos. McGowan, P. R., Frasca, R. L., "Structural
Design for Acoustical Fatigue," ASD-TDR-63-820, October 1963.

' o = 149.3 5. Ballentine, J. R., Plumblee, H. E., et. al,0 "Refinement of Sonic Fatigue Structural

S t c v i t l sDesign Criteria," AFFDL-TR-67-156, 1967.
.- : i Since the captive flight test levels are

higher than the free flight levels no separate 6. Coe, C. F., and Nute, J. B., "Steady andfree flight test is required as long as the Fluctuating Pressures at Transonic Speedsfree flight functional checks are done during on Hammerhead Launch Vehicles," NASA TMX-
the captive flight es a e 778, December 1962.tet
tectv fihts.7. Coe, C. F., "Steady and Fluctuating Pres-

sures at Transonic Speeds on Two Space-
Vehicle Payload Shapes," NASA TMX-503,
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March 1961. 3.5.2.1 Microphone Placement

8. Wiley, D. R., and Seidl, M. G., "Aerodynam- Three reference planes perpendicular
ic Noise Tests on X-20 Scale Models," to the longitudinal axis of the store shall be
AFFDL-TR-65-192, November 1965. defined. The location of these reference

planes is such that they are at positions which

9. Coe, C. F., "The Effects of Some Variations are one-sixth, one-half, and five-sixths of the
in Launch-Vehicle Nose Shape on Steady and length along the store. In each reference
Fluctuating Pressures at Transonic Speeds," plane 3 microphones, 120 degrees apart, shall
NASA TMX-646, March 1962. be positioned about the store. Each microphone

shall be located within 18 inches from the sur-
10. Dreher, J. F., "The Effect of Tailfins on face of the store but no greater than one-half

the Vibracoustic Environment of Externally the distance from the nearest baffle, whichever
Carried Aircraft Stores," Shock and Vibra- is less.
tion Bulletin, No. 41, Supplement, December"'97-0, 3.5.3 Test Procedure

11. Kolb, A. W., and Magrath, H. A., "RTD
Sonic Fatigue Facility, Design and Perfor- The response of the microphones which
mance Characteristics," Shock and Vibra- are in each reference plane shall be averagedtion Bulle~in, No. 37, Supplement, January giving one output for each reference plane. '

3 um8. The one-third octave band sound pressure level

about the entire store shall be shaped so that Y
12. Lyon, R. H.. Random Noise and Vibration at the location of each of these three refer-

in Space Vehicles, Shock I V'ration Mono- ence planes the frequency spectral profile
graph SVM-1, U. S. Government Printing shall envelope the frequency spectral profile
Office, Washington 0. C., 1967. of Figure 515.1-3 and the values of Table

515.1-I. A controlled acoustic environment
13. Eldred, K., Roberts, W., and White, R., below 100 Hz and above 2000 Hz is not required

"Structural Vibrations in Space Vehicles," but these frequencies may be present because of
WADD-TR-61-62, December IW61. the nature of the test facility.

14. Dreher, J. F., "Aircraft Equipment Random For low power acoustic facilities which
Vibration Test Criteria Based on Vibra- cannot excite the entire frequency range at one
tions Induced by Turbulent Airflow Across time, it is permissible to break the test into
Aircraft External Surfaces," Shock and smaller frequency segments. The testing time
Vibration Bulletin, No. 43, 1973. for each of these segments shall be the same as

that required if the entire spectrum is excited
simultaneously.

APPENDIX 3.5.3.1 Captive Flight Test

METHOD 515, MIL-STD-81O Two tests, functional and endurance,
shall be conducted using their respective test
levels given in Table 515.1-II. No endurance

3.5 Procedure II - Acoustic testing for assem- test is required if, for a one hour endurance -.

bled externally carried aircraft stores, test, the test level Lo is equal to or less

than the corresponding functional test level.
3.5.1 This acoustic test is performed to deter- Du-ing the functional test, the store shall per-
mine that the assembled store is constructed to form according to prime development specifica-
withstand an- per'cr,. zr.e expccted dynamic tion opErating requirements %,ef. General Re-
environment. Procedure ;18 of Method 514, qulrements para. 3.2.4). This test shall be
assembled externally carried store vibration for one hour. Proper performance of the store
test, shall also be conducted to insure thor- is only required after conclusion of the en-
ough testing from 20 to 2000 Hz. Acoustic test- durance test (ref. General Requirements para.
ing of assembled externally carried stores is 3.2.4).
not required if the minimum value of f. of para.
4.7.2.3 of Procedure IB of Method 514 is 3.5.3.2 Free Flight Functional Test
greater than 1200 Hz.

Fc- stores that are eeployed by sepa-
3.F.2 Test Setur ration from the aircraft (free flight) such as

bombs and missiles, a free flight furctional
The store shall be mounted in a suitable test shall be conducted in addition to the cap-

test facility as described in 3.4.1. A suit- ETi flight tests of para. 3.5.3.1. The equip-
able acoustic noise source can be a jet engine ment shall perform according to the equipment -;

ntst cell, specification operating requirements (ref.
or an acoustic test charber. Provision 'or General Requirements, para. 3.2) during the
baffles shall be made so that the frequ;ency functional testing. Para, 3.5.2, para.
spectrunn can be shaped to the required profiles. 3.5.2.1, para. 3.5.3, Table 515-I!, and Figure

I..f-3 shal bk vsd to deter'i, the test
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procedures, levels and frequency spectra forthe free flight test except as noted below.
In this case, factor (N/3T) shall be set equal Vto one and no HER or TER cluster carriage fac- 0&tor shall be used. The value of q shall be <the maximum value attainable during free
flight. The duration of this functional test Z 3
shall equal the maximum free flight time ex- )0pected at maximum q, but not less than 30seconds. In the event that all free flight § to ocjfunctional checks are made during the captive cs "functional test and the captive functional test >L: IY,levels are larger than or equal to those de- 'rived here (3.5.3.2), no free flight functional otest is required. 0 I

3.5.4 References a I i

Dreher, J. F., Lakin, E. D., Tolle, E.A., "Vibracoustic Environment and Test Criteriafor Aircraft Stores During Captive Flight," 100 20 1o  20M
Shock and Vibration Bulletin No. 39, Supplement,NRL, Wash, D.C., Apri 19-9. ONE-THIRD OCTAVE BAND CENTER FREQUENCY 19

Z)
6

Dreher, J. F., "Effects of Vibration andAcoustical Noise on Aircraft/Stores Compatibi-lity," Proc. Aircraft Compatibility SM., Vol.6, pp 245-272, Eglin AFB, Florida, Novemberl969. 
Fig. 515.1-3 - One-third octave band spectrum

for acoustic testing of assem-Preliminary AFFDL Test Results of Labo- bled externally carried aircraftratory Acoustic Chamber Simulation of Flight storesVibration of Externally Carried Aircraft
Stores, Technical Report Expected June 1973.

Burkhard, A., "Captive Flight AcousticTest Criteria for Aircraft Stores," Shock andVibration Bulletin No. 43, NRL, Wash, D.C.,
January 1973.

Fig. 515.1-4 - Typial store profile 
I

I I.
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TABLE 515.1-I' Acoustic Test Levels for Assembled Externally Carried Aircraft Stores

Functiondl Test Le1'5' '' 2OLoq(q,) + lILog(X) + 7Log(l-coss1 ) + 72
0 f 2,3 - 600Log(X/R)-+ C

Endurance Test Lo1'''6'' = 20Log(q,/q,) + 2.5Log(N/3T) + functional level

f,= 600Log(X/R) + C

Definitions

q, = maximum captive flight dyne.nic pressure Lbs/Ft
2

q2 = 1200 psf or maximum captive flight dyndmic pressure (whichever is lower) Lbs/Ft2

N = maximum number of anticipated service missions (minimum N = 3)

R' = local radius of store in inches

X = distance froti nose of store along axis of store in inches

T = test time in hours (minimum T =1 hour)

C = -200 locations within one 0 of aft end of store or aftward of re-entrant angle 3
C = 400 all other locations

A = -6 dB/octave fo>,400 Hz "I

A = -2 dB/octave fo5400 Hz

C4 = maximum store diameter in inches

6i local nose cone angle at X equals 1 Tan B (R/X)(ref Fig 515.1-4)

Representative Parametric Values to be used for Captive Flight when
Specific Parameters are not Available

Local Nose f f fo
Cone Angle q Nose Midale Aft

Store Type Endurance Degrees max Section Section Section

Air to Air Missile 100 69 1600 500 1000 500
Air to Ground Missile 3 12 1600 800 630 630
Instrument Pod 500 69 1800 500 1000 500
Reusable Dispenser 50 11 1200 630 1000 400
Demolition Bomb 3 24 1200 500 1000 630
Flat Nose Store 3 90 1200 400 630 315

Notes

1. Raise computed L. level by 3 dB for a store carried in a TER cluster rack; by 6 dB for a MER
cluster rack.
If calculated f0 is above 2000 Hz use upper frequency limit of 2000 Hz. If calculated f, is
below 200 lHz use 200 Hz.

3. Round off fupwards to a one-third octave band center frequency. --

4. For stores which do not have circular cross-sections the -adius use(, in the formhulas shall be Y'
the radius of the circle which circumscribes the cross-section of the store.

5. For locations on flat nose stores (80 c0 <<S) where X-_100
Functional test LO = 20Log(q) - 6Log(Xj + 96
Endurance test L = 20Log(q%) - 6Log(X) + 96 + 2.5Loy(N/3T)

6. For long cylindrical sections ,> 2D, use for locations more than one D aftward into the
cylindrical section
Functional test LO = 20Log(q1 ) 4 84
Endurance test LO  20Log(q ) + 84 + 2.SLog(N/3T)

7. For changing radius section either aft of a long cylindrical section or when X:-l00 on a flat
Nose store, redefine X so that X = 1 at beginning of this section.
Functional test Lo = 20Log(q.) + llLc'(X) + 84
Endurance test Lo = 20Log(q 2 ) + l

1Lc (X) + 84 + 2.5Log(N/3T) -
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DISCUSSION

Mr. Dickerson (Motorola): In our product Mr. Burkhard: As the last two slides in-
line we are interested in protecting our cir- dicate, we define the acoustic environment by
cuits from the environment which was just dis- means of three microphones in each plane which
cussed. Is there not another step that we have are near the surface of the store. You are
to take to get from the aerodynamic environment actually controlling then at each one of these
on the store to our circuits internally? Would three locations. You have to shape your re-
that not be a strong function of the type of quired levels and spectrum around the store by
airframe on which that type of external store means of those three locations.
is carried?

Mr. Calkins(Naval Missile Center): What
Yr. Burkhard: That is true. This test were your arguments for your upper boundary on

criteria is for the complete store as a system, the frequency? Why did you stop your roll-offAre you talking about component testing? at 2000 Hz?

Mr. Dickerson: Not necessarily a compo- Mr. Burkhard: We have not seen any real
nent, but a subsystem of a component. damage, equipment failures or structural fail-

ures, caused by frequencies above 2000 Hz. We
Mr. Burkhard: I didn't present it here, don't say you have to cut your acoustic spectrum

but there is a new proposed random vibration off at that point. It could go higher. We
component or subsystem test criteria for equip- just say you have to control it to that point.
ment installed in externally carried stores. We don't care what it is above that.
This test criteria was based upon this same
flight test I talked about, except that there Mr. Calkins: What was your chamber?
are about 25 stores in this test criteria. The
results and the criteria are discussed in a Mr. Burkhard: It was a reverberation cha-
Flight Dynamics Laboratory technical report, bar.

Mr. Kertesz (Lockheed Missiles & Space Mr. Calkins: Did you do any investigation
Company): Do you have any idea as to how the with progressive wave?
acoustic spectrum you derived compares with the
pressure spectrum you measured in flight? Mr. Burkhard: No, we were trying to make

the test simple. We have the idea you could
Mr. Burkhard: We did do comparisons. We use, for example, a jet engine noise field with

had two to three microphones on the stores at reverberant panels around it as your test facil-
various locations. We found in general that the ty. If you want to test live munitions, you
measured captive flight acoustic environment as wouldn't want to put these into an expensive
compared to the shaped one, the one before we chamber. They might explode.
enveloped it, had the same basic frequency con-
tent and relative amplitudes. However, our Mr. Calkins: Do you contend that the best
acoustic spectrum was generally less than the simulation for captive flight is to use a re-
measured captive flight vibration acoustic spec- verberation field? Is it more ideal than a pro-
trum. This was because these microphones were gressive wave or is economy the major factor?
mainly put at locations where we might haveshock or other phenomena at separation points. Mr. Burkhard: We did not investigate the

progressive wave. I have no basis for a com-
Mr. Kertesz: Is the acoustic spectrum that parison.

you specified controlled in the chamber on the
surface of the vehicle or at some microphone
acne distance away?
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AIRCRAFT EQUIPMENT RANDOM VIBRATION TEST CRITERIA

BASED ON VIBRATIONS INDUCED BY TURBULENT AIRFLOW

ACROSS AIRCRAFT EXTERNAL SURFACES

JOHN F. DREHER
Air Force Flight Dynamics Laboratory

Wright-Patterson AFB Ohio

The paper describes the development of random vibration test criteria for
aircraft equipment whose prime source of vibration is turbulent airflow at
the surface of the aircraft. Associated criteria for equipment vibration
caused by jet engine noise or operation of aircraft guns can be found in
references 15 and 16, respectively. The paper shows that the random vibra-
tion levels, as derived from the study of 4 jet aircraft, are generally
less severe than existing applicable sinusoidal tests. The test levels
are adaptable to a particular aircraft/equipment location and are based
on the aircraft's aerodynamic pressure (q) and its surface geometry. The
criteria contain both functional and fatigue test procedures. The paper
stresses the importance of functional testing to alleviate operational
malfunction. The fatigue test levels are adaptable from the standpoint
that the level is based on the number of flights the equipment will be
operational as well as the total qualification test time.

INTRODUCTION The turbulent airflow impinging on an air-
craft surface during high speed flight has suf-

Vibrations within jet aircraft are ficient oscillatory energy to cause significant
caused by a number of phenomena. The princi- vibrations in the surface structure (1. This
pal sources, generally, are: jet engine noise phenomena has caused extensive fatigue cracks
and turbulent airflow (pseudo-noise) which im- in many military flight vehicles [2]. These
pinge on aircraft external surfaces; gust, surface vibrations are directly transferred,
landing, and takeoff loads; and on-board me- then, through the vehicle's internal structure
chanical equipment such as engines and pumps. and into the vehicle's equipment. Thus, the
This paper describes, the structural vibrations equipment vibration environment is a direct
induced by turbulent airflow and generalizes function of the surface airflow and the struc-
the findings to develop pertinent, adaptable ture's dynamic transmissibility.
random vibration test criteria for aircraft
equipment. These criteria are those recently The characteristics of this turbulent air-
proposed for inclusion in Method 514 of flow have been well established (3, 4, 5, 6).
MIL-STD-810C, "Environmental Test Methods." Generally, it has a randomly oscillating ampli-

tude and exhibits a frequency spectrum that
The results of the study are based on varies continuously over a broad range. Its

statistically significant quantities of mea- ns amplitude has been shown to be a function
sured flight vibration data from four distinct of the aircraft's aerodynamic pressure (q), . j
jet aircraft. Two of the aircraft used are Mach number (Mn), and local surface geometry.
fighter-bomber types and two are cargo .ypes. Generally, its magnitude increases with in-
Both fighter-bomber vehicles have engines creasing q in a more or less linear fashion.
which exhaust at or near the extreme aft fuse- Perturbations to this linear relationship occur
lage such that most of the flight data mea- at certain Mach numbers and are generally
sured could be considered as produced by tur- caused by local "shocks". These often occur in
bulent surface airflow rather than from the the transonic range (0.8 to 1.0 Mn) as well as
jet engine noise. On the other hand, the car- at certain supersonic speeds. The flow over
go aircraft have wing mounted engines such vehicle surfaces with irregular geometry is
that only the forward quarter fuselage data generally 15 to 25 decibels (5 to 20 times)
was considered applicable, more turbulent than flow over smooth surfaces.

Such irregularities commonly found on aircraft
RELATIONSHIP BETWEEN VIBRATION & TURBULENT are speed brakes, blade antennas, reentrant .
SURFACE AIRFLOW surface angles, engine boundary layer controlI
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devices, open weapons bays, gun muzzles, and are dependent with a view toward simplifying
air conditioning exhaust ports. the final criteria.

Thus, we can expect equipment located in As discussed in the previous section, the
compartments adjacent to and immediately aft of aircraft equipment's environment is heavily de-
surface irregularities to experience vibrations pendent upon the characteristics of the turbu-
significantly higher than equipment in compart- lent flow at the vehicle's adjacent surfaces
ments adjacent to smooth external surfaces. and the local structural dynamic transmissibi-
Furthermore, since the aerodynamic source Is lity. As for this dynamic transmissibility, it
random, the vibratory response is random [7]. is usually very difficult or impossible to de-
The frequency characteristics of the input to termine. Perhaps the only practicdl approach
the equipment is affected by the filtering is to statistically analyze measured flight
(transmissibility) characteristics of the inter- vibration data from several flight vehicles and
mediate structure. relate these, respectively, to the character-

istics of the turbulent airflow at the vehicle
Over a broad range of flight vehicles, surface adjacent to the vibration pickups, thus

these structural filtering characteristics are determining an average structural transfer func-
reasonably similar. For example, most aircraft tion. Again, this is based on the assumption
surfaces are principally monocoque consisting that most vehicles have similar construction.
of light gage sheets riveted to stringers,
frames, and longerons. Characteristically, As for the external flow, it can generally
these sheet metal surfaces, upon which the be parameterized in terms of the vehicle's sur-
oscillating ir directly impinges, have a face geometry, aerodynamic pressure (q), ard
sequence of ratural vibration frequencies whose Mach number (Mn). As pointed out earlier, the
fundamental frequency is between 200 and 400 vehicle's surface geometry causes a significant
cps. While they vibrate at all of the forcing difference in the magnitude of the external flow
frequencies, they greatly amplify the vibrations turbulence for a given q. Thus, a practical
at their natural frequencies. These frequen- approach in analysis is to break out the mea-
cies, then, coupled with any significant reso- sured vibration data into various aircraft
nances of the internal structure, are the domi- zones. These are characterized as zones adja-
nant points on the frequency spectrum perceived cent to irregular surface geometry and zones
by the aircraft's equipment. Figure I shows a adjacent to smooth surface geometry (6].
typical spectrum of the structural vibration
measured near an equipment mount. To include Mach number as a prediction

parameter would also add a large degree of coI-
DEVELOPMENT OF FUNCTIONAL TEST LEVELS plication. Mach number effects are hi6ohiy de-

pendent upon local surface geometry end thus
In the past two decades, and perhaps since require too detailed a knowledge of the partic-

the genesis of test specs, there has been con- ular aircraft structure to be practical for use
siderable criticism that vibration test speci-
fications are not realistic. The bulk of the
criticism from industry, and recently from DOD
equipment project officers, has been that test 10-1
levels are too high. This criticism is espe-
cially intense when it has been discovered that
an equipment item cannot pass its vibration test.

ZA Environmencal engineers have great diffi-
culty in justifying the existing specifications,
especially when they know that the environment - V
is random while the test is sinusoidal, and C
when they know that the environmental levels o
vary appreciably from aircraft to aircraft and Z t 10 .

from point to point in the same aircraft while
the existing specifications are relatively (n
rigid. It is little wonder that reduction-or
complete waiving of test requirements has oe-
come more the rule rather than the exception 8
in the last several years.

It follows that adaptable, random vibra-
tion tests are needed. Yet, since it is the 10-3t_ ____

usual custom that the equipment project engi-
neer, rather than an environmental engineer,
establishes the environmental test requirements FQ-C
for his equipment, any new adaptable test FREUNCY-CPS
should be as easy to understand and apply as Pig. 1 Typical aircraft strUctural
practicable. Thus, it is necessary to investi- vibration spectrum measured near an
gate the many parameters upon which test levels equipment mount.
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in such a document as MIL-STD-810. range. Furthermore, this linearity assumption
is consistent with the relationship between

Although Mach effects can occur at super- vibration level and q in zones of smooth
sonic speeds, many occur at transonic speeds geometry.
(0.8 to 0.95 Mn) at surface irregularities.
The usual effect is a relatively abrupt in- Thus, the approach taken in this study was
crease in the magnitude of the local turbulence to assume that aircraft vibration levels are
as the critical speed is approached, followed proportional to aerodynamic pressure (q), both
by a relative reduction in magnitude as this in zones of smooth and irregular surface geo-
speed is exceeded. This phenomena is shown in metry, with the constant of proportionality, k,
Figure 2. derived on the basis of a line that forms the

SURFACE MICR0PWNS

150

p .;q

140 . p = overall rms pressure level
.Ac k, = proportionality constant

q = aerodynamic pressure

130,__ .___... ... _____ -__.,

• ~~~~ k2 q ~p~inl~ycntn

10

, . .-- ,SUBSURFACE VIBRATION

Z' G overall ras vib level

0 k2 =proportionality constant

1.01
0.6 0.8 1.0 1.2 1.4 1.6

MACH NUMBER
Fig. 2 Comparison of turbulent pressure and corresponding aircraft structur,.l
vibration as a function of Mach number (constant altitude).

Note in this figure that the turbulence upper tangent to the G vs q curve. As far as
level as well as the proximate vibration level practicable, each vehicle used in the study
tend generally to increase with increasing Mach was divided into zones of smooth and irregular
number (and .), notwithstanding the perturba- surface geometry. When possible, the measure-
tion at the critical Mach number. This sug- mnts in each zone were statistically analyzed
gests an approach which relates the vibration (mean value, standard deviation a) and the
level directly as a linear function of q vibration level was established on the basis
(G a kq) with the use of the vibration level that 95% of the data in each zone was covered
at the critical Mach number to evaluate the co- (mean value +1.6a). The details of this pro-
efficient k. Such a curve is also shown in cess are shown in the next section.
Figure 2. This approach is described in more
detail in references 8 and 9. ANALYSIS OF AIRCRAFT A

Admittedly, this relationship provides a Aircraft A is a fighter-bomber type with
conservativ estia t of the vibration level at extensive surface irregularities. The vibra-
other Mach numbers. However, a significant tion data was separated int ,' ,ones adjacent to
percentage of the flight time of most vehicles smooth surfaces and zones a. &0 irregula '

is spent in this transonic range, and test surfaces. Although only small a _.. of J e-&
levels are often based on measurements in this were available from wing, stabilizer, a t t
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fuselage (aft of wing trailing edge) zones, the appropriate one-third octave bandwidth.
these zones were put in the irregular surface Following this operation, all levels were in-
category. This step is considered reasonable creased by 4.5 decibels to insure enveloping
because of high turbulences caused by external the narrow band peaks [10]. This 4.5 decibel
pylons and stores. Furthermore, equipment factor was determined by comparison of one-
within wings and stabilizers are much closer to third octave band and narrow band plots of the
the source of vibration (i.e., less structural same data. Figure 4 shows the results for both
attenuation). zones.

Figure 3 shows how the overall vibration ANALYSIS OF AIRCRAFT B
levels vary with aerody'iamlc pressure. The
curve representing eec!i accelerometer is nor- Aircraft B is also a fighter-bomber. The
malized based on its vibration level at 0.9 Mn. analysis used was the same as used with Air-.A

The curves shown were taken from flights at craft A. Unfortunately, no data was available
altitudes of 2000 feet and 30,000 feet. Note to show the relationship between vibration
that a linear relationship between vibration level and q. However, vibration levels mea-
level and q is not totally unrealistic. sured during tekeoff and landing were available

1.0
G/Go = kq

0.8

0

0.6

0 0.4

K ,

0.,2

0.0

0 300 600 900 1200 1500 _
ARODYN4AIC PRESSURE PSP

Fig. 3 Comparison of aircraft overall vibration level vs aerodynamic pres-

sure. Data is taken from five accelerometers during flight at altitudes of
2000 feet and 30,000 feet. Vibration levels from each altitude have been
normalized based on their levels at 0.9 Mach nuwber.

To develop a test level, vibration data and are shown in Figure 5 along with the mean .
Z- were used for flight conditions in the tran- vibration levels and other parameters for tran-

sonic range. One-third octave band frequency sonic flight. Note how the takeoff and landing
spectra were used to compute the mean level and vibrations greatly exceed the flight vibration
standard deviation for each zone. These one- levels below 200 cps. This suggests that take-
third octave band levels were then converted to off and landing should be considered in the
power spectral density levels uy squaring the development of the vibration test criteria.

one-third octave G,.,, leels and dividing by This subject is. addressed further in the
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i
Comparison of All Data section, so as to eliminate the effects induced by Jet

engine noise. The data available for analysis
ANALYSIS OF AIRCRAFT C was presented in terms of g2/cps based on a 5

cps filter bandwidth analysis. Insufficient
Aircraft C is a four engine (wing mounted) data was available to show the relationship

jet cargo aircraft. Only data in the fuselage between vibration level and q. Figure 6 shows
forward of the engines was used in the analysis the measured vibration levels and othar para-meters for q = 280 psf as well as during ground

Cl) zones adjacent to * operations. In this case, the 95% qualifica-
/ smooth ex-ternal . tion test level was obtained by constructing a

n 2 surfaces line approximately 2 to 3 decibels below the 4
1- ,maximum measured levels shown. This 2 to 3

decibel factor was derived from comparison of
maximum levels and the 95% level from Aircraft
A and B.

ANALYSIS OF AIRCRAFT D

t /. - Aircraft 0 is also a large four engine
* *(wing mounted) jet aircraft. Again, only fuse-

lage vibration data measured Iorward of the
S a engines w.s used in the analysis.

S* - - " " "Although a large number of accelerometers
was used in this section of the fuselage, the

* * , available data was not sufficiently described
Z t ... so that mean zone levels and standard deviations

2 : * could be computed. Rather, the available dataIwas based on octave band filter analysis and
* , only the upper 60% (two tail) confidence limits

01-:4 "were shown. In an attempt to get at least ball-
S: , park results, these confidence limits were

4 * , raised by a factor of 10 decibels and were used --S .. . . . in that form as an estimate of the 95' data
coverage curve. These are shown in Figure 7.

zones adjacent t : The 10 decibel factor is the sum of a 7 decibel
irregular external 1TS LEVBL increase to insure enveloping the narrow band

U Isurfaces * peaks [13, 5 (Page 25)] and a 3 decibel in-
I 9S* COVEGE crease .vhich the authors of reference 5 sug-i, " ! MEAN--. : .' gests will cover "most of the data" in the mid-

10lE" \ - /(T ' frequency range (300 to 600 cps).

4 COMPARISON OF ALL DATA
rI Let us consider that a representative test

A Then, Figure 9 shows the W test levels of
,\\ * curve can take the form shown in Figure 8.

*** Figures 4, 5, 6, and 7 plotted vs aerodynamic
1 S ,pressure. It can be seen that the relationship

X 0 , Wo  2.7 x 10- 8 x q2 g2/cps (I)

- .9 4approximates the data for zones adjacent toZ: : * 8 smooth surfaces, and that the relationship

*, * * Wo = 14 x 10-8 x q2 g2/cps (2)

':*. * approximates the data for zones adjacent to _K
.8 * zones: : * • * .irregular surfaces. to

, With regard to the test level W, shown in

100 315 1000 Figure 8, it is sometimes more difficult to re- -:
late it to q. Vibrations in the low frequency

FREI NCY- CPS range depend on the excitation of the bending
and torsion modes of the vehicle's fuselage,Pig. 4 CompLrison of m2asured aircraft wings, and empennage. While the higher fre-

vibrations ith qualification test levels quency vibrations are almost totally dependent
for Aircraft A flying at 2030 feet and upon local surface flow and are thus highly
0.9 Mach number (q = 1120 psf). repeatable from flight to flight [6, Page 97],
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the lower frequency amplitudes are more depen- As can be observed frn Figures 4, 5, 6, and 7,
dent on transient exciting forces such as wind this level is generally higher than flight mea-
gusts, touchdown, and runway roughness, and are sured data, but lower than some data measured
thus much less repeatable from flight to flight, during ground operations.
Furthermore, the highest levels measured do not
occur every mission, and perhaps occur only a DEFINITION OF FUNCTIONAL TEST LEVELS
few times over the life of the aircraft.

On this basis, the equipment functional
Since insufficient data is available to qualification test levels shown in the Appendix

statistically characterize ti'e vibration levels were formulated. It is recommended that these
in this low frequency range, it was decided to functional test levels be computed using the
use a test level that is based on sinusoidal maximum aircraft q. Such a practice will en-
test levels of approximately t IG to ± 2G which sure that the equipment will function properly
are commonly used in this frequency range (ref- throughout the operating range of the flight
erence MIL-STD-810). Using a process similar vehicle.
to that described in a later section (compari-
son of Random and Sinusoidal Vibration Testing) Note that, unlike most conventional test
for random/sine equivalence, the following test specifications, the criteria in the Appendix
level was derived. contain both functional and fatigue tests. A

, 0.04 g2/cpS( separate functional test is deemed necessary so
p(3) that the performance of an equipment item in

the operational environment can be evaluated.
Many instances of operational mal-
function have been repot ted as caused

a a Takeoff by improper (or lacking) functional
Flight checks during laboratory vibration

qualification [8, ll).
FATIGUE TEST LEVELS

Many operational equipment fall-
95. C.VERAGE ures have also occurred because of'

10 material fatigue [11]. In developing
. . :' qualification tests, it is a common

M E PLN practice to raise the test levels
i • •  •  • above the operationdl levels so that }+

the test can simulate, in a relativelyshort time, the entire service life of

m the equipment.

a In order to define an equivalent
'TELS " LFV L W \elevated fatigue test level, in equa-

,{ (TESTL •VL ( * ¢ tion of the form (12, 13]

/-- - "f= Go(To/Tf)0 (4)
0 is often used, where Gf is the mis

V fatigue test level, Gois the rms
i ; operational level, To is the upera-

Stional tie spent at vibration level
" GO' T is the test time spent at level

1- EG , a~d a is a constant representing

tee slope of the curvalinear relation-
- ,Ii i m 1 ! m : ship between applied oscillatory

8 ,. : stress and respective time (stress
- • I * * : 4 reversals) to fatigue failure of a

, 1) . I l°  •. I; • given material. Although the reported

i i " values of a ranae considerably, values
S.,of O.X to 0.15"are often used for

5 .*!random vibration. In this case, the
-- , a -_3 value of 0.125 is used because it

appears to be a reasonable average.31 100 315 1000 Thus, in terms of acceleration power
FREQUENCY- CPS spectral density (g2/cps), we have,

using equations of the forms (1) and
Pig. S. Comparison of m2asured airux--t vibrations (2) as an operational level and equa-
with qualification test levels for Aircraft S during tion (4),
ground operations and while in flight at 0.9 Mach W (-// / 5+;Wf --(W,)(T,;/Tf)1/4 g2/crs (5) +
number and 5,003 feet altitude (q = 1000)
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where Wf is the fatigue test level. Note that, vehicles that obtain maximum q In the $uper-
when equation (4) is converted from terms of sonic regime. They spend only a very Imall
rms to terms of psd, the exponent becomes 2 a fraction of their time at maximum q, however,
(i.e., 2x0.125 = 1/4). because of such factors as fuel economi and

weapon delivery speed limitations. Their
Analysis of the mission profiles of sever- normal maximum q is usually about 1200psf at

al aircraft, including those in this study, which they usually spend a fatigue equivalent
shows that the flight time spent at maximum or of 20 minutes per flight.near maximum q is approximately 20 minutes per +flight. The exceptions to this are supersonic Thus, if we let N equal the total number

b C, a GJ 3U10PBRAMMO

*0 o FLIGHT
aTS LEVEL W

°o- o o ° all s . . . , " ,.Q 0  aO" [ZOX) KPIT &

a 0 $ 0 SHELVES

13o RDat!at
a n 06 0 010-4 U .6.

eC6 0 6e 0

u .,. : 0 * , t .g.
. 'I |111 , '';.

'." ." "". '' . 8 . 1
6 0m • ,0

i 10-6

SRCE NdTETLEVEL W

X4 0

H

10-40 0 "

00 C00

30 100 300 1000

FRE'UEZM"Y-'CPS

Fig. 6. Comparison of measured aircraft vibrations with qualification test
levels for Aircraft C during ground operations and while in flight at 0.68
Mach numioer and 22,000 feet altitude (q =280).
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I of missions a vehicle (or equipment) will fly normally not occur at operational (functional)
over its lifetime, then vibration levels. '

To = N/3 hours (6) GENERAL PURPOSE EQUIPMENT

and equation (5) becomes In many instances, an equipment item, such

Wf = (W )(N/3T)1/4 (7) iI

where T is he fatigue test time in hours and
Wo is restricted by not allowing q to be WO
larger than 1200 psf.

Equation (7) forms the basis for the .
fatigue (endurance) qualification tests shown w1
in the Appendix. These fatigue tests are V
unique compared to most specifications since 6 DB/OCTAVE
the test time is allowed to be variable and is SLOPE
left to the testing laboratory to decide. Per-
mission to extend test time and thereby lower 15 300 1000 2
the fatigue test level is very practical in
situations involving very heavy loads (relative FREQUENCY- CPS
to the shaker capacity) and in situations where Fig. 8 Random vibration qualification
high test levels may cause interference of test curve with undefined amplitude.
equipment components (abrasion) which would

S I I I[ I
I  I J I I

COCKPIT & SIELVES * A/C A (irregular)
o A/C A (smooth) /

10-2 0 A/C BA A/C C

ESTMAT OF 0 95% 0 A/C D

ODVERAGE LEVEL.i " 10-3 7 WoI xoT 2 -
WlO1.4x- q 7

10-4 q = 420

'U q200 0

10-2 W0 2, 7 o-8 q J

10

4. <:

10o"7 

/ 

00

I00 4

, STRUCTURE NEAR Filled symbols indicate
SURFACE measurements r'%z Surfa

30 100 1000 200 400 800 1600
FREQUBNCY- CPS ARODIYNAMIC PRESSURE f PSF

Fig. 7 Comparison of measured vibra- Fig. 9 Comparison of aerodynamic pres-
tion levels and aerodynamic pressure, sure q and Wo levels (ref Figure 8) for
q, for Aircraft D. aircraft A, B, C, and D.
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as a communication or navigation unit, is de- There are many who criticize random vibra-
veloped for use in a number of different air- tion tests as being much more severe than stan-
craft types such that the project officer may dard sine tests. Many people add up the total
not know all of its potential vehicle applica- energy under the random curve (from 20 cps to
tions. In this case, the test criteria in the 2000 cps) and exclaim that it is much greater
Appendix suggest a test suitable for a high than ±lOG peak commonly found in sine tests.
performance fighter-bomber capable of flight at Yet the scientists tell us that it is not the
q 1200 psf. Based on the assumption that total energy but only the energy near the reso-
these units may be placed in a compartment nance bandwidths that do the damage [13, 14).
adjacent to an irregular surface, the test
levels are On this scientific basis, let us compare

the fatigue damage potential of the random tests
W= 0.20 g2/cps (8) herein and the standard ±lOG peak test. Refer-

ences 12, 13, and 14 show us that the "fatigue
Wf (0.20)(1300/T)1/4  g2/cps equivalent" sinusoid Gf to the random power

spectral density Wf is
JUNK TESTS A fGf =A +  'w

In addition to the vibration and shock -2Q" (9)
environments produced by aircraft, an equipment w A a i
is also exposed to many dynamic environments where A is an ampli-
produced by handling. As examples, consider ficatlon factor relating the sinusoidal and ran-
removal and installation environments, acciden- dom fatigue (S-N) failure curves for a given
tal drops during transfer, and riding without material, fo is the resonance frequency, and Q
its packing crate in the back of a jeep or is the amplification factor of the resonance.
field truck. If we can consider that the ratio f0/Q =

Equipment that could not survive this kind 10 in the 300 to 1000 cps frequency range and
of environment has been labeled as junk. Of that A x 2 for a test time of 1/2 to one hour
course, it is very difficult to determine exact [14], then equation (9) becomes
amplitude and frequency statistics of this en- 8f W'10
vironment. However, our forebearers faced this Gf (0Wf
problem by instituting a relatively simple
sinusoidal test which is contained in a number Applying equatign (10) to a fatigue test
of procedures in Method 514 of MIL-STD-810. In level of Wf = 0.10 g /cps, which is a typical
essence, the vibration level in this procedure level found in quiet aircraft zones, we find

. is contained by the 0.10 inch double amplitude that the equivalent sinusoidal test level is
and ±2G curves and provides four ten-minute only Gf : f2.5G. In fact, it takes a level of
resonances and sweep on each of three mutu- Wf f 1.6 g2/cps to be equivalent to a tlOG
ally perpendicular axes. The test is in a sinusoid. It is thus obvious that the test
"hard mounted" configuration and is applied to levels proposed in the Appendix are much less
equipment that is isolated when insta ed in severe than most widely used sine tests.
the aircraft. It was assumed that unisolated
equipment would experience the standard ±lOG Unfortunately, it is very difficult or
test and, therefore, did not require this impossible to draw "functional equivalences"
"extra" ±2G test. between sine and random vibration. It is the

author's judgment, however, that the random
In the test criteria in the Appendix, the test is much more thorough. It has been ob-

12G test is also recommended for aircraft iso- served that operational malfunctions were re-

lated equipment. To account for junk testing produced with random vibration which could not
of equipment that are not aircraft isolated, be reproduced by sine testing [8]. Sine test-
however, a random junk test was developed. ing is limited by the fact that only 4 (or a
This is manifested by requiring a minimum comparably small number) resonance dwells are
fatigue (endurance) test level of 0.04 g

2/cps. run per axis while even the less complex equip-
Although the criteria in the Appendix states ments have many more resonances. While it is
that this mininum level be applied to all true that the associated sine sweeps do excite
equipment, it is relatively benign for isolated most of these other resonances, one must con-
equipment. sider the short time period spent in any oneresonance bandwidth and the fact that many of

This I.:vel was derived by equating the these resonances aren't excited l1ng enough to

fatigue lie expected when an equipment is ex- peak out [12). In contrast, the random test
posed to a L.,n-minute, ±2G (or 0.10" DA) reso- excites every resonance for the duration of the
nant environmet and " fatigue life expected test.
when exposed to a random level for one hour C -f
[13, 14]. This approach is explained in more It appears, then) that the random test
detail in the next section. proposed is a less severe but more thorough

test.
COMPARISON OF RANDOM AND SINUSOIDAL VIBRATION ,

TESTING
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SUMMARY Bulletin 41, Supplement, Dec 1970.

The paper describes the development of 10. D. L. Earls, J. F. Dreher, "Statistical
random vibration test criteria for aircraft Approach to Optimize Random Vibration Test
equipment whose prime source of vibration is Spectra," Shock & Vibration Bulletin 41, Supple-
turbulent airflow at the surface of the air- ment, page 30, Dec 1970.
craft. Associated criteria for equipment
vibration caused by jet engine noise or opera- 11. A. Dantowitz, G. Hirschberger, D. Pravidlo,
tion of aircraft guns can be found in refer- "Analysis of Aeronautical Equipment Environ-
ences 15 and 16, respectively, mental Failures," AFFDL-TR-71-32, May 1971.

The paper shows that the random vibration 12. M. Gertel, "Specification of Laboratory
levels, as derived from the study of 4 jet air- Tests," Chapter 24, Shock & Vibration Hdbk,
craft, are generally less severe than existing McGraw-Hill, 1961.
applicable sinusoidal tests. The test levels
are adaptable to a particular aircraft/equip- 13. J. W. Miles, "On Structiral Fatigue Under
ment location and are based on the aircraft's Random Loading," Journal of Acoustic Society,
aerodynamic pressure (q) and its surface Nov 1954.geometry.

14. G. Fitch, et al, "Establishment of the

The criteria contain both functional and Approach to, and Development of, Interim Design
the importance of fuactional testing to alle- Jun 1962.

viate operational malfunction. The fatigue
test levels are adaptable from the standpoint 15. J. H. Wafford, J. F. Dreher, "Aircraft
that the level is based on the number of Equipment Random Vibration Test Criteria Based
flights the equipment will be operational as on Vibration Induced by Jet and Fan Engine
well as the total qualification test time. Exhaust Noise," Shock & Vibration Bulletin No.

43, 1973.
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APPENDIX levels are required, a functional level and an
endurance level. For each axis, one half of

PROPOSED TEST CRITERIA FOR METHOD 514 the functional test shall be conducted first,

OF MIL-STO-810* then the endurance test, followed by the
second half of the functional test. The equip-

4.6.3 Procedure IA - Random vibration test ment shall perform according to the equipment
for equipment installed in jet airplanes, specification operating requirements (ref.
(Not for turbo prop aircraft or jet powered General Requirements, para. 3.2) during the
helicopters.) The random vibration environ- functional testing. The acceleration power

mentwhich occurs at equipment locations in spectral density (G
2/Hz) of applied vibration,

jet aircraft stems from four principal srurces: as measured on the test fixture at mounting
points of the test item, shall be according to

a. Turbulent aerodynamic air flow Table 514-IIA and Figure 514-2A. The func-

along external surfaces of the aircraft tional and endurance test time durations and

structure. other test conditions shall be determined from
the test level equations and other parameter

b. Jet engine noise impinging on air- values from Table 514-IIA.

craft structure. 4.6.3.2 Equipment with Isolators. Equipment

c. Gun blast pressure Impinging on air- designed for operational installation on vibra-

craft structure from high speed repetitive tion isolators also be subjected to a
firing of installed guns. minimum rigidity endurance test with the iso-

lators removed. This test shall be conducted

d. General aircraft motions caused by according to pare. 4.6.2, Table 514-I, and

such factors as runway roughness, landing, and Curve AR of Figure 514-2. At the conclusionguc trs of this test the equipment shall provide speci-
fied performance, (Ref. General Requirements,

The t sts outlined in the procedure consider para. 3.2.)
all of these environments and require design *Proposal also contains criteria for vibrations
to the most severe of these. These tests are caused by jet engine noise.
preferred for use with equipment in jet air- cj n

craft in lieu of the sinusoidal tests of Pro- "
cedure I, Table 514-I, Figure 514-2, except Wo ..
for jet engine mounted equ pment. For equip-
ment mounted directly to aircraft jet ergines,
use Procedure I. To determine an equipment 0. -'
specific random vibration test, compute func-
tional. and endurance test levels for aero-
dynamic induced and for jet engine induced 0.04

n vibratior, from Table 514-IIA and Figure 514-2A.
Use the more severe of the two functional

tt levels as the equipment's functional test, and
the more severe of the two endurance levels 15 Var. 300 1000 2000
(on an equal time, T, basis) for the equip- -JJFrequency (Hz)
ment's endurance test. Gun blast tests shall
be conducted in addition to this procedure, as CURVE A - RANDOM VIBRATION ENVELOPE
applicable, in Method 519, if they are a higher
level of severity. q,

do 0
4.6.3.1 Performance of Test. The individual T
equipment test item shall be subjected to -2

broadband random vibration excitation. The -
power spectral density tolerances of applied C
vibration shall be according to para. 4.5.2.
The test item shall be attached to the vibra-
tion exciter according to para. 4.2. Equipment
hard mounted in service shall be hard mounted
to the test fixture. Equipment isolated in .
service shall use service isolators when mount- 80 100 120 140 160
ed on the test fixture. If service isolators Equipment Weight- Lbs
cannot be made available during the qualifica-iEupen"egh "b
tion test, isolators shall be provided with CURVE B - REDUCTION FACTOR FOR MASS LOADING
characteristics suclh that the isolator/equip-
ment resonant frequencies shall be between
20 hz and 45 hz with resonant amplification
ratio between 3 and 5. Vibration shall be Fig. 514-2A. Random vibration test curve and
applied sequentially along each of the three mass loading reduction factor for jet aircraft
orthogonal axes of the test item. Two test equipment
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TABLE 514-IIA

Random Vibration Test Criteria for Jet Aircraft Equipment

Criteria1

Aerodynamic induced vibration (Curve A, Figure 514-2A)

Functional test level 1,5,6 Wo = K(ql)2

Endurance test level 2,3,5,6 Wo = K(q2 2 (N/3T)" /  4
4- Jet Engine noise induced vibration (Curve A, Figure 514-2A)

Functional test level 1,4,5,6,7,8 Wo = (0.48 cos2e/R)[Dc(Vc/1850)3+Df(Vf/1850)3 ]

Endurance test level 2,3,4,5,6,7,8 Wo = (0.48 coN/R)D c +Df(Vf/850 /T)"

Gunblast induced vibration (See Method 519)

Definitions

K = 2.7 x 10-8 for cockpit panel equipment and equipment attached to structure in compartments
adjacent to external surfaces that are smooth, free from discontinuities.

K = 14 x 10-8 for equipment attached to structure in compartments adjacent to or immediately aft
of external surfaces having discontinuities (cavities, chins, blade antennas, speed brakes,
etc.) and equipments in wings, pylons, stabilizers, and fuselage aft of trailing edge wing
root.

q, = maximum aerodynamic pressure for carrying aircraft, psf.

q2 = 1200 psf or maximum aircraft q, whichever is less.

N = maximum number of anticipated service missions for equipment or carrying aircraft. (N>3)

T = test time per axis, hours (T2!l)

, = engine core exhaust diameter, feet (for engines without fans, use maximum exhaust diameter).

Df = engine fan exhaust diameter, feet

R = minimum distance between center of engine aft exhaust plane and the center of gravity of
installed equipment, feet.

Vc = engine core exhaust velocity, feet per sec. (for engines without fans, use maximum exhaust
fvelocity without afterburner).

Vf = engine fan exhaust velocity, feet per sec.

9 a angle between R line and engine exhaust axis (aft vectored), degrees.

Notes

1. Functional test time shall be I hour per axis. '

2. Use Wo = 0.04 g2/hz if calculated endurance test level values are less than 0.04 g2/hz, T = 1.
3. If one hour (T = 1) endurance test level is S functional test level, no endurance test isrequired except according to Note 2.

4. If aircraft has more than one engine, Wo shall be the sum of the individually computed values
for each engine.

5. If aircraft equipment location and/or using aircraft is unknown, use functional level, Wo = 0.2(
1 2/hz and endurance level Wo = (0.20) x (1300/T)1/4.

6. For equipment weighing more than 80 pouns, the vibration test level may be reduced according
to Curve B, Figure 514-2A.

7. For 70°S 0 _5 1800 use 8 u 700 to compute Wo.
8. For engines with afterburner, use Wo which is 4 times larger than Wo computed using maximum Vc

Iand Vf without afterburner.
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DISCUSS ION

Mr. Volin (Shock and Vibration Information Mr. Jortal (Kinetic Systems): Is there
Center): What do you consider to be a realistic any variation of the test specification
percentage of aircraft life to use in design of requirements made for different levels of
equipment? equipment installation? In other words, are

there any differences for components and
Mr. Dreher: What do you mean by realistic? sub-equipments within larger systems?

Mr. Volin: The percentage of the number of Mr. Dreher: No. These particular levels
hours in the life of an aircraft, are for the black box type of assembled unit.

It's not for an electronic unit that is part
Mr. Dreher: Well we kind of hedge that of a black box.

question and leave it up to the project engineer.
I am the sort of a person who likes to see the Mr. Cartel: Is any consideration being
equipment last for the life of the vehicle, given to developing criteria for sub-structures
like the radio in your automobile, or sub-components?

Mr. Volin: In short, you would like to see Mr. Dreher: Not right now, at least not
the radio outlast the airplane. by our organization. Rome Air Development

Center does this kind of work. Perhaps they
Mr. Dreher: Why don't we make it three or have some data.

four lifetimes. We could use it in three or
four airplanes.

13I.
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AIRCRAFT EQUIPMENT RANDOM VIBRATION

TEST CRITERIA BSrSD ON VIBRATION INDUCED

BY JET & FANJ ENGINE EXHAUST NOISE

J. H. Wafford
Aeronautical Systems Division

Wright-Patterson Air Force Base, Ohio

and

J. F. Dreher I
Wright-Patterson Air Force Base, Ohio

This paper shows the development of a random vibration test cri-
teria for aircraft equipment based on vibrations induced by jet
engine noise. This criteria is to be used in conjunction with
the criteria based on turbulent airflow currently proposed for
inclusion into MIL-STD-810, "Environmental Test Method", and pre-
sented in another SVIC paper by Dr. J. F. Dreher. These criteria
are developed in a unique formulation using existing prediction
techniques for both noise and vibrations and are compared with
measured data from a number of current engines and aircraft. The
proposed criteria are a departure from the present rigidly estab- All
lished test curves and methods of military specifications and
standards and allow the engineer to adjust or adapt the levels and
durations depending on the equipment location relative to the
acoustic source and the intensity and duration of exposure to the
environment. ___

INTRODUCTION

Modern aircraft propulsion units are engineer or a specific equipment project engi-
IL intense random noise generators. This random neer must be relatively simple and easy to

noise emanates from the complex turbulent apply. Therefore, in order to achieve this and
pressure fields generated by the jet and fan present a somewhat conservative criteria, a
engine exhaust. When the noise from this tur- number of approximations were made.
structure, it induces structural vibrations With these factors in mind, the test

which are transmitted to equipment locations criteria shown in the Appendix of Reference 1
within the airframe. This paper describes the contained in this bulletin were formulated.
prediction of random vibration levels induced The development of these criteria is accom-
at equipment locations by jet and fan engine plished in three major steps, namely

texhaust noise.

This work is a follow on to that of 1. Prediction of surface noise levels.
the previous paper El] by J. F. Dreher on vi- 2. Relationship between surface noise
brations induced by turbulent airflow and and internal vibration.
should be used in conjunction with that work
to establish pertinent criteria for random vi- 3. Formulation of the test criteria.
bration test of aircraft equipment. Both cri-
teria have been recently proposed for inclu- PREDICTION OF SURFACE NOISE LEVELS
sion into MIL-STD-810C, "Environmental Test
Methods". The first step in the development of

the random test levels is the prediction of the
The philsophical approach taken was Jet or fan engine near field noise levels on

that any criteria or engineering method that the surface of the aircraft. As a base, the
is to be usable by the environmental test jet noise prediction technique developed by
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Franken et al, and outlined in Reference 2 Is (ft.), R is the distance from the center of the
used. The near field overall sound contours of engine exhaust plane to a given point in space
Figure 1 are from Figure 16 of Reference 2 and (ft.) and 9 is the angle between the engine
are based on the J-57 engine data collected by thrust axis and the R line. The family of
Walton Howes [3]. curves generated by this equation is shown in

Figure 2. The curves in Figure 2, which are
A relatively simple mathematical ex- shown in terms of decibels, are related to the

pression was determined that approximates the pressure levels, Poa' in Equation 1 by the
contours of Figure 1. In its formulation, ac- relationship
curacy of the overall sound pressure levels
above 145 dP was of prime concern, since noise- dB - 20 log(Poa/Pr)
vibration correlations show rather negligible

a vibration power spectral densities below this where Pr is approximately 2.87 x lO-9 psi.
level, as discussed in the next section [1, 43.
It was found that the following equation gives In order to adapt these curves to a
a reasonably close approximation for levels particular installation, engine exhaust velo-
higher than 140 dB. city changes, ground reflection and pressure a

s2 - ,doubling on the aircraft structure must be con-
Poa l.6(D/R)cos2 ( sidered (2]. These corrections, in terms of

decibels, are as follows:
here Po is the overall rms oscillating pres-
sure (ps), D is the engine exhaust diameter Exhaust Velocity and Ground Reflection:
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,t e o e a 

l p e s r

fF 65 (2) Based on Equations 1, 2, and the re-
flection correction, 3, the overall pressure

Aircraft Surface Reflection Correction: level can be approximated by

- +3 dB (3) Poa 2"26(D/R)(V/185O)3cos 2G (4)

The velocity exponent used was 6.5 in The velocity exnonent was changed from 3.25 to
lieu of the 8 from Equation 10 of Reference 2 3 for computational convenience on the slide
based on the recommendation of Hermes and Smith rule.
[5) from their measurement and analysis of the
near field of a J57-21 engine and consideration Equation 1 has a shortcoming in that
of ground reflection. The exhaust velocity of all contours go to the origin (X/D s Y/D = 0)
the engine used to establish the basic contours when 0 - 90. Thgefore, for angles greater
was 1850 ft./sec. than 70% the cos O term was made to remain con-

stant, i.e. 0.12. The accuracy of this action
Since reflection of acoustically is verified In the later section on Comparison

radiated noise on the surface of an aircraft of Predicted vs Measured levels.
causes pressure increases above free field
levels ranging from 0 to 6 dB, 3 dB was chosen If we consider afterburner (A/B) oper-
as an average level increase for the reflection ations in accordance with Reference 2, an in-
correction value. crease on the order of 8 dB will generally

- result over the maximu non-A/B operdtion of an
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engine. However, based on the authors' expert- and diameter of each respecttyely, and the pres-ence with measured data on aircraft with A/B, sures added at the location of interest. For6 d8 should be added, instead, to Equation 4 fan engines, Equation 4 takes the formusing a V obtained for the maximum non-A/Bpower operation of the engine. Poa 2.26cos2Q/R[Dc(Vc/1850)3+Df(Vf/1850 3) (5)

Although the basic method (2] used in where Vc and V and D and Of are the velocitiespredicting the surface noise is meant primarily and diameters If the Fore ano fan, respectively.for Jet and not fan engines, the method doesquite well when applied to fan engines. How- If we exclude the surface reflectionever, when using this equation to predict the correction of +3 dB we have a constant of 1.6fan engine exhaust noise, the fan and the core instead of 2.26 in Equation 4 and 5 and can thenshould be considered separately, i.e.. velocity
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!FIGURE 6 - RELATIONSHIP BETWEEN EXTERIOR SURFACE NOISE'LEVEL AND CORRESPONDING INTERIOR VIBRATION LEVEL IN AIRCRAFT [7]

make comparison to engine test stand data [6]. Norwmlly, engine diameters range from
Ftgire 3 shows a comparison with a fan engne. 12 nchese to 24 inches and have exhaust velo-
ecedThe measured data compares rther well with the cities from 1000 to 2000 feet per second. This,prdctd 

therefore, from the octave band spectrum rela-~tion of Figure 4, would put the peak of theHost vibration-noise prediction cri- spectrum between 300 and 1000 Hz, and the sug-Steria are based on octave band levels. There- gested spectrum for octave bands would be as
fore, the pressure level in octave bands must shown in Figure S.be determined. Figure 4, which is taen fromFigure 19 of Reference 2, shows the octave band NOISE-VIBRATION RELATIONlSHIPspectrum for a Jet engine exhaust.
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II

TABLE I

Octave Band Vibration PD Level Eouations

Frequency Band (Hz) Equation

75 - 150 so  a0.153 (D/R)(V/1850)
3cos2g

150 - 300 So - 0.267 (D/R)(V/1850)3cos2Q

300-600/600-1200 So - 0.424 (D/R)(V/1850)3cos2g

1200 - 2400 So - 0.089 (D/R)(V/1850) 3cos2

; 0 .5 -

0.3

0.2

,tC,

0.1

75 150 300 600 1200

150 300 600 1200 2400

FREQUENCY BAND-HZ

FIGURE 7 - AIRCRAFT VIBRATION SPECTRUM (REF. EQ'H. 7)
PRODUCED BY JET ENGINE NOISE

The second step in the of
develo~l~ent From Figure 6. the relationships for % :the random vibration test levels is to find a various ectave bands can be approximated by the -', simple relationship between noise and vibration following: ;

levels. The Brust-Hifmelblau B-H) E73 adapta-
tion of the Mahaffey-Smith [81 method provides 35-75 cps 06 So 1/7 POB

an adequate relationship between octave band
sound pressure levels and power spectral den- 76-1200 cps De's So  1/3 POS (6)
$itfes. These relationships are shown in
Figur 6 (adapted from Reference 4). 1200-2400 cps 08 So  1/9 P05
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where S is the psd level in g2/Hz, and POB is Referenc-e 1 for the vibration test.)
V the octv~ band pressure level. These approxi-

mations are accurate at POB 150 dB and con- If more than one engine exists that
sevaie y o mr tan3dBa P~ 3 d. could effect the equipment vibration environ-

B-H [4) recommended that the ranaom vibration ment, compute a Wo for each source and add the
(S ) levels be increased by 7 dB to insure that respective levels to determine th3 test level.
PS8 peaks are covered. This is consistent .ith Generally, this would be all the engines on the -
the results of Earls and Drehpr [9]. same side of the aircraft in question. To mini-

mize the decision making requirements for the
VIBRATION FUNCTIONAL TEST equipment project engineer, however, the cr1-

Usin Equtio 4 ad th ocave and teria in the Appendix requres that all engines
Usin Equtio 4 ad th ocave andbe considered in the computations. The AppendixA

approximations of Equation 6 in conjunction with test levels were thus reduced by 3 dB below
Figure 5, the vibration power spectral density Equation 7.
level equations of Table I are obtained for the
specific frequiency band. Figure 7 shows So For simplification when computing R,
coefficient for the equations of Table I. Add- the radial distance from the center of the
ing 7 dB to S to rover the spectral peaks [4] engine exhaust plane to the c.g. of the equip-
the functiona? test level becomes ment is used in the test method instead of the

0.95 (7)os distance to the surface adjacent to the equip-
W=0.5(D/R)(V/l8O(7)s2  ment. This is considered reasonable since

and he pectum hapeIs hownIa igur 8.Sevy's studies [10] show that vibration levels
and he pectum hapeis hownia igur 8.tend to reduce with depth within the structure.5 This functional test level i to be appliPJ for

one hour through each of 3 mutually perpen- FATIGUE TEST LEVELS
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Fquipment in generaily designed and engine ground operations at maximum power for
expected to operate over the life of the air- one tenth of an hour per flight [11]. The 1/4
craft without material failures. However, it is exponent is based on the slope of the random
not practi ,al to test for the corresponding long vibration S-N curve for equipment materialsperiods of t;me in the vibration laboratory. Il {'i

Generally, to shorten the fatigue or endurance
test time, the test levels are increased above COMPARISON OF PREDICTED VS MEASURED LEVELS
expected operational levels according to empi- C
rical laws relating stress levels and time to The functional test levels were corn-
failure [1]. Thus, as in Reference 1, the func- pared to extensive measurements in two cargo
tional level is raised by a factor of the form aircraft. The aircraft were zoned and although ,
(NIT)1 4 and the fatigue level becomes there were a significant number of accelero-

meters in each zone, there was no was to pin-
Wo = Wf 0N(cos2g/R /lOT) 4  point the exact location. The zones compared

[Dc(Vcl8SO) Df(Vf/1850)3J (8) were selected to include angles (0) greater '--,, -.

than 900 as well as less than 900.
where T is test time per axis (hours) and N is
the actual number of missions the equipment is In Figures 9 and 10, the data from one -
expected to fly. The factor N11O "orresponds to
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aircraft are presented in pds's (g2/Hz) based on measured and predicted levels Is very reason-
a 5 cps filter band width analysis. The pre- able.
dicted curves shown are based on a point in the
middle of each zone. It can be seen that the SUMMARY
predicted curve covers most of the data in each
zone. This study combines the results of

existing noise and vibration prediction tech-
Table II shows the relationship be- niques into a unique formulation and provides

tween the measured and predicted levels for the a relatively simple tool for the equipment pro-
second aircraft. Only in Zone A are the levels ject engineer to use in developing a rational
significantly off. This zone is in the area of vibration test criteria in the design stages of
the cockpit where the measurements were made on new aircraft. The proposed criteria are a de-
isolated shelves. Thus, the overprediction is parture from the present rigidly established

exoected. The lower measured levels in Zone E test curves and methods of military specifica-
are from the aft fuselage and were attenuated tions and standards. They allow the engineer to
due to the masking effects of a wing flap- adapt the test levels and test durations depend-
do-m condition. Thus, the agreement between Ing on the equipment location relative to the

150

http://www.abbottaerospace.com/technical-library


TABLE II

Comparison of Predicted vs Measured Levels

TEST LEVEL - G2/HZ

RATIO
ZONE PREDICTED MEASURED P/M - DB

A .003 .0005 +10

B .0038 .006 -2

C .0049 .005 0

D .0143 .007 +3

E .0170 .003 +7

acoustic source and the intensity and duration 10. R. Sevy, J. Clark, "Aircraft Gunfire Vi-
of exposure to the environment. bration", AFFDL-TR-70-131, November 1970.
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THEORETICAL AND PRACTICAL ASPECTS

OF MULTIPLE-ACTUATOR SHAKER CONTROL t

Dennis K. Fisher
Lawrence Livermore Laboratory. University of California

Livermore, California 94550

An investigation into the dynamics of cross-coupled multiple-
actuator shaker systems has led to the formulat ion of algorithms for
the direct-digital control of swept-frequency sinusoidal, transient,
and random-vibration tests. Digital simulatt.on techniques have been
used to demonstrate the validity of the algorithms. The Inverse of
the system transfer matrix Is utilized as the mechanism for cross-
coupling compensation. A direct-digital control system incorporating
the use of the algorithms is under development.

NOMENCLATURE Re Indicates "real part of'
s Laplace variable

[A] M X M cross-coupling compensation IS(w) M X I array of autospectral
matrix densities

(B] M X M shaker-system input/output Frequency, rad/sec
transfer matrix Designates sampled variable

[C] M X 1 array of system responses
C [CD] M X 1 array of desired system INTRODUCTION

responses
[-D.] MX M diagonal array of transfer Multiple-actuator shakers are often em-

elements ployed in the shock and vibration testing of
D(Z) Digital controller, expresged in Z large rigid objects. When resonances are

transforms excited in the test package, substantial inter-
FFT C I Indicates Fast Fourier Transform actuator forces can be generated. This inter-

operation action, referred to as dynamic cross-coupling,
FFTCI[ ] Indicates Inverse Fast Fourier generally leads to deviations from the vibration-

Transform operation test specification and often to control
[G) M X M forward-loop transfer instability.

matrix of multivsriable control
system The first multiple-actuator-shaker control -

H- M X M diagonal feedback transfer systems combined conventional single-actuator
matrix of multivariable control equipment and special multiple-channel phase .
system controllers ], 2, 3]. Cross-coupling was

[ I-,] M X M identity matrix acknowledged as a problem but was not dealt
Im Indicates "Imaginary part of' with directly. More recently, Helmuth and
KI  Integral control gain Hunter [4] reported on a manually tuned cross- ,
M Number of actuators in control coupling compensator for swept-frequency

system sinusoidal testing. The principal of operation
N Number of data values in FFT of the Helmuth-Hunter device has been related

operations to modern system theory by Wyman [5].
[P] M X M cross-coupling transfer Trubert [6] suggested a random-vibration con- '.

matrix of multivariable control trol method that involves the use of the inverse
system of the system transfer matrix to calculate the

{R) M X 1 array of shaker system required autospectral density of the input
command inputs function. In a further development of this

R1) M X I array of compensator approach, Trubert 1?] used an analog represen-
* command inputs tation of the shaker system to synthesize inputs

tThis work was performed under the auspices of the U.S. Atomic Energy Commission.
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suitable for swept-frequency-sinusoidal, tran- The system in Fig. 2 consists of two closed-
sient, and random-vibration testing. Although loop actuator controllers that have been cross-

". shown to be effective, the practical problems coupled by a "load" comprised of the elements
of mechanizing such an approach were noted. Pij(s). The response equations for each actuator,

expressed in terms of Laplace transformed
Direct-digital control (DDC) is the most variables, are:

recent development in shaker control technology.
In DDC systems, a digital computer is used to Actuator 1
close the feedback loop. With but few exceptions,
efforts in this area have been confined to single- Cl(s) Pll(s)DI(S)E1 (s)
actuator systems (8-151. Wyman [51 has
described the hardware necessary to implement + P 1 2 (s)D2 (s)E 2 (s) (1)
the Helmuth-Hunter approach to sinusoidal and
testing for a multiple-actuator DDC system. E 1(S) = Rl(S) - H(S)C(S). (2) 
Auslander and Kohli [161 used a simulation of a
two-actuator shaker system to study different Actuator 2
algorithms for swept-frequency sinusoidal DDC. C2(s) = P2 2(s)D 2(s)E 2(s)
Finally, the hardware necessary to implement
an ideal cross-coupling compensator in a DDC + P2 (sD1 (s) El(s) (3)
system has been discussed by Fisher 117). and 21 1

E2(s) = R(s) - H2(s) C2(s). (4)This paper presents the results of an 2  2  2 2

investigation into the theoretical and practical Equations (1) and (3) may be combined into the
aspects of digitally controlling a multiple- matrix equationt
actuator shaker in the presence of cross-
coupling. The ideal cross-coupling compensa- {C) [G] (E}, (5)
tor is shown to be related to the inverse of the
system transfer matrix. Different control where
algorithms, constrained by the limitations of
practical hardware and software, are presented f Cl
for swept-frequency sinusoidal, transient, and (C} (6)
random-vibration control. The paper is con- C2
cluded by a description of the hardware being 2
developed to implement DDC of the multiple- [ ]2
actuator electrohydraulic shaker system at the
Lawrence Livermore Laboratory (LLL). [G) 21 [DI (7)

FORMULATION OF THE IDEAL CROSS-
COUPLING COMPENSATOR and

The most concise formulation of an ideal
cross-coupling compensator is obtained with the
use of modern system theory. A generalized {E) (8)
linear M-actuator cross-coupled shaker system E
and compensator are depicted in Fig. 1. The 2
shaker system [B] has M inputs {R} and M
responses (C}. Because of cross-coupling, Similarly, for Eqs. (2) and (4),
each input Ri causes responses at every output

coupling compensation is to insert a device [A]
that will result in decoupled responses between where
the compensator inputs [R1l and shaker
response {C), i.e., each R1 causes a response

I at Ci only. The compensator is an open-loop R"
element contains no response-feedback paths. R1 SRANDR S M C2
Stability of the compensated system is there- CROSS- SHAKER SYSTEM C2
fore solely dependent on the stability of the COUPLING 2 AND LOAD
shaker system [B]. In the following para- . A
graphs we will establish the requirement for
the stability of [B) and then use the resulting -- CM
system formulation to arrive at the character- TM
istics of the cross-coupling compensator [A].

Shaker System Stability Fig. 1- Block diagram of multiple-actuator
shaker system with cross-coupling

The requisite conditions for stability will compensator
be derived first for the linear, time-invariant
two-actuator shaker system shown in Fig. 2.

* The results will then be generalized so as to tFor the sake of simplicity, the notation (s)
apply to an M-actuator system. is dropped at this point.

154

http://www.abbottaerospace.com/technical-library


RH 1 (S)
• ~~LOAD " ':
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CONTROLLER I

CONTROLLER 2

R2(S )  2( P2(S '. ,, c2(s )

Fig. 2 - Cross-coupled two-actuator shaker system

(1) vwhere [If is an identity matrix. Since the{R) = (10) inverse of any nonsingular square matrix [ZI is

1 -1 = j (13)
N 2-0(] lzi

1Q .]i)
0 H2 1 Eq. (12) can be written

The total system response is obtained by sub- JC) = AdJ [-I-' + [G H-G(R}. (14)
stituting Eq. (9) into Eq. (5) and solving for I[-I- + (GJ -H-1j
{c}:

The similarity between Eqs. (5), (9), and (14)
j- and their counterparts in the classical formula-

{C} =[]+ [G]{"h!J [G]R}, (:2) tion of a single-input'single-output control sys-S[1tern should be noted at this point [18).
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For (C} to be finite, the determinant in (C) [-G' -{R'), (21)
the denominator of Eq. (14) must be nonzero.
Hence, the characteristic equation for the where [hG-,j is a diagonal matrix in which each
system is: element G i is the desired transfer function

between input R' and response Ci. By coam-
[I-] + [G] [-H ]I 0. (15) paring Eqs. (20) and (21) we see that the com-

pensation matrix [A] must have the property
If all the roots of Eq. (15) are located in the that
left-half s-plane, the shaker system is stable.

f B] [A] [-GO-) (22)
For an array of desired system responses

{CD), Eq. (12) can be arranged into the form or

{R} = [G]-1-1 +[G[-H_.] {CD). (16)
(A] B) [-GO-].

From Eq. (16) we can see that, given the
conditions of linearity, stability, and known Equation (22) is the generalized formulation of Vsystem dynamic response characteristics, it the ideal open-loop cross-coupling compensator
is theoretically possible to derive the array of for stable time-invariant linear systems.
shaker system inputs (R) required to produce Equa ti(2) a tat liet d e p rthe desired responses {CD), Equation (20) says that 'La get decoupled re-

sponses to the inputs {R'I, the shaker system

The preceding analysis pertains to the two- must be driven with the derived inputs (RI
actuator system of Fig. 2. The concluding where
equation may be made to apply to an M-input/
M-output system by generalizing the definition {R) = [A]{R'I. (23)
of the system matrices as follows: 'of t y mThis formulation is general within the givett

constraints and applies in principle to swept.,
(R E C1  frequency sinusoidal, transient, and randcn- =

I {R) = {) = (C) :vibration testing. ."

M C CONTROL OF SWEPT-FREQUENCY

M M MSINUSOIDAL TESTS

PH P- ,1 In swept-frequency sinusoidal testing the

1G- IlK 1 objective is to control the amplitudes andPM[ " PMMJ[ ' H)J = ° J relative phases of te sinusoidal actuator re-
p Mi P M HJ sponses as the frequency is swept over a

specified ran-d. In this section a control
(17) algorithui capable of being implemented on a

smar -s~cale digital computer will be developed
for wept-frequency sinusoidal testing.

Cross-Coupling Compensation
Ean1m bwt aThe idealized cross-coupling compensation

. Ematrix [Eq. (22)] was derived in terms of
(- " Laplace-transformed variables for a linear

{C 3, (R, 00 ie-invarian' system. *rc make )_-actica' use
of th- co;ipnsator for swept-frequency
sinusoidal testing, three steps are necessary:

B]r(IJ+rl -lI1 (e) Equation (20) must be interpreted in te
L""[L+] . 0frequency domain,

This is the formultion of One generalized An experimental method must be
developed for identifying the system

cross-coupled M-actuator shaker shown in transfer matrix from which the cross-
Fqg. l.t The response of the compensated coupling compensation matri' is calcu-

• , 5 sem may be written latedi, c n ni-

0 An outer feedback-loop must be added.'-' ... (C) [B] (A) {R'}, (20)[B] (Al.{R')t (2.) - io correct response errors resulting

...-5 ". from system nonlinearities or identifi-
-'.' --K- where the characteristics of [Al are momen- cation errors.
; tarily undefined, Ideally, we would like the sys-

tem to behave according to the equation Frequency Domain Formulation

The conversion to the frequency domain is
tSee Appendix A for a comparison between relatively straightforward. The Laplace

this formulation and the Cross-Coupling Factor variable s consists of real and imaginary parts
formulation used ii Ref, 14!. v, here
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S a +jW,

c real part, II"Z= (24)

w imaginary part,

In the frequency domain, a = 0 so that r

s = j (1(25) F
and jw is referred to as the complex frequency.
Equations (18) and (20) may then be written AR -Al

and {C(jw)} [B(j)J {R(jo)} (26) t +2

{R(jw)} = [A(jw)] (1I (ju)}. (27) AI AR -

j+
To bypass the dir ct use of complex L

arithmetic operations,? the variables of Eqs.
(26) and (27) must be separated into their real
and imaginary parts. First we define

Ci(ju) Z CRi(') + j Cli(w), (28)

Bik(Ow) = BRik() + j BIik(W), (29) I -w J
Ri(Jw) RRi(W) + j RIi(w), (30)Aik( ) =ARik(() + j Alikt) (3) 2 < w I 3 "

AR Ik~o + ij(w). (31)3
and wi3 < w

R'(jw) - RR'i(W) + 3 RI'(M). (32) " -'
: I

It should be noted that each of the terms on the Fig. 3 -pThree-dimensional dscretized corn-
right-hand side of Eqs..(28) through (32) is a p
function of frequency only, By direct substitu-
tion of these definitions, Eqs. (26) and (27) be-
come the partitioned-matrix equations The compensation submatrix for each inter-

val is obtained from the system transfer matrix
CR R - El ._i_! RR obtained experimentally at the center frequency

-q-- I E l- (33) of that interval. The transfer matrix is deter-
C [B I BR RI mined column by column by exciting the system

and sinusoidally one channel at a time. By ex-
panding Eq. (33) and setting all inputs except*~~~~R J R',rR I A i H to zero, we obtain

S -- (34)
RI Al I AR J(RP

CR1  rRi 'BRIJ BRIM I BII . .Bi -DISIM " 0r

Equations (3) and (34) constitute the frequency , 31 -
domain formulation of the system equations. ca, I M M-nl. . fi:,
Determination of the Compensation Matrix COR jlMI aM o IMM,,. L ." "8tMj' 0

The elements of the partitioned transfer - t-- --- ---- ----
matrix [BI and compensation matrix [AI of Hl " .' 11 BIJ DR .- R 0M

[ Eqs, (33) and (34) are continuous functions of"

frequency. The finite storage capacity of a of RI "I OR RR 0

digital computer and the sampled-data nature of ' [" ',

a DDC system dictate that the compensation ...

matrix must be discretized; that is, the fre- CIM M ... |.., e izaM,.. M), M, n0i M
quency range of interest must be divided into
frequency intervals and a fixed compensatl(I(5
submatrix used for each interval. This results
in the three-dimensional compensation matrix
(Fig. 3).

At any channel k the responses due to input HIj
tArithmetic operations involving complex are then

variables directly are generally inconvenient
for Implementation on small-scale computers. CR k = BRkj RRH €..) ,.36
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and where

C0 k -BIkj RR. (37) ARRj = perturbation of input RRj,

The terms CRk and CIk correspond to the ACRk, ACIk = resulting perturbations of CO a
coherent and quadrature components of the and QUAD responses of chan-
phasor response at channel k with respect to nel k.
the reference sinusoidal input R . These com-
ponents are readily measured b cor.mercial Both amplitude and velocity-dependent non-
CO/QUAD analyzers. Therefore, excitation of linearities are encountered in electrohydraulic 4
channel j permits column j of the transfer and electrodynamic shaker systems. The
matrix to be calculated as determination of the compensation matrix at

kfull test level has the advantage of minimizingCRk  the effects of amplitud4 -dependent nonlinear-

BR kj R.1 ities. Velocity effects become a frequency con-
Sk = 1, 2, .. M. (38) sideration in sinusoidLi testing and are

.. inherently accounted for by the use of the

frequency-dependent compensation matrix. Bothkjthe pretest and perturbation techniques are |
being studied further with regard to their ability

Once the transfer matrix at a given fre- to cope with system nonlinearities.
quency has been fully determined, the The procedures for swept-frequency
corresponding compensation submatrix is ob- einusoidal testing discussed thus far have been
tained via Eq. (22). In swept-frequency validated by means of a frequency domain
sinusoidal testing, a flat system frequency- simulation of the four-actuator shaker system
response characteristic is generally desirable, shown in Fig. 4. The mathematical model of
This is obtained by equating t- G_] to an the actuator controllers for each channel are
identity matrix. The compensation submatrix simplified representations of the electrohy-
at the specified frequency is then simply the draulic actuators in the LLL system. The load,
inverse of the system transfer matrix: consisting of a rigid table and a spring-damper

coupled test mass, is fictitious and was chosenr 1 ~ -lto provide a high degree of actuator cross
AI--.. R -B ( coupling. The actuator-piston accelerations

LA were considered to be the system responses
A , -R BI (C} to input command voltages tR}. The

By partitioning the matrices intc real and amplitude of a typical transfer element is
imaginary parts, the subject of the matrix in- shown in Fig. 5; the corresponding cross-
version is changed from an M X M complex coupling compensation element is shown in
matrix to a 2M X 2M partitioned real matrix. Fig. 6.T
Numerical procedures for calculating the in-
verse of a partitioned real matrix have been DDC Algorithm for Swept-Frequency

t described elsewhere (191. Sinusoidal Testing

In practice, the open-loop cross-coupling
The spacing of the compensation sub- compensation procedure is imperfect because

matrices over the frequency range of interest of amplitude or velocity-dependent nonlinear-
is arbitrary. Thus, several submatrices can ities. It is therefore necessary to introduce an
be grouped near a frequency at which the sys- outer feedback loop that continually corrects
ten dynamics are rapidly changing Simulation the responses as the frequency is swept. The
stunies have rndicated that five or more sub- sampled-data system for accomplishing this is
matrices may be required to pass through a shown in Fig. 7. Amplitude and phase control
single sharp resonance. The compensation are achieved indirectly by controlling the
matrix can be established by low-level pre- coherent and quadrature components of re-
testing at selected frequencies, or it can be sponse for each actuator.
built up "on-the-run' during the first frequency
sweep of the actual test by stopping the sweep The functions isolated by samplers are

*momentarily at intervals and perturbing the performed by the hardware and software of the
amplitude and phase of each input. It can be digital computer system. The time domain
shown that perturbation of RR. permits the coherent and quadrature responses of the sys-
elements of column j of the transfer matrix to tem are sampled byS1 at time tn, digitized,
be calculated as and subtracted r;.om the sampled command in-Sputs to give the error array -

k 1, 2. M, (40) tThe associated cross-coupling factor as de-

ACIk fined in Ref. (141 is plotted in Appendix A.

kj *The symbol is used to designate sampled
3 variables,
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- I

I 11( n) I FR(t n *

t SINUSOIDAL
R~t)*J RESPONSES

,,R RI I(Rtd-I
SINUSOIDAL

INPUTS l Rt

I'Tn) 
J~-

I-](TA . CO/QUAD "

*~ ~ [A DZD/A (J ANALYZERSS3
+ Z j SNSI HKER ,

r- GENERATOR SYSTEM

ts Fig. 7 - Block diagram of DDC system for swept-frequency sinusoidal testing• ,

A /D

f ER(tn)* r RW'(tn)* ?. rCR(tn)* ' " For the particular case of integral control,(41)t I' (t )* C(t )') I)K

The error array is then premultiplied by the where'g appropriate compensation submatrix to get thedecoupled error array parintera ontr l a n

;.;' FR(t)* _ rAR I  1A ] '~ * raThe application of D(Z) to the decoupled errorre ut n up tIi

r nA n Rt araneutsi upt

{ A(t nAR EI(tn) (4
.L AR) "Rl(tn)* " RR(tn-~ 1)- f R(tn)*. --

The function of the digital controller D(Z) is to tfintroduce such classical control algorithms asgp.revousl a
integral or derivative control. In general, the output a

_digital controller can be expressed in Z arytR as[0:The digital controler outputs ere sanpled at
• .. S3 and used to generate analog sinusoids of =-, ~appropriate amplitude and phase to drive each .,a0 +. I  +

" ... a-, ZL channel of the shaker system. A means of
Z-K K(ZL. (43) synthesizing these sinusoids using an analogb0 +. K > L. (4bK sine/co ine signal generator, tw o m ultiplers.i• .. - : _ and a summer is illustrated in Fig. 8. o
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TO Synthesis Procedure
OTHER Referring to Eq. (16), the inputs reured
CHANNELS to obtain an array of desired responses (CD(s))

are

{R(s)} (B(s) D (46)
or

RR.-' -- R(s)) [A(s)] (CD(s)}, (47)

SINE-WAVE t where (A(s)l is the cross-coupling compensation
GENERATOR + matrix with [- Go] equated to an identity matrix.

RI. If analtvical expressions could be obtained for
each ciD(s) and Aij(s), Eq. (47) could be used
directly. This is not the case, however, so

COS Wt once again we resort to the Irequency domain.
& RICOwtThe fast Fourier transforml FT equivalent

I of Eq. (47) is written

Ri(t) =IRi SIN (wt+ 6) RR() -ARtw) AI(i) cRD()"

iI I AI R I']fC ~= IR.I SIN wt COS 0 + IR.I COS wt SIN 0. tRI(w) JL ( AR(w)J D,
(48)

IRil COS 0. SIN wt + IR.I SIN . COS wtw, , I , whre
RR. RI. RR.(w). RI(w) = real and imaginary (MX I)

, i partitions of FFT of R.(t),

DD
RR. SIN wt + RI. COS wt CR (w), CIP(w) real and imaginary (M X 1)

p. rtitions of FFT of CD(t),

Fig. 8 - Algorithm for synthesizing sinusoi- AR.(w), AIik(W) real and imaginary (MX M)
dal command Ri(t) from calculated RR. partitions of compensation
and RI. values matrix.

Equation (48) is the mathematical basis for theL- transient response synthesis procedure dis-
cussed in the following paragraphs. It should

The interval between sequential samples be noted that this equation has an implied third
affects both the stability and accuracy of the dimension corresponding to the N frequency
closed-loop process. Both analytical and values of the FFT. Wherever arithmetic
digital simulation techniques have been used operations between transformed variables are
to investigate this situation. For the LLL used, that operation is assumed to apply to all
electrohydraulic shaker system and typical N terms in the series representations,
test objects, optimum transient response (in
the sense of minimum integral squared error The procedure for determining the required
for a step change in sinusoidal amplitude) is time domain input array {R(t)*) is diagramed
expected for a sample period of 30 ms. For in Fig. 9. The transfer matrix is determined
system resonances as sharp as Q = 50 and by exciting the shaker one chani, -1 at a time
sweep rates up to 5 octave3/min, the pre- with a deterministic test pulse P.1). For each
dicted response errors are less than 5%, ex- Input pulse the transient response of every N
clusive of instrumentation error, actuator is sampled. The sampling rate, of ,course, must be sufficiently high to avoid :.

TRANSIENT RESPONSE CONTROL aliasing. The transfer matrix elements are
calculated as the complex ratio of the FFT's

In transient response control, the objec- of the response and input transients. That is,
tine tno gsient epndently specified time for a calibration pulse P(t) into channel j, the
domain responses simultaneously at each real and imaginary elements of column j of the
actuator. A preliminary study indicated that transfer matrix are

dedicated cc, :puter capable of performing -

direct-digital tiansient response control ISee Appendix B for a definition and properties
cu- of the FFT.i' "would be ecoij$:,nically impractical with cur- of-, th !T

rent technology. Therefore the technique *Alternately, each transfer element can be
drc-Ibe4 here Is open loop in nature and calculated as the ratio of the cross- and auto- .
b,. ilar to that used for single-actuator spectral densities [19,21 and 221. More
tranbimt-response control [8). The theoret- sophisticated methods offering greater statisti-
Ical analysis assumes that the shaker system cal confidence at the expense of increased com-
is linear and time invariant. mitatlonal complexity are also available [15).
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77

I
Wr

W?-en the transfer matrix has been com-
pletely determined, the compensation matrix
is calculated according to Eq. (39).t The trans-
form of the required inputs is obtained by pre-
multin', tne transformed array of desired

I respoit. ' the compensation matrix. Finally,
the inverse FFT is used to get the time domain
inputs.

OUTPUT (t) TO CHANNEL! The transient response synthesis procedure
has been validated via a digital simulation using
the mathematical model of the shaker system
shown in Fig. 10. For a given mathematical

DETERMINE model, the simulation of time domain responses
SAMPLE {C(t)) TRANSFER are computationally much more time consuming

MATRIX than frequency domain. Therefore, to keep
computation times within reason, the model
used in the transient-response simulaticn is

J I'M much simpler than that used for swept-frequency
sinusoidal testing. The parameters of the model
were adjusted to give peak values of cross-
coupling comparable to those illustrated in

BJ1(W) =Cj(W)/P(0) Fig. 5. Typical results are shown in Fig. 11.
The synthesis procedure was found to give

Jacceptable results as long as the desired wave-

CALCULATE form was within the capabilities of the simulated

[A(w)J = (B()I J COMPENSA- system.

TION MATRIX
Limitations of the Synthesis Procedure

I The mathematics of the transient response
{R~)} [A~)]{D jDECOUPLE synthesis process give one, at first, a feelingA()]{cA(w)} INPUTS of omnipotence, That is, it appears possible

to generate any-transient waveform on any
shaker system. Unfortunately, this is not the

{R~t*1 FFT ~ INVRSEcase. What follows is a discussion of some of{R(t)} = R()} TRANSFORM the limitations of the waveform synthesis proc-INPUTS ess. These comments apply to single- as well

as multiple-actuator systems.
TRANSIENTI, ~OUTPUT {R(t)* I INETRESPONSE-

S RES The first limitation is mathematical in
TETnature and has to do with the relationship be-

tween the specific transient waveform to be
synthesized and the dynamics of the shakerEND system. Consider the single-input, single-

aoutput system of Fig. 12. The input necessary
to generate the desired response YD(s) is 5

Fig. 9 - Algorithm for transient response syn- yDs
thesis X(s) - -s, (51)

where

C(-

BR.j(co) Re (49) t'fis would at first appear to require N
-U RIe I matrix inversions. It can be shown, however,

that the N complex FFT coefficients A.(k),
BI-m ( 5 k =0, 1, ... , N-l, have the propertyBij(w) (50) that

where Al(k) = -Ni(N - k), k = 1, 2.where cope F
kswhere. .. Ci) M complex FFT of sampledresponseN Ci0 - k) is the complex conjugate of

response C.(tl, A.(N- )-" -ALJiN - k).

P(w) complex FFT of sampled input Therefore, with the inclusion of zero frequency
Pt),-terms, only N/2 + 1 submatrices need be

= ---- - M number of actuators. calculate$ directly.

j r-- 162

http://www.abbottaerospace.com/technical-library
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Equations (55), (60), (63), and (64) define
A the mathematical limits of the waveform

4 synthesis procedure. Whenever these
0.4 - - - DESIRED - boundaries are approached, saturation of thel- SYNTHESIZED i physical system becomes a possibility andcompromises ir the fidelity of the synthesized

waveform must be accepted.

0.2- The second limitation of the transient-
o r B m evresponse synthesis procedure has to do withd nonlinearities. Both amplitude- and velocity-

dependent nonlinearities will cause imaccura-
V cies in the synthesized waveforms. Iterative

0I techniques have reportedly been used success-
L fully in single-actuator systems to overcome

nonlinear effects. In the iterative procedure,
successive system identifications are per-

I formed using the synthesized input from one
iteration as the calibration pulse for the next

-0.2 - until, finally, the response converges to the
desired waveform. This technique also V
appears promising for use in multiple-actuator
systems.

-04 . RANDOM VIBRATION CONTROL
0 0.02 0.04 0.06 The algorithm for random vibration con-

TIME (sec) trol is a logical extension of the procedures
developed for transient response control. The

Fig. 11 - Typical simulated results of waveform flow diagram of Fig. 13 is for the general
problem of controlling the autospectralsynthesis procedure density responses of M actuators in accordance
with M independent desired spectral densities.
Ssight modifications to the procedure, to be

information on the behavior of the Fourier discussed later, are required to obtain ampli-
coefficients of X: tude and phase-coherent actuator responses.

lira X(t) lim X(s) ThE random vibration control algorithm
l - 0 s = j - 0 begins with the pretest determination of the
0 0 = 0cross-coupling compensation matrix using

- 0, J > L (61) the method previously described for transient
response control. At the beginning of the DDC

= finite, J L (62) loop, an FFT processor transforms the
J= , J < L (63) buffered frame of N data points for each of

the M actuators to form a partitioned matrix:
lim X(W) = lim X(s)
,s = jw-*R(M l Re[FFT( {C(t)-})])

A= 0, (J-L + M) > K (64) F((C(t)--:) (67)

= finite, (J-L + M) = K (65) -: "n

= 0, (J-L + M) < K (66) where

Eauations (61), (62), and (63) are Important (C(t)*} n  current array of sampled
since they apply to the low-frequency responses,
coefficients of X(w). The implications of n frame index.
Eqs. (64), (65), and (66) can be dealt with by
limiting the frequency range of the FFT analysis. The N/2 + 1 autospectral density lines of

each actuator i esponse are then calculated as

X(S) H(S) yD(s) SF(k) T 2= T + Ci(k)

k 0 , , . N (68) ,"J

Fig. 12 - Single-input single-output system where
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DEEMN [Aw)

TRANFOR

SPECTRALGOEITIM

SDEE S SRE S()) {SC(wfl ~?7AERORS V

GENERRSE TRANSFOR

CR1 (k), CI 1(k) real and'(w) nmgnr { ECOUPL INPUTS~-{~(~) (9

ofg 13 (~$ - DDlgorithm o h formDD of raq.o (43)riation

1 applied to the error array to get anew array
The measured autospectral density array is of command spectral densities (SA(w)}n. For
subtracted from the stored array of desired the case of integral control,
spectral densities {SD(w)}n to obtain the W Rw +KI
error array Sw) w( +KI") (0

n-l I (n0
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t

where actuators within that group. Each group is
handled as though it was a iingle actuator up to

(sR(,J)}n previous command spectral the time the complex input transforms aren- generated. At this point the calculated inputdensity array. transforms are replicated for each actuator

within a group. In this way the process will
We must now work backward from the attempt to generate identical waveforms at

command spectral density of Eq. (70) to an each actuator of a coherent group, regardless
arr.y of time-domain inputs. Since all phase of cross-coupling.
information has been lost at this point, it
must be introduced artificially. More The stability of the random vibration DDC
importantly, it must be done in such a man- algorithm hinges on the execution time of the
ner as t produce a Gaussian amplitude digital calculations. Although no specific esti-
probability density distribution in the result- mates have been made, it appears likely thatp r b b ~ y d n i y d s r b t o n t e r s l -a t l e a s t o n e h a r d w a r e F F T p o e s r a n d"
ant time-drmain waveform. This is achieved processor
if the coefficients of the real and imaginary possibly array multiplication hardware will be
parts of the Fourier transform of each Ri(w) required to provide the speed necessary tohave independent Gaussian distributions and give satisfactory control system response.

RR~() 2 +RI~(k)2 ~~q Srk),A DEVELOPMENTAL MULTIPLE-ACTUATOR
N DDC SYSTEM

The configuration of the four-actuator DDC
system currently under development at LLL is

where illustrated in Fig. 14. This system consists of
four groups of hardware: (a) a general purpose

RE' (01 digital computer, (b) unique hybrid data acqui-
i real and imaginary parts sition and signal generation equipment, (c) four

R'(k) f= of kth complex coefficient individual actuators and their associated con-
) of R'i(W) trollers, and (d) supervisory hardware.

i = actuator index The system operates in a closed-loop man-

ner. The computer obtains digitized load re-
Equation (71) defines only the first N/2 + 1 sponse information from the data acquisition
terms. To yield real time-domain transients, unit (DAU), calculates new commands based on
the remainder of the coefficients are defined this information, and outputs appropriate data
to be complex conjugates of the first N/2 + 1 as to the digital waveform synthesizer (DWS) and
follows: command generation unit (CGU). The DWS and

CGU function together under the control of the
Rcentral processor to generate the dynamic and

i k N setpoint analog command signals required bySRI 2(N-k),... (72) each of the four electrohydraulic actuators of
the shaker system. Each actuator controller
operates to produce, ideally, an actuator dis-

Several approximate methods for satisfying placement proportional to the sum of its dy-
Eq. (71) have been discussed in the namic and setpoint commands. The supervi-
literature [9, 101. sory hardware is basically analog in nature and

monitors the system for out-of-range operating
Having arrived at the array of synthesized condLtions.

commands, the decoupled input transforms are
calculated as The items of interest here are the com-

puter system and the LLL-designed hybrid
SRR(i') [AR I-AI 1RR'(w) interface equipment. These items are dis-

IA A (73) cussed in the following sections.
n Computer _System

The computer syaten, Bio. 15, i confi-
The inputs are then inverse transformed and ured about a 16-bit wor size central processor
placed in a buffer area from which they are having 32 k of 800 nsec core memory, floating-
continuously retrieved and transmitted in point hardware, 120 Hz real-time cloik, ard
analog form to the shaker, an interval time. Pcriphe-alb incluoe a 500-

line/min electrostatic printer/plotter, a 1.2-To obtain phase- and amplitude-coherent million word disk, industry-compatible mag-
responses within one or more groups of netic tape, a300-card/minreader, a high-speed
actuators, the above procedure must be paper tape reader/punch, a storage-type CRT

I, slightly modified. For each group, one frame with keyboard and a teletype. It is anticipated
S- j of sampled data points is obtained by time- that the hardware FFT processor shown will be

'M - -& division multiplexing the responses of the added co the system in the near future.
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I ACTUATOR AND LOAD RESPONSES
CONTROLLERS AND ACTUATORS

DYNAMIC AND SETPOINT COMMANDS

DIGITA SIN COMMAND

WAEFR COS ACQUISITION 2

SYSTEM . CU LDUOAD5s= 
,'

I3

i~ ~~DT - \ PCMNDAA""-

* \ -QrD

SUPERVISORY HARDWARE CO*

Fig. 14 - Configuration of DDC system

Digital Waveform Synthesizer is shifted into the output buffer register and

The DWS is used to generate a time series simultaneously back into the beginning of the
of digital values corresponding to sequential shift register. In this manner the shift regis-
points on any desired periodic or transient ter appears to rotate when pulsed repeatedly.-
waveform. For periodic waveforms, the de- A second output buffer register is located one -',,
vice is designed to operate over a fundamental quarter of the length of the shift register ahead
frequency range of 0.1 H-z to 1 kHz with a fre- of the first. Thus, if the stored values define )

!quency resolution of 0,1% of the nominal fre- a sinusodal waveform, both sine and cosine .,
functions can be generated simultaneously.

quency setpotnt.

SThe hardware (FIg. 16) Is composed of two Command Gener'ation Unit * ;.

sections, a timing circuit and a shift register. The purpose of the CGU is to output inde- '

frmtecentral processor in a binary floating- to the four actuator controllers. Figure 1'? '
, point format. The frequency data are decoded depicts the first channel of the CGU. The re- ,.-

and used to generate two output pulse trains. maining three channels are similar but not~One of these provides timing information to the identical.
DAU; the other steps the shift register. ,

There are five dynamic-command signal '
-,The shift register is a 12-bit wide by 512- sources which may be selected individually or

position semiconductor component which is in any combination. In swept-sinusoid testing .. .
loaded by the central processor with the desired the first two inputs are the digital sine and
sequence of digital values. Under clocked con- cosine values from the DWS. These inputs are .
trol of the timing section, one value at a time passed serially through conventional digital/!' :..

6I PUS •
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OAUSUPERVISORYI
GHARDWARE

CRT OPERATORS
DWS TERMINAL

CENTRAL PROCESSOR (CPU)
ELECTROSTATIC FFT, FAST FOURIER

PRINTER/PLOTTER FF TRANSFORM
16-BIT WORD SIZE PROCESSOR
32 K, 800 nec MEMORY
FLOATING-POINT HARDWARE
REAL-TIME CLOCK

1.3 MW INTERVAL TIMER TELETYPE
DISK STORAGE TERMINAL

INDUSTRY COMPATIBLE
MAGNETIC TAPE PAPER-TAPE PUNCH

CARD READER PAPER-TAPE READER

Fig. 15 - Digital computer system

COMMANDS FROM CPU

FLOATING-POINT
FREQUENCY CONTROL
COMMAND DATA

I i
BUFFER BUFFERREGISTER REGISTER ROTATING SHIFT REGISTER

FLOATING-POINT DATA 394 x 12 128 x 12 OUTPUT SUFFER SIN*
DECODER SELECTOR SHIFT REG SHIFT REG REGISTER

z
SHIFT OUTPUT SUFFER C

DIGITALLY REGISTER

CONTROLLED FREQUENCY o
DIIEOSCILLATOR DIVOSCILATO TIMING PULSE

FIg. 16 - Digital waveform synthesiser
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L m . DATA FROM CPU

BUFFER BUFFER BUFFER

RESIGSTER REGISTER REGISTER

D ADAC SET-
DATA POINT

FROM
DWS INPUT

TO SELECTORA T

REG OPA DYNAMIC- -

C ONTER R ST

F~II

FROM REG.
CPU

TO ACTUATOR
BUFFER CONTROLLERS

' ~AUXILLARY _-

' ~INPUT -

TO CHANNELS 2,3,4

Fig. 17 - Command generation unit

analog converters (DAC's) and then multiplying hydraulic actuators. This quantity is set in-
dLgital/analog converters (MDAC's). The co- dependently for each channel by DAC's driven
efficients in the MDAC's are set directly by the directly by the central processor.
central processor. By selecting inputs 1 and 2
in combination, it is possible to deine a sinus- Data Acquisition Unit -.

old of arbitrary amplitude and phase relative to
the output of the DWS in the manner described The DAU consists of four channels of ftunc-
by Fig. S. The third dynamic input is from a tionally Identical analog and digital data proc
DAC driven directly by the central processor. easing hardware (Fig. 18). Each channel per-V
It provides the capability to generate transient forms a number of selection5 detection, and
and random excitation waveforms. Input 4 is digitizing tasks generally related to data acqui-
common to all four channels and is also tied to aition.
input 3 of channel I (only). In this way up to -
four channels may be driven identically by a The inputs to each channel consist of the
single DAC. A fifth input is provided for ex- acceleration, displacement and force response
ternal commanJ requirements, data from the load as well as the dynamic and

set-point commands of the corresponding actu-
The selected command inputs are summed ator. The command inputs are solely for the

and passed through an MDAC that provides purpose of system checkout and calibration.
amplitude scaiLing for the combined Inputs. F- During a typical control task, the selected varn-
nally, low-pass filters are used to remove any able Is passed through a variable-gain ampll- -

noise generated by the D/A process. fier, anti-aliasing filters, and if a swept-
slnusold test is underway, through a CO/QUAD -...

The setpoint command is necessary to es- analyzer. The CO/QUAD analyzer uses the
tablish the DC operating position of the electro- timing and digital waveform outputs of the DWS
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-j ---

FROM DWS ACTUATOR

RESPONSES ANDP COS* SIN* COMMAND INPUTS

DIGITIZED U --ACCELERATION LnCITZE NTIA"ASIN VARIABLE INPUT '- DISPLACEMENT _j

CO,QUAD CO/QUAD GI NTIALIASING AIO DFLCEM
VALUES ANALYZER FILTERS AMPLIFIER Z
TO CPU AML-IRDYNAMIC COMMAND Z J.

-DC COMMAND 4

0
0 CONTROL DATA I

2BUFFER REGISTERS

ILTER

DIGITIZED EXERNAL SPECIMEN COMMON

TO DA CPU PEAK DATA DETECTOR MONITORS CHANNELS

A/D CONVERTER

Fig. 18 - Data acquisition unit

to perform a first-term Fourier analysis. It CONCLUSION
outpi ts digitized coherent and quadrature values
of tho fundamental component of the feedback An investigation has been made into the
varif.ble directly to the central processor, theoretical and practical aspects of controlling

multiple-actuator shakers. The ideal cross-
The output of the variable gain amplifier is coupling compensation matrix for stable, linear,

also passed through a peak detector. The peak time-invariant systems has been shown to be
response of each actuator, along with the out- related to the inverse of the system transfer . *A
puts of the anti-aliasing filters, is multiplexed matrix. Practical algorithms incorporating
and passed through a high-speed A/D converter.. cross-coupling compensation have been developed
The availability of the peak raw data values for the direct-digital-control of swept-frequency
permits any large harmonic responses (the sinusoidal, transient, and random vibration
CO/QUAD analyzer detects only the fundamental) testing. Hardware and software to implement
to be detected. the algorithms on an existing four-actuator elec- y

trohydraulic shaker system are under develop- [~Specimen-monitoring transducers are often ment. ?
used during a test to protect the payload from met
large, unforeseen resonant conditions. The 1-2

DAU provides for as many as six specimen REFERENCES
monitors. The peak response of the monitors,
along with an arbtrary number (up to 16) of 1. J. D. Newton, "Methods of Control of Mul- #
general-purpoee data acquisition channels, are tiple Shaker Testing Systems," Shock and
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central processor, Jan. 1966.
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* Using CCF's, the responses of the M- APPENDIX B: BASIC PROPERTIES OF FAST
actuator system of Fig. I are: FOURIER TRANSFORM

C, = Z R +Z C2 + In this Appendix the basic properties of the
1 1 +12 C2 13 3 Fast Fourier Transform (FFT) are defined.

No attempt has been made to present proofs of
+ ... + Z 1  CM, these properties and the reader is referredelsewhere for more rigorous treatments of the

C2 =Z 2 1 C1 + Z22 R2 + Z2 3 C3  subject [19. 23, 24).

The FFT, as used in the analysis of shock
+... + Z2M CMO (A-i) and vibration data, is the discrete Fourier

transform of time series data. The available
algorithms are generally based on the complex
summation

N-I

CM ZMl C1 +ZM2 C2 +ZM3 C3  Ak = Xi ej(2rik/N) k=O, 1 .... N-I (B-1)

+ ... + ZM RM. i=0

wher.e where

R i = Ri(s) = Laplace transform of input i, Ak = kth of N complex Fourier coefficients

C, = Ci(s) -Laplace transform of response i. = ARk + j AIk
ZIj = Z j(s) = cross coupling factor. Xi = ith of N complex data points

By solving for the actuator inputS, Eq. (A-I) = XRI + j Xli
can be placed into matrix form: j= '

(R) = [W] (C), (A-2) N = number of data points.i 3'
where The number of data points. N, is generally re-

stricted to powers of two:1 12 13 ZIM L

z Z N =L- . (-2)S 11 11
where L is referred to as the order of the trans-

[Wic 21  1 32 (A-3) form.
z 7_ z 2 2 z

o 102

ZMI ZM2 ZM3  1

z z '2 . . '=.."hm MM, MM ~MM 3!

By comparing Eqs. (A-2) and (18), we conclude .
that

-1 01( w [,B] ; (A-4) 2
i. e., the inverse of the system transfer matrix
Is directly related to the cross-couplingfactors

S I :for that system. 102

101o 101For comparison purposes, the frequency
response of the CCF corresponding to the trans- FREQUENCY (Hz)
for matrix element of Fig. 5 Is plotted in
Fig. A1. Fig. A-1 - Cross coupling factor Z
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- A-

The inverse FFT operition is defined as domain to the frequency domain. The results
A of the transform of N real data points are shown

N-1 in Table B-1. For data points sampled at in-

"e(2,i)-/N) tervals AT, the spacing of the frequency points
X(i) " 2. A) is

k=O
B (HZ). (B- 5)

' -0,i ..... N-1 (1-3)
LIFor real (as ,opposed to complex) sequences of

and may be performed by executing a forward data, the transform coefficients have the prop-
FFT on the series A(k)/N: erty that

N-I A(k) = A(N-k k ='1, , (B-6)

X (i) = 1 

2J
2 ik !N )w

k=O where

i 0, 1,..., N-i, (B-4) A(N-k is the complex conjugate of
; ~~A (N-k), "

: ~were the horizontal bars indicate conjugation. g
,: ~and

A sequence of data points, when operated
on by an FFT, are transformed from the time Im [A(0)J Im [A(N/2)] 0.0.

TABLE B3- '
Transformation of a Sequence of N Real Data Points

X(i))
Time • Frequency
(see) XR(i) XI(i) Index AR(k) AI(k) (Hz)

0 XR(O) 0.0 0 AR() 0.0 0

t XR(I) 0.0 1 AR(M AI(1) f

iN XR(N-I) 0.0 1 AR(N1) AI 1) +

IM

t AR0.j t~l XR(N 0.0 'N Ri -i)+1_

tk VkT, k 0, ,.... N-i

fk -XR N T' Ik 0, N

(N+ I 1.

2C

N-1~k ""

173 -

http://www.abbottaerospace.com/technical-library


Thus, only N/2 + I different spectral lines are X(i) =Y(i) + JZ(i).
obtained for an analysis of N data points and the
effective analysis bandwidth is Then the FFT coefficients of Y(i) are

F =(N\ B-1 (B-7) ~ ')XN
2T B(k) = ~)+-(-) k 0, 1, *. N- I

Since the sample rate is

S T (B-8) and for ZMi

z the Nyquist frequency is identically equal to F. C [) A(k) - W(N-k)1
To avoid aliasing, the sampled data must there- -k ,k 0, 1, ... ,N-i1, Y

fore be bandwidth-limited to the frequency F.

As a final note, it is possible to transform
two sets of real data Y(i) and Z(i) simultaneously where A(k) are the complex coefficients result-
by setting ing from the FFT transformation of X(l). f
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GROUND VIBRATION SURVEY AS A MEANS OF

ELIMINATING POTENTIAL IN-FLIGHT

COMPONENT FAILURES

J. A. Hu::hinson and R. N. Hancock

Vought Aeronautics Company

Dallas, Texas

ABSTRACT

Vought Aeronautics Company has subjected two complete aircraft, XC-142A and -7E,
to ground vibration tests and surveys up to 300 Hz. This procedure was aimed at
empiricaly resolving potential environmental vibration problems of complex installation
not amenable to design analysis. Tvio hundred five and one hundred thirty-three design

changes resulted on the respective aircraft. Marked improvements were noted in main-
tainability and reliability. Hydraulic leaks and intermittent electrical connector failures
were virtually eliminated. The paper discusses the test philosophy, describes the survey
procedures and comments on the test mults and binefits which were derived.

INTRODUCTION resonances below 300 Hz that were considered a potential
problem.

In the development of any new military aircraft, with
its many varied components and its complex electrical and It ealy operation the XC-142A experienced
hydraulic systems, there are many design details which are Iipeated hyd rai n fue Ceco e p nen

no mealet vbato dsg aayssbu hihca e repeated hydraulic and fuel connector Iesk, component
not amenable to vibration design analysis but which can be mounting problems, minor electrical malfunctions, etc.
resolved through vibration testing. The down time between flights was excessive. Loss of one

For years sarious aircraft dynamicists have advocated of the aircraft because of a control linkage vibration failure

the use of a ground vibration test, on an early production finally precipitated a ground vibration survey on an emtire

aircraft, to correct the design analysis inadequacies and to vehicle. Completion of the survey and installation of 20S

forestall later flight problems. During a test of this type. recommended dei changs resulted in an almost un-

all component mountinp, hydraulic lines, electrical wire believable reduction of approximately 60% in the

bundles, and their assorted bracketry can be observed in maintenance-to-liaht.hour ratio, and, it might be added,

order to obtain their response to a given vibrational improved relations between engineering and the pilot staff

environment. When the response of a particular item is -and pround crews. Becuse of the dramtic impovement

considered excessive, a redesign of that installation can be shown on the XC-142A, VAC decided to subject the A-7

incorporated early in the production phase rather than to a similar ground vibration survey.

after customer complaint.
The A-7 test was conducted at the time of model

The Vought Aeronautics Company (VAC) has utilized chang between A/1 and D/E. Several hundred A & B
this type of ground vibration survey during the develop. models were in operation at the time so that a gross
meat of both the XC-142A tilt-wing V/STOL transport aumment of improvements could be made, even though.,'*"
aircraft and the A-7E Corsair i light-attack aircraft. In the model chanlps were sinificant. Table I compares the
both of these programs the specific objectives for perform- number of components surveyed to the number of changes
ing the teat were twofold: (I) To detemine the aircraft made as a result of the vibration survey. A similar con-
components with a resonance in the high amplitude parhso in suown for the XC-142. The hydraulic syste
frequency range below about 300 Hz. particularly those a similar enough between the A-7 models to asiem
components with any resonance frequency coinciding with effectivene s of the smurey. As Siv in Table 1, 133
known discrete forcing function frequencies; and (2) to design changes were made on the A-7E. A comparison of
alter or attenuate 'he response of thos components with hydraulic system faies between nmels with and without
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II

TableI
Number of Components Investigated During Ground Vibmttion Survey

TYPE TOTAL NO FURTHER NUMBER OF'"
or NUMBER MODIFICATION INVESTIGATION MODIFICATIONS

AIRCRAFT SURVEYED NEED NEED INCORPORATED

XC-142A 574 6 1420

A.7E 549 366 3

" changes showed an improvement of 21% in mean-times-
between-failures (MTBF). Granted, methods of comparison
are always subject to question, and reliability numbers are
difficult to define exactly. However, as with the XC-142, 
hydraulic leaks due to vibrational induced motion at the ( *- - -

connectors were practically eliminated through better
application of restraints, and these greatly affect mainten-

once time. Even if credit is only taken for a S% increase
in MT9F as a direct result ef the survey, systems and cost
effectiveness quite handily justify its use.

A secondary benefit from the survey is accrued in the
dynamics education experienced by the designers and others
associated with the test. Most of those not working
directly in dynamics tend to regard the structure from the
static viewpoint and as being rigid. Generally speaking, a Fir 7. A-E Coruir II Ilght-Attack Aircaft
large part of the vibration problem cja be regarded as
cured if the designer can be taught to think 'vibrition." throughout the test, so that fluid pressure in the fuel sad ,
The "wet spaghetti" appearance of Installations when hydraulic lines woul add the appropriate mass damping
excited at resonance is a memorable experience for most and stiffnaes to those installations during the vibaton

designers which will carry over to future programs msurvey.

The test methods and procedures used during both the
XC-142A and A-7E ground vibration surveys were emen- TE SETUP
tially the same. Therefore, only the A-7E will be described.
Since the details of vibration testing are general knowledge, The aircraft was divided into severl zones, such as

no attempt will be made to describe the test in great detil thee iven in MIL.A-8892, for p of studying local
Only the unusual or unique aspects relating to d test wi ro with a minimum number of Akers The maorj

; be reported so that the original purpose of this paper wilg zones where the mjority of die investigation was accom-

not be obscured, i.e. the reporting of a method that has plied are shown pictorielly in Figure 2. Other arm
pr. Woven to be an extremely reliable tool in elininating outde the major zones were investigated if the nature ofpotential in flight vibration problets equipment warranted it. e.g. control system connecting

rods and bell cranks, hydraulic Unes and connections,
ST Tantenna installation. etc.

TEST ARTICLE

To attain the primary objectives of the ground V'ra

vibration survey, the most deirable test article was a
production, fully equipped. flight-ready A.7E Corsair II
aircraft sshown in Figure 1, Because of the short supply~#a"m#MS
of certain major avionics components and the tight
delivery schedule of the aircraft to the Navy, It was in-
possible to maintain a complete, unaltered aircraft dudg " -

the entire test period. A compromise was establi sed

J. between Engineering and Manufacturing so that only the
portion of the aircraft thst wIs being surveyed at a ,

particular time would be kept In production configuration.
This arrangement worked stlsfactorly, 4mce only local
structural response was dese. To olate flight
operations as mucita possible. afull load of(0and the Fi~w 2. MWir Test Zones L/tilid Dur ing Growi
aircraft's hydraulic system pressure w.e maintained Wbation Surey on A-E Akreraf

, •;.,. , 1-1
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T!% test equipment cumprisedl a low-frequency

rcilistor, iletro-mnentic shakers and stroboropic

tqipment. The oscillator was capable of exci ing twelve
150 pound force electromagnetic shaln'rsiumultaneouslyI
with con~'lled phasing. The stroboscopic equirment,
which was tuned by the oscillator, provided a visual display Wftk
of component vibration. A frequency lag between the
oscillator and the stroboscop' Z lamps provided the illusion
cf slow uiotion which pennitted the test personnel to view
an item's vibratory motion in detail and thus determine
the natural frequency of a particular component and de~ine
the requirements for a design change, if necessary. A
typicit test setup is shown In Figure 3. The shakers are
arrasged for a survoy of the cockpit and nose section.

Figur 4. TypIcal Shl.ew Arrangement to ul
Structure

Prior to the start of this test, a review board was

established. Tj board wus comprised of representative
from all cogliant engineering and manufacturing group.
The participants on this board had the responsibility ind

L * the authority to make design change decisions when
-required, and to Incorporate thene design chaniges into thc

manufacturing process. These decisions were made at the -

, ~,, test site when the problems were encountered, thus elirni-
nating any misunderstanding in the requirements for the

Figure 3. Typical Tese Arrengement During Ground design change and affording each member of the board
Vibration &,rwy un A-YE Aircraft the opportunity to examine the problem area and observe

The ovale saffldig prvidd eay acesto al aeasthe results of the proposed fix, VAC found this to be aoThe ovale caffldig povidd esy ccet toallarmextremely workable procedure which increased the0of the zcne. As can be wn fi-oi this figure, all aircraft efficiency of the design process by eliminating time con-
aecess p~anels have been removed to piermit visual observs- suming debriefing of the dynamics engficers by the design
don of all components during the vibration suy y. -S- personnel. This board reviewed all systems throughout the

of te euipentfrom~.erigt aionis by hs 'eenaircraft and categorized components Into the following
removed since that area was not under invetigation Pt the four groups.
time this photo.'raph was tolen. * Safety-of-flight

0- * High, Maintainability
To provide the nel*-amy energy to excite and sustain * Low Reliability

compurnent resonances so local structural moides could be * No Problem

Identified vblsally with so c boscoric lamp.. it was necessary

imedne.-'- -, comlshdby geometrically was tagged with a circular tag as specified in TableI.
arrnging the -.%aken to ex o, either the local panel modes
L-' the lo-.il surface 'nodes. B-. placing the shakers sym- Table /1
metricaJ*y on both Wies of the airplane and applying Pra-Test Identification Tags
In-phase or out-of-phas: excitation the desired modes were
obtained. Figure 4 iliusluates the manner in which the CIRCULAR TAGS DENOTE
shakers were attached to the structure. This was accom- Red Sufety-of-FlIih Items
plishe4 by cementing blocks to the aircraft and ittsching Yelow High MaintainiabIlIty Items
the shakers to those blocks by means of force rods. Shear rmLoReailtIes
bolts me-re used to attach the force rods to ti,- siaker
armt~ure to prevent sideloads fromj damaging the annatare.
lit order to INec;t the rwec,.asary force Into the aircraft These taos aided the dynamics engineer in selectirng thme
structure as many as vv- shakers were utilized at one cowponents which he would Invereteate during Mhe vibra-
time, dependn 1 upnn which zotne of the aircraft was being tion sweep. However, he was not lim ted to the tagged
investigated and I- what axis the vibration was being components, but would investigate any instals!*nn that
applie4. responded in ant adverse manner to the applied vibration.
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Once the shakers were located and attached to the potential maintenance problem; and if it was, what course
aircraft, for a partficular zone investigation, the dynamics of action would be taken. If the installation was classified
engineers holding stroboscopic lamps positioned themselves as noncritical, then it was accepted as designed. However,
so the entire teat zone could be observed. Each observer if the Item represented a potential maintenance problem,
was equipped with a head-set which kept him in :!natant then it was selected for further investigation during future
communication wit the test conductor and all other flight test programs where the flight vibration environment
observers. A vibration survey from 10 Hz to 300 Hz was and component response would be measured. If the flight
conducted, The teat controller announced the vibration data verified the ground survey findings, the recommended
frequencies as the sweep wvas continued, dwelling when change was incorporated. On the other hand, if the flight
necessary to alow each observer to tag those items which data indicated the component installation was satisfactory,
were responding to the input vibration and to record on no further action was taken.
white rectangular tags the approximate frequency at which

the axium ~curlonoccrret. Tis roceurewasThe tabulation of all tagged components and the
continued until all the components iii the particular zone scheduling of each recommended redesign was kept in
bel S surveyed were investigated. Once this was accom- order by maintaining large bulletin boards next to the
plished, observers would request the test conductor to teat site. These boards listed the items investigated, the
dwell at the resonance frequency of each component reslt of the investigation, and the recommended modifi-
which they had tagged during the sweeps. The test coin- cainThyisIdctewehrrvewbrdcio
ductor dwelled at these frequencies, one at a time, starting was required and what action was taken.
with the lowest. The motion of each resonating co-oonent Tearodtoigcmatet hc ssoni
was studied to determine the severity of the resoni Figure 4 is a good example of the contrast involved into define the requirements for a design change, it analytically predicting the response of some component
deemed necessary. Colored rectangular tags, as specified in Installations v'ersus determining the response during a
Table III, were attached to each component salt was vibration test. Bemause of the complexity of this installs-
-Ameyed. These tags illustrated by their ce~or whether tion, analytical prediction of the response of the many
the component had a vibration problem, the severity of vre opnn ntlain shgl mrciaO
that problem, and ifsa redesign was needed or further teohrhni eaieysml akt rb h

stud wasrecmmened.area with a stroboscopic lamp during a vibration survey.
Each component resonance frequency can be determined

Table Ul/ and equated to known forcing function frequencies. A
Component Resonse Classification Tags failure to deal with this problem can reduce the aircraft's

reliability through increased maintenance, cause aborted
RECTANUIJ.1combat missions, ground the aircraft until design changes

TAGS DENOTEcolbeisaed

Red Major response below 300 Hz -colbeisaed

Modification required Askle from the normal problems encountered in the
vibration test, one unique to this methodology is associated

Yellow Major response below 300 Hz - with the length of time that engineering personnel can use
modification required but cannot high intensity stroboscopic lamps. A resonance type
be incorporated -urhrphenomena is encountered Involving the optic nerves sad
invesiaion isided alpha brain wave between 8 and 14 cps. After a short

period of time, disorientation and nausea were induced in
Ble No ator reqpnui eor 30 oed pesnnel. A ftew individuals were restricted from

Plo ctio reqiredparticipating in the test because of this phenomena. Af1

Graen Modification incorporated - were limited in the amnount of tume they were continuously
Redesign acceptable exposed to the strobe lamp. The procedure used by VAC

-- was to have the engineers who were using the stroboscopic
lamps to alternate their test coverage in two hour shifts,

If a design change was r. quired, the necessary modi- with a two hour rest period between shifts.
fication to the aircraft was installed; the component wasI
then resurveved to we whether the change was e'ffective TWS RESULTS
or if more modification was needed. Design engineers
were available at the teat site to "red line" installation A combined total of S49 components and installstion,;

*drawings on the spot, thus decreasing the time required were investigated within the A-7E aircraft. Out of this
to incorporate the test modificauons into the production toWa, 356 of these items, which had either a small amplifi-
drawing. If the recommended design change could not be cation factor at resonance or a resonance frequency in a
incorporated into the aircraft without major reworl, of the noncritical range, vate left as designed, i.e. no modification
1oa1 structure, 0I'.& te instal~ation was preer.ed to the needed. Of the remaining 193 items, 60 of these had large
review boird for its consideration, It was the board's vibration aolitudes at resonance 'out could not be readily
responsibility to deckde whether the installation was a reworked; so they were selec-ted for further investigation
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during future flig it tests. The remaining 133 items were system components and linkages that might result in a
corrected, either )y changing their natural frequencies, critical flight failure, No unusual problems were found
introducing high damping or otherwise restricting motion in the survey and none have been experienced in flight.
to attenuate their response to a negligible amplitude. The It is at best difficult to quantitize effectiveness of a
modifications generally consisted of marriage clamps to program of this type; however, a review of the reliability
adjacent lines or tubes, additions of component attacn- and maintainability of two systems, hydraulic and electrical,
ments to adjacent structure or the alteration of localized grossly exemplifies this elusive quantity. The A-7A/B had
structure to change the mounting stiffness characteristics presented a history of leakage in hydraulic connectors and
of the items. Some of these typical modifications can be trombone type extension units as well as problems with
seen in Figure 5, which is a photograph of a poition of loose electrical connectors. The survey resulted in addi-
the inside wall of the engine bay. There are three different tional hydraulic line attachments and changes in the con-
types of test modifications shown in this figure: a nector seals. Minor changes were made at the time of the
structural strap connecting several fuselage ribs together to survey on the extension unit seals. Flight test follow-up
increase their stiffness; a support clamp on a hydraulic line later resulted in a change to flexible lines for the two
to increase its resonance frequency; and the modification major extension units between airframe and engine
of a component mounting support bracket. All of these mounted hydraulic pump.

In reviewing reliability and maintainability, at the

C1 T weapon systems level, a comparison of similar aircraft with
, ,,and without the changes showed an improvement of 21%

in the mean-time-between-failures (MTBF) for hydraulics on
changed aircraft, averaged over a one-year period. For the
same time period (and in different terms) the electrical
system showed a 14% decrease in direct-maintenance .
manhours-per-flight-hour (DMMH/FH). Of course, total

-4 j. ~- credit cannot be given to the vibration survey for these
improvements since system improvements were being made -' -; "
on other bases; however, flight acceptance of the A-7E 7as

] greatly aided due to solution of the hydraulic leakage[ problem, which did directly result. If only 25% of the
Figure 5. Typical Component and Structural indicated improvement is credited to the survey, it is easily

Modification Used During Survey seen that the costs are amortized over just a short time
period for a few aircraft.

test modifications were resurveyed to determine their
effectiveness. If they proved to be acceptable, then a
formal design change was initiated and incorporated into
the manufacturing process for the A-7E. CONCLUSIONS

PROGRAM EFFECTIVENESS The ground vibrabiton survey on a production com-

plete aircraft, up to 300 Hz, has proved a very effective
Estimated cost efi'ectiveness is a key consideration tool in preventing environmental vibration problems on

prior to the initiation of any program. Experience with two aircraft programs. The procedure is particularly
the XC-142A had shown some of the benefits to be effective for complex Installations, tubing and wiring runs,
expected prior to the A-7E program, and a reasonably and components that do not lend themselves to practical

good estimate could be made of the costs. Completion theoretical analys-. Direct benefits havw been improved

of the survey finally required approximately 20 engineering systems reliability and maintainability; virtual elimination

end test personnel for a one-month time period. Tests of repeated hydraulic joint leaks, improving ground crew

were run on a 12-hour day, 6 days per week basis, in order performance; improved confidence in critical controlI ;to hold the aircraft for a minimum time eriod. This syster: performance; s better weapon system, Peripheral"!

minimum required diversion of a production aircraft from benefits were derived from the test procedure through
the line for 20 days. Costs following the survey, for education of lead designers in component dynamic response.
drawing change, production order changes, etc., are not In short, experience has shown the benefits to far outweigh
considered a part of the procedure cost, since they would the costs in the two vehicles tested to date. The test pro-
have been incurred later on some other bas, cedures used on these program have worked quite well,

and can be easily varied to suit other vehicles. VAC plans
Based on experience with the XC-l 42A, a primary to use this type survey on all future programs and can

motivation in the vibration test was to survey all control highly recommend it to others
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DISCUSSION

Mr. Koen (Bell Laboratories): Why pick Mr. Koen: It would seem difficult because
300 Hz; why not higher frequency or lower? of the low displacements.

Mr. Hutchinson: Strobe lights are not Mr.-Hutchinson: Well, of course, if it is
much good over 500 Hz and our shaker was only a low displacement it won't produce much stress
capable of going to 300 Hz. in the design. You are really only worried

about the large displacements. If you get
Mr. Koen: How were you able to detect large displacements with small inputs you will

reaonance in the neighborhood of 100 to 300 probably have a problem when you fly.
Hz? Was it by visual means alone?

Mr. Hutchinson: Yes, it was strictly
visual using strobe lamps, watching displace-
ment and then determining if we had excessive
amplitudes. It is the judgement of the indi-
vidual holding the strobe lights. If he
considers the motions to be excessive with

respect to the low vibration inputs, then he
marked it for further investigation.

tI
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~IVI
PROBABILITY DENSITY FUNCTIONS OF MEASURED DXAA

Robert G. Merkle and Roger E. Thaller
Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio

In structural systems subject to complex distributions of randomly varying
external excitation forces, continuous measurements of system response are
made at a number of points. Statistical measures of average, dispersion,
skewness, and kurtosis are defined and used to identify the mathematical
form of the probability density functions associated with such measured
data. A careful examination is made to determine the extent to which
variations in the shape of the probability density function were associated
with variation in sensor location and flight condition.

INIRODUCTION The probability density functions provide
the basis for estimating the rate of occurrence

Vibration surveys of aircraft and other of extreme values of acceleration and sound
complex structural systems are commonly taken pressure level. These extreme values may cause
by recording instantaneous acceleration time catastrophic failure or greatly accelerate
history data for a fixed interval of time from fatigue damage. If the form of the probability
sensing devices at a large number of structural density function is independent of sensor loca-
locations under the full range of flight or tion and flight condition, then estimating the
test conditions of interest (airspeeds, alti- rate of occurrence of extreme values of vibra-
tudes, etc.). The resulting three dimensional tion is simpler and less expensive.
block of measurements, flight condition versus
sensor location versus time, constitutes the Knowledge of the probability density
input data for statistical analysis. function of the input time history data is

useful in establishing the density function
The purpose of this paper is to discuss a associated with important measures of vibration

statistical analysis technique in which these and acoustic intensity such as overall mean
recorded d.ta can be utilized to test hypoth- square values and estimates of power spectral
eses concerning: density [2, 3]. Statistical theory indicates

how one can obtain the probability density of
a. The probability density functions data derived by taking a mathematical function

associated with the time measurements for a of other data having a known pdf. Since vibra-
single location at a single flight condition. tion and acoustic data analyzers operate by

performing known sequences of mathematical
b. The extent to which such proba- operations on the input data, the pdf of the

bility density functions depend on sensor analyzer output depends solely on the pdf of
location and on parameters specifying flight the data input. *-'

conditions.
STATISTICAL MEASURES

By comparing the statistics of the time
series histograms with the corresponding A set of observations for any variable can .
parameters associated with theoretical proba- be characterized by an overall average value as
bility density functions (pdf), the form of the well as some measure of dispersion or scatter
pdf will be determined. As an example of this in the data. In addition, whenever such a
procedure, comparison of the statistics of a distribution of observed values is arranged in
set of actual time histories with parameters of the bar graph form, characteristics related to
theoretical probability density functions will the symmetry and shape of the distribution
test the hypothesis that the time history data become evident. These concepts are quantified , 4

follows one of these probability densities in the next few paragraphs.
[1, 21. Further analysis will determine
whether this form of probability density Let xi, i a I.. .N denote a sample of N
function is independent of flight condition observations of the variable x. If the range
and sensor location, of x is subdivided into a series of m adjacent
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mitervals by the ordered sequence of values Figure lb is the most frequently occurring
Xk, k = 0.. .m, m<<N, then the function yk-f(xk) value of x.
can be defined to mean the number of observa-
tions that fall in the interval xkl<X<Xk. An Another attribute of interest for measured
example of such a function is plotted as a data or probability density functions is some
histogram in Figure la. measure of the scatter or variability in the

Mk) fdata, The mean square deviation from the mean
value is called the variance and its square root
is called the standard deviation. Expressing
the variance mathematically for both observed
data and probability density functions gives:

N
X0 Xt Z S 2

Fig. la- Histogram Fig. lb - Frequency
Distribution Function and

For large numbers of observations and more
refined subdivisions, such histograms approxi-
mate continuous mathematical functions illus- where i and ji are as defined previously in
trated in Figure lb. Here the total area under Equation 1.
the curve f(x) represents the total number of
observations and the shaded area between the Both the mean and variance are related to
curve and any fixed interval on the x axis a more general set of statistics called the
represents the number of observations expected moments of a probability density function.
to fall in that interval. If the area under Moments are useful in specifying the shape of a
the curve in Figure lb is normalized to one by pdf. The j th moment about point a is defined
dividing f(x) by the total number of observa- as follows for observed data and probability
tions, the shaded area then represents the density functions respectively:
probability that a randomly selected observa-
tion x. will fall in the underlying x interval.
The probability density, p(x), the value of the
ordinate in such a normalized curve, is defined
as the limit of the ratio of the probability N
associated with a given interval to the length i=l
of the interval as the latter approaches zero.

and
Statistics characterizing histograms and

probability density functions can be defined -
in terms of the observation x and the contin- (x-a)3p(x)dx jul, 2, ... (3)
uous x variate of the probability density
function. The most useful measure of average
value is given by the arithmetic mean defined The first moment about zero is simply the
respectively as follows: arithmetic mean given in Equation I and the

second moment about the mean is the variance
given in Equation 2. Higher moments are

7Xi related to other characteristics of statistical
data that govern the shape of the probability

i i - density function.

In order to specify the higher moments in
and a more useful form the effect of uniform

changes in the observations on their mean value
and standard deviation should be noted. Adding

5 xp(x)dx )or subtracting a constant to each observation-, , d(will add or subtract the same amount to the
mean value but leave the standard deviation
unchanged. On the other hand multiplying or

The mean value illustrated at x-c in Figure lb dividing each observation by constant value
is the x coordinate of the centroid (or balance will multiply or divide both the mean value and
point) of the area enclosed by the curve and the standard deviation by the same constant.
the x axis. The median or middle value illus- In either kind of uniform change the relative
trated at x-b in Figure lb is the x coordinate magnitudes of the deviations from the mean and
of the vertical line dividing the enclosed area consequently the shape of the histogram of
in half. The mode illustrated at x-a in frequency distribution function remains
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unchanged. A special case of uniform changes is N
of interest: first subtracting the mean value
from each observation and then dividing the
result by the standard deviation to form a new b21 = i=1 -b
set of standardized data having a mean value of N N
zero and a standard deviation of one. Stand-
ardized data are quite useful in studying I
characteristics of statistical data related to
the shape of the probability density function (

7 X- d l( X ( )
and in measuring the correlation between two p(x)dx = 82
variables. . 0

The first four moments of the standardized The standardized third moment VG called
value of x are as follows: the coefficient of skewness is necessarily zero

for symmetric probability density functions in
which p(x) = p(-x). (Sufficient conditions for

N N symmetry require that all odd moments equal
zero.) For probability density functions
skewed to the right as in Figure lb /0-> 0,

ii0 for those skewed to the left I/-i< 0. he
i~= 1- i-g = 0 standardized fourth moment 62 called the f

kurtosis is associated with the varying degree
of concentration about the mean that is possible
for probability density functions having the
same mean and standard deviation as shown in

p(x)dx~l (x-j)p(x)dx =0 Figure 2.
&~~o > ,...

( xi".). x

\" Fig. 2- Kurtosis Variations In
i11 i4 = 1 Probability Density Functions

4Values of the skewness 47 and the
kurtosis 0 for several probability densities
of theoretical and practical interest are given

X-I) 2; in the next section.

p(x)dx = ~ x-u) p(x) dx l =1 PROBABILITY DENSITY FUNCTIONS

Square, sinusoidal, and triangular waves
commonly used in instrumentation laboratories
are each associated with probability density
functions of theoretical interest. In each
case shown in Figure 3 the mean value ji is set

"x-i equal to zero, the root mean square value (or
standard deviation) is set equal to a by choos-

i=l 1 i=i ing the appropriate wave amplitude, and the
N "~ .-s N bt coefficient of skewness fri is zero due to the

symmetry with respect to positive and negative
values. Illustrations of the kurtosis 82

0 values indicated in Figure 3 are, therefore, _

p(x)dxul -iJ) lp(x)dx w4's those associated with the corresponding pdf
shapes.

103

.'a¢

http://www.abbottaerospace.com/technical-library


-4P

the sample size, a- a/n '. Therefore, a mean

y value computed from one sample is, in reality,
asingle observation from this sampling distri-

t .1 bution of the mean and o/nl, called t e
0" standard error, is it's measure of variability.

- aEven when the parent population is not normally

SQUARE WAVE y,/2 &(x ). 1/2 ON- a) distributed the distribution of sample means
still approaches the normal distribution as the
sample size increases. It is this property that

Y gives the normal probability density functionk~1I its position of importance in statistics.
TINE-HISTORY WM" REENS

.- 0 . Analysis of a set of time histories was
SINE WAVE performed as an example of procedures for

s wv- -z determining the characteristics of probability
density functions of test data. The time
histories are measurements of vibration of the

y QRC-335 electronic equipment carried as an
S  external store mounted under the wing of a jet

Aaircraft, the RP-4C. Figure 5 is a sketch of4 Z t1 4 the QRC-335. The boxes and lines depict the
- 3 o locations of four accelerometers and four

TRIANGLAR WAVE e --L microphones mounted parallel to the structure.1A4A VThe first two accelerometers were mounted in the
vertical direction; the second pair of acceler-

Fig. 3 - Wave Form Probability Densities ometers were in the lateral direction. Accord-
ing to their direction and their location on theThe normal or Gaussian probability density QRC-335, the accelerometers were classified in

function shown in Figure 4 is the most important contrasting groups for regression analysis. The

in statistics for randomly varying quantities. microphones were also classified into contrast- -
ing groups, based upon their location on the
store. The classifications of accelerometers
ar" microphones are illustrated in Table 1.

Z;.)tu ",le 2 is a summary of the twenty-one condi-: -f x)*;-I [~) y() iqx .,otions under which tests were conducted.

O" • TA IDRD D[ ATOO AAR

p. * MEAN VALUE i

4r * STA40ARD DEVIATION I~a L Ja'

Fig. 4 - Normal Probability Density Function

For the noxial probability density function TOP

the ear, median, and mode all coincide and
have the value of the parameter )i. The stand-
ard deviation given by the second parameter a
is always the difference between the
x-coordinates of the mode and the point of 4li"
inflection or maxinum slope on either side.
Since the normal pdf is symmetric the coeffi- Fig. 5 - Location of Sensors
cient of :kewness -9 is zero. The coefficient TL
of kurtosis has a value of 3 for all values of TABLE I
the paraieters u and a. AcCLROER A MCK"09 CP 0ACTERISTC'

The nomal pdf is not only the basic AC " 0  "ONToAL TOP OR HORZOAL

distribution law for many stochastiz processes M M" VOr WO
but also plays a vital role in statistics. If
smples of size n are repeatedly drawn from a 2 VEIA POPA l  s TOP A..

normal population and mean values are computed, 3 LATEW FOAWiO 7 TOP P'-" .

these means theselves constitute a new normal 4 LATERAL AFT a TOP FORMw-

distribution with a mean value equal to the
mean of the parent population, t_ =v, and a The data measured by the instrments during

Ssflight tests were in part due to boundary layer
standard deviation equal to the standard turbulenre and, in part, due to jet engine
deviation of the parent population divided by noise, even though the QRC-33S was not located

directly in the jet stream.
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TABLE 2 9X GAUSSIAN

AIRRAFT FLIG4T CONDITION CODES 8 PR OLTY

CODE MACH ALT CODE MA0 ALT CODE MACH ALT TION OF S~IN-

1 .00 2000 S '9562000 15 .65 39,000 2 S0IAL DATA

2 .65 2000 9 1.00 2000 56 .70 31,000

3 .70 2000 90 1.08 2000 17 .75 31,000

4 .75 2000 11 1.10 2000 18 .80 31,000
5 .60 2000 12 9.15 2000 it .65 31,0003

8 .65 2000 13 .9 000 20 .90 31,000 5

7 .90 2000194 .60 39121 .95 34,O0

Table~ 2 ib a sumary of the twenty-one
conditions under which the test was conducted.
A sample of 250 points was taken from an analog
time history from each accelerometer and micro-- I.
phone at each flight condition. A computer 5-
program was used to calculate the skewness and
Figure 6 is a plot of the skewness and kurtosis
for each distribution of acceleration data and
Figure 7 is a plot of the skewness and kurtosis
of acoustic data. Plots of the skewness and 0 I 2 3 4
kurtosis of various theoretical distributions #
are also indicated on the same figures. These SKEWNESS
figures show that almost all the skewness and
kurtosis points are clustered very close to the Fig. 7 A mplitude Probability Density Of
point 0, 0 and 02 3. Acoustic Data

I QRC Time History
X GAUSSIAN Table 3 shows the ranges of the skeun-
a PROSANUTY (1T7) and kurtosis (01) for both accelerometers

~IY PUINC and microphones. The extreme values of the two,
MNINU-

2SOIDAL DATA statistics are given, along with the associated
sensor identification and flight condition

IS information.

TA"_ E 3

1.0 SENSO MACH ALT

4-MAXIMIM SKEWNESS -. 77 *1 1000
MAXUIRI KWSS Z.03 03 1.05 2000

MIMUM KUIRTOM6 %AI 0? .70 31000

NOUNM KLOSS 6.M 0? .70131000

I2 3 4
AlThe question arises as to whether the range

SKE WNESS of variation in skewness and kurtosis indicated
Fig.6 -Anpitue Pobablit D~I5Iy ~in this table are the result of sampling error

Fi,6-Acclueroailt Desty or whether they are related to sensor location,
mach, mnd altitude. This matter is treated

QRC Time History next.
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PROBABILITY DENSITY OF MEASURED DATA TABLE 5

One might hypothesize that the basic form ACOUSTIC STATISTICS
or type of probability density ftmction associ- MCROPHONE SKEWNESS KURTOSIS
ated with the vibration time history data will SYMOOL POSITION ESTIMATE STD DEV ESTIMATE SID 0EV
remain the same even though the overall rms
value of the time history will vary signifi- 9 OTTOM,F*W 023 .038 2.76 .4s1
cantly from one sensor to another and from one o TOP, AFT .060 .038 a24 451
flight condition to another. If this is so
then the coefficients of skewness and kurtosis 0, TOPFWO .009 .038 2.64 481
which are statistical measures of the synuetry @* TOP.FWD .076 .0 300 .4s1
and peakedness of the probability density b ALTITUDE .027 .030 013 348

should remain the same for all sensors and test e MACH Nt .045 091 25 lOSS
conditions. To test this conjecture we assume
for both vibration and acoustic statistics a "
general linear hypothesis model of the form: In Table 1 accelerometers and microphones

were identified according to their direction
a.. a. + b(x.-i-) + c(yi-j) j = 1 ... 8 (4) and location. The contrasts of Table 6 and 7
3. 1indicate whether these dificrences result in

significantly different values of skewness and
where kurtosis. For example, Tatle 1 indicates

sensors 1 and 2 are vertically oriented and
a.. is the expected skewness or kurtosis for sensors 3 and 4 laterally directed. If skew-

sendlr j at flight condition i, ness is not related to direction, then the
average value of skewness for 1 and 2 should be

aj is the mean skewness or kurtosis of sensor about the same as for 3 and 4, and their
j over all flight conditions, difference should be about zero. In symbols

xi and 5 are respectively altitude codes a1+a2 - a3 a, . a,+a-a ,,a- _. 0
(xi  0 at 31,000 feet and x - 1 at 2.000 2 -- 2

feet) and the corresponding mean value,
This is the difference shown in the first

Yi and 7 are respectively the inch number of line, third column, of Table 6 for the vertical-
flight condition i and the mean mach number, lateral skewness contract. The actual differ-ence from measured data is given in the fourthand

column and its associated standard error in the
b and c are regression coefficients having last column. A similar line of reasoning

values which minimize the rms value of the applies to the remaining lines of Tables 6 and
difference between the measured and computed 7. These results all come from the same
values of the aji" computer program cited for Tables 4 and 5.

Actual computations were carried out using TABLE6
* Program 06V, "General Linear Hypothesis with CoNTRAT ,oR ACCI(I .LEtE

Contrasts," from Biomedical Programs, Ref. [4].
Estimates and standard errors for the a, b, and CONTRAST STATISTIC OFREC ESTIMATE 570

c coefficients in Equation 4 were computed for VERT-LAT NKEWNESS ,.*.-.-I" -.001 003
four different cases: skewness and kurtosis
for vibration data shown in Table 4 and Fw-.4T SKEWNESS ,%..o -Z41,, AM 00 ,
skewness and kurtosis for acoustic data shown . 4
in Table S.I i I_, -A--T ,,RTOX ...-.- , -.27 u s * ["

TABLE 4 I
ACCELERATION TATISTICS TABLE 7

ACCELEROMETER SKE WNESS XITOSIS C Fr WI

SYM OIN301M ESTIMATE SM00EV ESTIMATE SFO CIV CMA $T* rya t"aMMWI

, VW.T -. 040 .0 LIN .446 . ___,_ o.,I
AFT- PRO SKEWNESS .. 024 .0440

.
2  VERT,PUO. .otS .039 2A. .4ES
"• LATERALFU. .00$ .35 2.57 .446 AP-PUS WURI . %)I3 -0.

i. LATERAL,APT-.001 03 2A? .466I

LAERLFT.06 n 2? .3 077CM-TOPI KURTOSIS orlloe)/3 -. 164 0.911
, ALTTuDE -.00 .030 .010 .an5

e MACH IM .04 O .01162 1.IO4
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Examining the last two tables first, one significant evidence for rejecting a normal pdf
notes that none of the contrast estimates assumption for vibration time history data.
differ from zero by more than the value of its For acoustic data the kurtosis falls within one
standard error except for one case where the standard deviation of 3 but the skewness
estimate and error are approximately equal. estimate is 2.21 standard deviations below zero.
Thus, no reference to statistical tables is A 99 percent confidence interval for each of
necessary to conclude that these data are these four tests separately would be required
consistent with the hypothesis that variation to have about 96 percent confidence for all
in the direction and location of measurement four simultaneously. This, in turn, implies a
points are not associated with statistically confidence interval of 2.58 standard deviations
significant variations in either the skewness on either side of the estimates, a range which
or kurtosis statistics of vibration and includes 0. Therefore, these data provide no
acoustic time history data. This, in turn, is statistically significant evidence for reject-
entirely consistent with the original conjec- ing a normal pdf assumption for acoustic time
ture that the form of the probability density history data. Of course the more powerful
is independent of the location and direction of chi-square test could have been used for this
the measurements. purpose but this test provides no information

at all about what the pdf should be if the --Examining next the b and c regression assumed f,)rm is not consistent with the .

coefficients in the last two lines of Tables 4 measured data. With computed values of skew-
and S one again notes that in all four cases ness and kurtosis, on the other hand, one
the estimate differs from its standard devia- simply selects mathematical probability density
tion by less than the value of its standard forms which exhibit similar values of thesc
urror. Again this leads directly to the parameters. Having selected such a form one
conclusion that variations in altitude and mach can still go on and perform the chi-square test.
number are not associated with statistically In the present case the data provided so little
significant variations in either the skewness evidence of non-normality that further testing
or kurtosis statistics of vibration and acoustic was considered Unnecessary.
time history data. This in turn, is entirely
consistent with the original conjecture that Sinusoidal vibration is enerated from :
the form of the probability density function is imperfectios in engine turbine shaft balan"ce
independent of the flight conditions at which and transmitted throughout the structure.
the measurements were taken. Since the pdf associated with sinusoidal data

Xn has a kurtosis of 1.5 (Figure 3), its presence
ine are ts nd ere exmnd ntenih o bee dat asoewat blw the alu of~R clt

Finally the skewness and kurtosi. estimates might be expected to reduce the kurtosis ofin Tables 4 and 5 are examined in the light of observed data somewhat below the value of

similar values for the theoretical pdf's given expected from sources of random vibration. In
previously. Since contrasts of the kind shown a laboratory test simmoidal and random vibra-
in Table 6 indicate no statistically signifi- tion having thot same rms value were stmed, and
cant differences in skewness or kurtosis the kurtosis of the resulting data was found to
estimates between any pair of measurements, a be 2.62. The 2.8 values shown in Table 8 thus
single estimate of a may be obtained by taking suggest a predominance of random vibration with
the mean value of the four estimates in each some sinusoidal present. This conforms to what
group shown in Tables 4 and S. Since the might be expected from engineering judpments.
standard deviation of the four estimates in
each group is the same, dividing it by the
square root of the group size, W- 2, gives CONCIEO
the standard deviation associated with the
single rm value estimate for each group. Based on the comparison of the statistics
These results are indicated in Table 8. of the time series histogram~s with th as

meters of the Gaussian probability density
TABLE 8 function, the hypothesis that the time data ,

.. follow a Gaussian pdf caot be rejected.According to the results of the tests performed
SKiEWS$ sTO with the 944W6, the hypothesis that the Wd is

am ~w manwra ~, -~- independent of sensr location arnd flight
ESTIMATE 011* -E .006M M 0t condition also cannot be rejected.

ACOUSTIC DATA -M .0 to M22 The foa of the probability density func
tion can also be used to obtain the froa|ecy - -

of occurrence of extrme values. These extreme
These estimates my be compared with the values may severely damage aircraft. As noted

know values of 0 and 3 for the skewness and in the introduction, haowlede of the shape of '

ku~rtosis of the normal probability density the pdf of the time history dat my also be -

function. For vibratimi data both the skewness used to obtain the pdf of other invIortant
and kurtosis estimates fall within one standard measures of vibration data which are fUnctions
deviation of the 0 and 3 values respectively. of the time history.
Therefor*, these data provide no statistically
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Once the form of the time history pdf is REFERENCES
determined to be independent of changes in
flight condition and sensor location, the 1. Norman Johnson and Samuel Kotz,
skewness and kurtosis can be calculated once "Continuous Univariate Distributions,"
for a.l the data collected during the test. Volumes I and II, John Wiley & Sons, 1969
It remains necessary to calculate the mean
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3. Gwilym M. Jenkins and Donald G. Watts,
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4. W. J. Dixon, Editor, "BMD: Biomedical
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