C AR S

TRT

AT

(Part

THE

BULLETIN

Part 3
Aerospace Vehicles, Vibro-acoustics

ALA112619

) JUNE 1975

A Publication of
THE SHOCK AND VIBRATION
INFORMATION CENTER

Naval Research [aboratory, Washington, D.C.
>
", o
)
()
ﬁ Office of
= The Director of Defense
-t Research and Engineering
€2
==
Approved for public reke 1siributy jnuted. r

Bulletin 45
3 of 5 Parts)

SHOCK AND VIBRATION

o m————




oTic

copy
INSPECTED
2

\\
> CONTENTS, -

1 PAPERS APPEARING IN PART 3

3 Aerospace Vehicles

AN EXPERIMENTAL/ANALYTICAL DETERMINATION OF TRANSPORTER LOADS ON THE VIKING
.. SPACECRAFT" e e e s e e 1
% i G. Kachadounan General Electrlc Company, Hampton, Virginia

\, DETERMINA fION OF PROPELLANT EFFECTIVE MASS PROPERTIES USING MODAL TEST DAT!})\ 15
J.C. Chen and J. A Garba, Jet Propulsion Laboratory, Pasadena, Californa

o

~UNIQUE FLIGHT lNSTRUMENTATlON/DATA REDUCTION TECHNIQUES EMPLOYED ON THE

] VIKING DYNAMIC SIMULATOR . ........ ..... ...... 25
A . M F. D. Day, Martin Maretta Aerospace, Denver, Colorado and 8. K ded The Jet Propu.snon
Laboratory, Pasadena, Calhifornia
” ANALYTICAL PREDICTION AND CORRELATION FGR THE ORBITER DURING THE VIKING
\ SPACECRAFT SINUSOIDAL VIBRATION TEST: ... ....... 37
G. R. Brownlee and J. A. Garba, Jet Propulsion Laboratory, Pasadena Cahforma,end F D Day, lll‘

Martin Manetta Aerospace, Denver, Colorado

- *FAIL SAFE FORCED VIBRATION TESTING OF THE VIKING 1975 DEVELOPMENTAL SPACECRAFT ., 59
J. W. Fortenberry, Jet Propulsion Laboratory, Pasadena, Califorma, and P Rader, Martin Mariétta
Corporation, Denver, Colorado

- A METHOD FOR DETERMINING TACTICAL MISSILE JOINT COMPLIANCES FROM DYNAMIC TEST

DATA e e e e e e e e 75
1. G. Maloney and M T Sht,lton Geneml Dynamus Corporatlon Pomona, Calfornia

VT AT

Vibro-Acoustics

DYNAMIC STRAIN MEASUREMENT TECHNIQUES AT ELEVATED TEMPERATURES ... . ... ... 89

R. C Taylor, Air Force Fhight Dynamics Laboratory , Wrnight-Patterson Air Foree Base, Ohro
AN ACTIVE LINEAR BRIDGE FOR STRAIN MEASUREMENT .. ... (... ., ’ P 1

~ P. T. JaQuay, Air Force Fiight Dynamics Laboratory . Wright-Patterson Air Force Baac Ohlo
VIKING DYNAMIC SIMULATOR VIBRATION TESTING AND ANALYSIS METHOD- . ... .. ... . 103

A. F. Leondss, General Dynamies Corporation, San Daego, California

ANALYSIS AND FLIGHT TEST CORRELATION OF VIBROACOUSTIC ENVIRONMENTS ON A

REMOTELY PILOTED VEHICLE . . . .. . i15
S. Zurnaciyan and P. Bockemohle, Norlh.op(orpomuon ! lutronm Dwmon Hdwthomc ("ah{omu

AERO-ACOQUSTIC ENVIRONMENT OF RECTANGULAR CAVITIES WITH E FNGTH TO DEPTH RATIOS
IN THE RANGF OF FOURTOSEVEN .. . .. ... ... ..., 137
L. L. Shaw and D. L. Smth, Air Force Flight Dyndmua L4h(nraiory Wiight- Pat{ergon Au Ion.e Basa

s Ohio

"

! PREDICTION OF ACOUSTICALLY INDUCED VIBRATION IN TRANSFORT AIRC RAF’T e ce 149
i H W Bartel, Lockheed-Georgia Company , Manetta, Georgia

in
T ‘Wh %%
FRECEDIAC Fauk bl ed? ﬁma

e T ey TR TS

L
I3
Fi



i

TR B IR

R

W RTINS

Ll
i

SIMPLIFIED TECHNIQUES FOR PREDICTING VIBRO-ACOUSTIC ENVIRONMENTS! . ............ 167

K. Y. Chang and G. C. Kao, Wyle Laboratornes, Huntsville. Alabama

USE OF A SEMI-PERIODIC STRUCTURAL CONFIGURATION FOR IMPROVING THE SONIC FATIGUE
LIFE OF STIFFENED STRUCTURES: - v oot it e e e e it e . . 183
G. Sengupta, Boeing Commercial Alrpﬁme Company, Seattle, Washington

PAPERS APPEARING IN PART 2

ADDRESS OF WELCOME
Dr. D. Zonas, Chuef Scientist, Air Force Flight Dynamics Laboratory , Wright-Patterson Air Force Base,
Ohio

ADDRESS OF WELCOME
Mr. George Peterson, Director, Air Force Materials Laboratory, Wnight-Patterson Air Force Base, Ohio

KEYNOTE ADDRESS
Lt. General James L. Stewart, Commander, Aeronautical Systems Division, Wright-Pa:terson Air Force
Base, Ohio

Invited Papers

STANDARDIZING THE DYNAMICS OF MAN
Dr. H. E. Von Gierke, Aerospace Medical Research Laboratory, Wright-Patterson Air Force Base, Ohio

THE RIVET GYRO STORY
Mr. John E. Short, Aeronautical Systems Division, Wright-Patterson Air Force Base, Ohio

AVIONICS RELIABILITY
Lt. Colonel Ben H. Swett, Headquarters, Air Force Systems Commund, Andrews Air Force Base,

Washington, D.C.
Panel Sessions

MIL-STD-810C

TEST OR ANALYZE?

Seismic

SEISMIC SIMULATOR FOR SILO CONSTRAINED MISSILE GUIDANCE PLATFORM
R. L. Felker, Rockwell International Corporation, Anaheim, Cahformia

EARTHQUAKE RESPONSE OF COMMUNICATIONS EQUIPMENT IN SMALL BUILDINGS
M. J. DeCapua and F. X, Prendergast . Bell Laboratonies, Whippany, New Jersey

SEISMIC ANALYSIS OF MOTORS FOR NUCLEAR POWER PLANTS

L. J. Taylor, Westinghouse Electric Corporation, Buffalo, New York and N. M. Isada, State University of
New York at Butfalo, New York

Special Problems

EXTENSION OF CONTROL FECHNIQUES FOR DIGITAL CONTROL OF RANDOM VIBRATION TESTS
J D Tebbsand D O. Smaliwood, Sandia Laboratories, Albuquerque, New Mexico




T

I

T L R T L T B T T

Rilkaii 2o

J cx e MDY 2o gy

i b 1

"

VIBRATION-INDUCED DOPPLER EFFECTS ON AN ATRBORNE SHF COMMUNICATION SYSTEM
J. Pearson and R. E. Thaller, Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base,

Ohio

FATIGUE DAMAGE EQUIVALENCE OF FIELD AND SIMULATED VIBRATIONAL ENVIRONMENTS
D. D. Kana and D. C. Scheidt, Southwest Research Institute, San Antonio, Texas

AN EVALUATION OF SHOCK RESPONSE TECHNIQUES FOR A SHIPBOARD GAS TURBINE
J. R. Manceau and E. Nelson, AiResearch Manufacturing Company of Anzona, Phoenix, Arizona

THE DEVELOPMENT OF A WATER PARTICLE VELOCITY METER
J. D. Gordon, Naval Ship Research and Development Center, Underwater Explosions Research Division,

Portsmouth, Virginmia .

PAPERS APPEARING IN PART 4

Impact

EXPLOSIVELY PROPELLED ROTATING PLATES FOR OBLIQUE IMPACT EXPERIMENTS
F. H. Mathews, Sandia Laboratories, Albuguerque, New Mexico

IMPACT TESTING USING A VARIABLE ANGLE ROCKET LAUNCHER
H. W. Nunez, Sandia Laboratones, Albuquerque, New Mexico

EVALUATION OF THE SHOCK PULSE TECHNIQUE TO THE UH-1 SERIES HELICOPTER
J. A George, T. C. Mayer and E. F. Covill, Parks College of St. Louis University, Cahokia, Ilinois

STRUCTURAL RESPONSE MODELING OF A FREE-FALL MINE AT WATER ENTRY
R. H. Waser, G. L. Matteson and J. W. Honaker, Naval Surface Weapons Center, White Oak Laboratory,

Silver Spring, Maryland

PLASTIC DESIGN ANALYSIS OF SHIPBOARD EQUIPMENT SUBJECTED TO SHOCK MOTIONS
L. T Butt, Naval Ship Research and Development Center, Underwater Explosions Research Division,

Portsmouth, Virginia

Packaging and Shipping

HIGHWAY SHOCK INDEX (SI) PROCEDURE FOR DETERMINING Si
J. H. Gner, Military Traffic Management Command, Transportation Engincering Agency, Newport

News, Virginia

THE DYNAMIC ENVIRONMENT ON FOUR INDUSTRIAL FORKLIFT TRUCKS
M. B. Gens, Sandia Laboratories, Albuquerque, New Mexico

A STATISTICALLY BASED PROCEDURE FOR TEMPERATURE SENSITIVE DYNAMIC CUSHIONING

CURVE DEVELOPMENT AND VALIDATION
D McDanel, US. Army Missile Command, Redstone Arsenal, Alabama, R. M. Wyskida and M. R.

Wilthelm, The University of Alabama, Huntsville, Alabama
A DAVIS GUN PENETRATOR LAUNCH SYSTEM
L O. Seamons, Sandia Laboratones, Albuquerque, New Mexico

Blast and Impulsive Loading

X-RAY SIMULATION WITH LIGHT-INITIATED EXPLOSIVE
R A Benhamand F. H Mathews, Sundia Laboratornies, Albuguerque, New Mexico

v e e e - -



T

R e o

”0.

STRUCTURAL DYNAMIC RESPONSE TO HEIGHT OF BURST AIR BLAST LOADING
H. F. Korman, N. Lipner and J. S. Chiu, TRW Systems Group, Redondo Beach, Californja

RESPONSE OF FLAT PLATES SUBJECTED TO MILD IMPULSIVE LOADINGS
C. A. Ross, University of Flornida Graduate Engineering Center, Eglin Air Force Base, Florida and W. S.
Strickland, U S. Air Force Armament Laboratory, Eglin Air Force Base, Florida

A MATRIX STRUCTURAL DYNAMIC MODEL OF PARACHUTE THERMAL COVER EJECTION BY
PYROTECHNIC DEVICES
A. E Barniskis and R. A. Romanzi, General Electric Company, Philadelphia, Pennsylvania

STRUCTUREBORNE GUN BLAST SHOCK TEST USING AN ELECTROHYDRAULIC VIBRATION
EXCITER
N. D. Nelson, Hughes Aircraft Company, Fullerton, Cahforma and R. L. Woodfin, Naval Weapons
Center, China Lake, Calhfornia

DYNAMIC PROPERTIES OF CONCRETE UNDER IMPACT LOADING
G. R. Grner, R. L. Sierakowski, and C. A. Ross, Department of Engineering Sciences, University of
Flonida, Gainesville, Florida

PREDICTING PLATE RESPONSE TO BLAST LOADING
Lt. Col. Robert O. Meitz and Lt. Philip B. Aitken-Cade, Air Force Institute of Technology,
Wright-Patterson Air Force Base, Ohio

PAPERS APPEARING IN PART §

Isolation and Damping

IMPACT ON COMPLEX MECHANICAL STRUCTURES
S. F. Jan, Bechtel Power Corporation, Houston, Texas and E. A. Ripperger, The University of Texas at
Austin, Austin, Texas

ENERGY ABSORPTION AND PHASE EFFECTS IN SHOCK EXCITED COUPLED SYSTEMS
C. T. Morrew, Advanced Technology Center, Inc., Dallas, Texas

HIGH PERFORMANCE VIBRATION ISOLATION SYSTEM FOR THE DD963 GEARS
P. C. Warner, Westinghouse Electric Corporation, Sunnyvale, Calitorma and D. V. Wnght, Westinghouse
Electric Corporation, Pittsburgh, Pennsylvania

THE DESIGN AND MEASUREMENT OF A HIGH IMPEDANCE FOUNDATION TO 20 kHz AND USE OF
THE DATA IN CORRECTING NOISE MEASUREMENTS
J. R. Hupton, Westinghouse Electric Corporation, Sunnyvale, California

RESPONSE OF THICK STRUCTURES DAMPED BY VISCOELASTIC MATERIAL WITH APPLICATION
TO LAYERED BEAMS AND PLATES
M. Lalanne, M. Paulard and P. Trompette, Institut National des Sciences Appliquees, Villeurbanne,
France

CONTROLLING THE DYNAMIC RESPONSE OF JET ENGINE COMPONENTS
D 1. G. Jones, Air Force Matenials Laboratory, Wnght-Patterson Air Force Base, Ohio and C. M,
Cannon M. L. Pann, University of Dayton, Dayton, Ohio

AN INVESTIGATION OF THE RESPONSE OF A DAMPED STRUCTURE USING DIGITAL
TECHNIQUES
M L. Drake, University of Dayton Research Institute, Dayten, Ohio and J. P, Henderson, Air Foree
Matenals Laboratory . Wrnight-Patterson Air Force Base, Ohio

AN ALTERNATIVE SYSTEM FOR MEASURING COMPLEX DYNAMIC MODUL!I OF DAMPING

MATERIALS
D 1 G lones, Air Force Matenuls Laboratory , Wright-Patterson Atr Foree Base, Ohio



24

e

A

T S B A, Ry e

Lactontagty

TP T

P

Dynamic Analysis

NONLINEAR VIBRATION OF CYLINDRICAL SHELLS UNDER RADIAL LINE LOAD
S. S. Taug, Rockwell International Corporation, Los Angeles, California

DETERMINATION OF THE ELASTIC MODES AND FREQUENCIES WHEN RIGID BODY MODES
EXIST

J. W Straight, Chnstian Brothers College, Memphis, Tennessee

ON THE FORCED VIBRATION OF TRIANGULAR PLATES
H. M. Negm, S. Chander, and B. K. Donaldson, Department of Aerospace Engineering, University of
Maryland, College Park, Maryland

EXPERIMENTAL DETERMINATION OF MULTIDIRECTIONAL MOBILITY DATA FOR BEAMS
D J. Ewins, Impenal College of Science and Technology, London, England and P. T Gleeson,
Moddlesex Polytechnic and Imperial College, London, England

ANEW STUDY OF THE HARMONIC OSCILLATOR WITH NON-LINEAR FLUID DAMPING
R. A. Eyman, Martin Marnetta Aerospace, Orlando. Flonda

MECHANICAL DESIGN,; ANALYSIS, AND TEST OF THE STANDARD ELECTRONICS CABINET AND

CONTROL DISPLAY CONSOLE FOR THE AN/BQQ-5 SONAR SET
R. E. Denver and J. M. Menichello, IBM Corporation, Owego, New York

SHOCK SPECTRA, RESIDUAL, INITIAL AND MAXIMAX AS CRITERIA OF SHOCK SEVERITY
C. T. Morrow, Advanced Technology Center, Inc, Dallas, Texas

i

PR

P



G

Ribi ety A

LI v e o At i

PP

",

AEROSPACE VEHICLES

AN EXPERIMENTAL/ANALYTICAL DETERMINATION OF
TRANSPORTER LOADS ON THE VIKING SPACECRAFT

George Kachadourian
General Electric Re-entry & Environmental Systems Division
Viking Project Support Services
Hampton, Virginia

Transportation Lests were performed at the Kennedy Space Center
using a full scale Dynamic Simulator of the Viking Spacecraft, Loads
in the Viking Dynamic Simulator were ineasured and compared with
allowables. Analysis method for determining loads in transportation

of flight articles was defined.

INTRODUCTION

The universal requirement for the design
and operation of hanaling and transport equip-
ment is that they shall not impoae .2sign lcad
conditions on the space flight article. That
launch site transportation loads are not
critical for the Encapsulated Viking Space-
craft was demonstrated in November and
December of 1973 during transportation of a
Viking Dynamic Simulator. This paper pre-
sents tho experimental and analytical methods
used in this demonstration.

PROJECT DESCRIPTION

Two Viking spacecraft, each :onsisting of
an orbiter and a sterilized lander capsule,
will be separately launched by Titan/Centaur
launch vehicles from the Air Force Eastern
Test Range at Cape Kennedy during the 1975
Mars launch opportunity, The two spacecraft
are to provide complementary dats about Mars
and perform complementary functions as well
as provide redundancy.

The launch vehicle is made up of the
Titan Il E Booster Vehicle and the Centaur
D-1T space vehicle with the Centaur Standard
Shroud enclosing the entire Centaur and
Viking Spacecraft (Figure 1), The first Titan/
Centaur flight, TC-l, launched February 1!},
1974, was 4 Proof Flight for this new launch
vehicle configuration, The payload carried
was a low frequency dynamic simulator of the
Viking Spacecraft.

The primary objective of the TC-1 Proof
Flight was to demonstrate the Titan/Centaur
combiration,

DESCRIPTION OF THE VIKING DYNAMIC
SIMULATOR

The Viking Spacecraft is made up of two
major assemblies, the Viking Lander Capsule
and the Viking Orbiter as shown in Figure 2.
The Viking Orbiter is itself made up of two
large masses, the Orbiter Bus and the Orbiter
Propulsion System. The total spacecraft is
supported by a 12 member truss adapter and
the Lander is supported off the Orbiter by a
6 member truss adapter.

The Viking Dynamic Simulator, pictured
in Figure 3 uses the same truss adaptors as
the Viking Spacecraft and three relatively
rigid massess. The cylindrical body on top
duplicates the weight, center of gravity and
moments of inertia of the Viking Lander
Capsule. The two mass Orbiter Dynamic
Simulator duplicates the weight, center of
gravity and moment of inertia properties of
the Viking Orbiter.

The two Orbiter Stmulator masses are
connected by a set of flat beam springs. The
mass preportionment and longitudinal stiffness
are such as to duplicate the first loagitudinal
moae of the Viking Spacecratt both as to
frequency and effective mass,
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Table 1 and Figure 4 show a comparison
of the Viking Spacecraft and Viking Dynamic
Simulator modal frequencies and effective
masses. The comparison shows excellent
agreement tn view of the simplicity of the
simulation.

The Viking Dynamic Stmulator was not
intended to be an exact simulation but only as
close as possible within directed cost objec-
tives. Its primary intended usage was to
verify dynamic analysis methods used in pre-
dicting Viking Spacecraft loads. This was
accomplished through measurements of
response loads and accelerations during
launch flight and comparison to analytically
predicted responses for the Proof Flight
configuration.

VIKING DYNAMIC SIMULATOR MODAL
CHARACTERISTICS AND TRANSPORTATION
LOAD LIMIT CRITERIA

A comprehensive experimental and
analytical program was performed to
determine the modal characteristics of the
VDS. The details of this work are described
in Reference |, In addition to frequencies and
mode shapes, the wock of Reference 1 also
resulted 1n the definition of modal force
coefficients for the |8 members of the lander
and spacecraft adapters. The force co-
efficients for a givan mode indicate the
modal force in each member for normalized
amplitude of the eigenvector solution.

Table | contains a summary of the
characteristic frequencies of the Viking
Dynamic Simwulator with a comparison of
experimental and analytic results. The com-
parison shows the math model to be a good
one. In Reference | comparison is also made
of other parameters (mode shape, modal
effective mass, generalized mass and force
coefficient data) with the same general
conclusion of good correlation between experi-
mental results and math model results.

Given the modal characteristics of a
configuration it 15 theoretically possible to
define a limit loaa criteria refeienced to one
parameter, That is the limit value for that
parameter can be defined for eack mode which
will preclude the exceedance of load limits
throughout the configuration. The practical
limitation is that any given parameter is not
equally sensitive tc¢ all modes and will pro-
bably have very poor sensitivity to some
modes.

For the Viking Spacccraft configuration
the two truss adapters (Viking Lander Capsule
Adapter and Viking Spacecraft Adapter) are
convenient structures for indicating the
response levels of the basic structural modes
(i.e. low frequency). For the Viking Dynamic
Simulator (VDS) they are also the critically
loaded elements. A definition of allowable
loads 1n these adapters is consequently
sufficient for the total VDS. It was therefore
decided that, for the VDS transportation test,
loads in the six Lander Adapter struts would
be monitored, The load limits in each of the
six struts were defined so that the load limits
of all 18 struts would not be exceeded.

The matrix of modal force coefficients
shown in Table 2 was developed for this
purpose with the VDS math model cantilevered
at the base of the Viking Spacecraft Adapter.
Load limits for the adapter members were
taken as 50% of design limit reduced by l g
loads. The 50% margin was felt to be needed
for two reasons: first to cover for loads
uncertainties and second to cover for fatigue
effects. Loads uncertainties are due pri-
marily to the fact that there was no VDS loads
preuiction for the transportation configuration
and because the load limit criteria is based
on a math model which uses approximate
boundary conditions, (i.e. cantilevered at the
transporter interface.)

The resulting limit strain criteria is
shown here in Table 3. The use of this
criteria requires that the measured strain
data pe frequency analyzed. That is the
transiert vibration induced in transportation
will be composites of ceveral frequencies.
The analysis must identify each frequency and
its amplitude.

ASSEMBLY AND TRANSPORTATION

The Viking Spacecraft will be assembled
and encapsulated 1a the Spacecraft Assembly
and Encapsulation Building (SAEB No. 2)
clean room, Assembly will be on the trans-
porter. Encapsulation will be with the
forward portion of the Centaur Standard
Shroud,

When ready for assembly 1o the Launch
Vehicle the Fncapsulated Spacecraft will be
transported to Launch Complex 4l in the
train configuration shown in Figare £. Trans-
portation will be over either of the two routes
shown in Figure 6. The two routes are about
equal with respect to road roughness and
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TABLE 1.

COMPARISON OF VIKING DYNAMIC SIMULATOR
AND VIKING SPACECRAFT RESONANT MODES

Viking Space-
Description of Mode craft Analysis Viking Dynamic Simulator
(VDS Coordinates) No, Hz No. Test He Anal. Hz
X Bending 1 4,32 1 4,48 4.41
Y Bending 2 4,40 2 4.66 4.57
©z (torsion) - - 3 6.83 6.78
Ccupled Modes 3 6.93
‘I‘ 4 7.03
5 9.04 4 9,44 9.43
6 9.67 5 9.77 9.57
7 10,34
8 10,70
Q 12.05%
10 13.04
11 13,18
¥ 12 13. 40
Z Translation 13 14.55 6 13. 41 13, 45
Z Translation 14 14, 86
Couple"d Modes 15 15.67 7 13.96 13.74
16 15. 86
17 16. 25
1 18 16. 45
Z Translation 19 17. 19
Coupled Modes 20 17.60
] 21 15,23 8 18,37 20,21
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TABLE 3. TRANSPORTATION STRAIN LIMITS BY MODES
FOR LANDER CAPSULE ADAPTER MEMBERS
Mode No. 1 3 4 R 6 7 8 9 10
Frequency, Hz 7.01 §7.46 | 7.59 | 10.25 |11.45] 13,79] 16.49 23.39 30.82 35,18
Strain, , 1n, /in.
1-(209) ~ 81 ~-154 33 ~357 339 - 86 349 357 -286 ~343
2-(210) -~ 76 -121 ~148 349 357 | - 70 | -357 -336 -330 ~357
J
3-(211) E -300 107 185 -420 ~241 - 18| - 96 - 50 - 40 -321
4-(214) 2 304 145 - 79 425 -228 -~ 25 102 25 - 44 -293
7
5-(212) -242 62 23 - 93 ~251 -~ 53 -263 230 -587 346
6-(213) 243 57 26 98 -243 -~ 63 283 =212 -569 329

distance (about 13 miles).
difference 1s the drawbridge on the south

route.

Assembly, encapsulation, transportation
and erection of the Viking Dynamic Simulator
(VDS) on the Proof Flight Launch Vehicle
duplicated to the extent possible the planned
Viking procedures. Since environmental con-
trols were not required for the VDS the
associated lines, ducts and GSE on the trailer
were mass simulated.
used to carry instrument conditioning and

recording equipment.

VIKING DYNAMIC SIMULATOR TRANS-

One notable

The trailer was also

Three of the eight accelerometers were
mounted to provide a measure of transporter

vibration (A], Az and A3), The other five

were located on the frame adapter which inter-
faces the Viking Spacecraft Adapter.
five accelerometers were located so that five
degree of freedom motion of the spacecraft
support plane can te defined.
motion about the roll axis of the spacecraft
was not measured). Full scale recording
range was set at 1, 0g peak for the vertical
accelerometers and + 0, 5g peak for the
horizontal accelerometers.

These

(Rotational

The six strain gage measurements were the

PORTATION TEST

Transportation tests were performed using
the basic train configuration shown in Figure

5, The north
traveled in going from SAEB No. 2 to Launch
Complex 4] and the south

return.

Instrumentation for the VDS transportation
test consisted of eight accelerometers, six

route shown in Figure 6 was

route was used in

flight gages located one on each of the six

members of the PFLA. Strain gage channels

were calibrated for full scale of +100
Conversion factors between strain and load had
been obtained from laboratory testing of the
adapter members prior to assembly,

TRANSPORTATION TEST RESULTS

The basic procedure followed in the analysis
of test results was to compare measured
Lander Adapter strut loads {strains) to

in. /in.

strain gages, and trancporter speed. Location allowables. This was done first without
If the maximum

and notation on the accelerometers and strain
gages are shown in Figures 7 and 8. All data
was displayed in real time on two Brush Re-

corders

Tape recordings were also made on two
maghnetic tape recorders.
also recorded time and voice. All four

Both tape recorders

analysis was necessary,

strain to strain limit,

recorders were carried on the support trailer,

Instruinents and recording system were chosen

regard to frequency content.
strain measured in each strut was less than
the lowest modal strain limit no further

It on the other hand
the strain limit was exceeded it was necessary
to frequency analyze the test data in order to
make a mode by mode comparison of mezsured

This procedure was carried out in two

to provide flat frequency respons~ from 0 to phases. The {irst was a real time monitor
of strain readings displayed on the Brush

50 Hertz,

- o~ —————
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Recorders. T[he second phase was performed
at the NASA Langley Research Center follow-
ing completion of the test. The real time
analysiz was necessarily cursory with fre-
quency analysis being limited primarily to
identitication of the transporter low frequency
modes. Ocillograph records were made at
Langley for the second phase effort with

blow up as to both time and amplituda. There
were 23 time segments wdentified as including
all wignifirant loadings over the total test and
detailed analysis was concentrated on these
time segments. Maximum values of each
strain gage and accelerometer were read

for each of the 23 time segments These
readings are contained in lables 4a and b,
The accelerometer data shows to be very
low, the maximan out of 184 reading being

£ 0,13 g peak.

Uhe strain readings are also low valuea
but generally exceed the lowest allowable
modal strain (18 micro inch/inch) A detailed
trequency analysis was then made of the strawn
data 1o show that en a raodal comparison
basis load himits were not exceeded.

Three methods of frequency analysis were
considered: Fourier, narrow band filter and
manual ("eyeball''). The Fourier analysis was
not suitable since the highest loadings occurred
during transient conditions and the non-
stationary nature of the responses could not
be properly analyzed by Fourier methoda. The
narrow band filter analysis inethod was better
suited but problems in obtaining proper filter
characteristics were anticipated {i. e. bandwidth,
1oll otf characteristics and damping). lhe
manual method was chosen for use for several
reasons. £arast, the strain data showed that
yenarally the maximum responses in any tivae
sepment was 1n identitiable and serarable
{requencies »o that manual frequency analysis
was . most cases eastly done.  [he analysis
could ve dcne yuicnly. bkinally it appeared
that there would be lacrge margina between
measured loads and lvad lunits which would
permit the relative inaccuracy of the manual
analysis.

The fiequency analysis of the 2, time

segments savved the total responses to be
made up of 7 discernable frequencies. [hese

. e e
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TABLE 4a. VDS TRANSPORTATION TEST - PEAK STRAIN DATA

EVENT (Speed: MPH) PEAK STRAINS - =, IN,/IN,
211 214 213 212 210 209
1 NASA Causeway East of Relief Bridge 24 21 18 22 26 25
(5.3)
2 Same (5.1) 27 31 29 26 29 29
3 NASA Causeway, Crossing Relief
Bridge (6.7) 24 28 19 16 29 22
4 NASA Causeway, East of Draw Bridge 24 36 25 24 31 33
(8.0)
5 NASA Causeway East, Downshift 30 32 27 25 31 32
(2. G)
6 Upramp NASA Causeway Draw Bridge 16 N3 11 13 19 19
(1.5)
7 NASA Causeway Draw Bridge Grating 21 22 17 20 29 20
(2.5)
8 Causeway Bridge Down Ramp, Braking 18 25 15 16 24 19
(3.0 - 3,5)
4 9 NASA Causeway, West of Draw Bridge 26 26 26 26 33 30
A ™ (5.6)
4 10 Ave. E, Pipe Trench (5.2 - 4.0 21 32 30 24 28 27
3 11 Avenue E (3. 5) 22 24 27 21 25 29
A 12 Upshift, Ave. E, Northbound 34 42 32 29 29 34
J: (3.7 - 4.6)
, 13 Ave. E, Northbound (5.5) 26 26 23 24 33 39
14 NASA Causeway, Westhound from 38 34 10 32 39 31
3 Ave. E, Upshift (3.0 - 4.0)
15 NASA Causeway, Westbound from 13 14 12 21 22 19
4 Ave. E (6.0)
3 16 NASA Causeway Westbound, 21 34 23 20 20 28
Upshift (3.9 -5.1)
- 17 Kennedy Parkway (8. 0) 33 25 22 23 43 30
18 R.R. Crossing, VAB (1.3) 31 36 29 26 31 27
19 Pothole & Downshift (7.5 - 6.0) 46 57 41 37 43 50
) 20 Cape Roed (7.0) 31 29 20 | 22 4| 29
21 Bearh Road, Upshift (7.2 - 7.5) 49 31 30 31 48 38
22 Maneuvering Transient at Cx 41 44 29 19 30 33 29
~ 0
23 NASA Causeway Crossover (Lane 56 42 30 34 45 53
oy divider reflectors) (5. 7)
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TABLE 4b. VDS TRANSPORTATION TEST ACCELEROMETER DATA

ACCELEROMETER DATA - PEAK £ G'S
EVENT (Speed, MPH) Al A2 A3 AS Ab A4 A7 A8
, 1 NASA Causeway East of Relief .02} .01 0 06 | .024 .059 { .058 038
E Bridge (5. 3)
2 Same (5.1 .06 03 .02 .07 .030 .044 | ,080 | .061
NASA Causeway, Crossing Relief .03 ] .02 .02 1.03].017 . 035 036 } .030
4 - Bridge 6.7)
3 ! 4 NASA Causeway, East of Draw- .06 .03 .04 7 .09 ) .028 .059 | .087 | .091
: bridge (8.0)
3 5 NASA Causeway, East, Downshift .05 ] .02 .10 ] .09 ] .033 .123 1 .073 | .053
(2.0)
' 6 Upramp NASA Causeway Drawbridgef} .05 [ .02 01 } .06} .005 .020 | .036 | .038
3 \ (1.5)
v 7 NASA Causeway Drawbridge Grating| .02 | .02 £02 .05} .012 .028 | .044 | . 045
3 (2.5)
: 8 Causeway Bridge Down Ramp .03 .02 .02 1,03 7.019 .037 | .044 | .038
- (Braking) (3.0 - 3,5)
9 NASA Causeway, West of .03 1 .02 .02 1.05 | .044 037 | .073 § .091
Drawbridge (5.6)
- 10 Ave. E, Pipe Trench .03} .02 .03 ].05 ] .026 .,052 | .073 | .045
(5.2 - 4,0)
11 Ave. E (5.5) .02 ] .01 0 .04 4 .025 .037 | .051 ) .045
. 12 Upshift Ave. E Northbound .05} .02 L127.09 | .037 L1301 .073 1 .076
A (3.7 - 4.6)
1 13 Ave. E, Northtound .04 | .02 .02 1,051,032 .037 | .044 | . 045
(5.5)
2 14 NASA Causeway, Westbound L0610 .09 .06 032 ,100 | . 065 | 061
from Ave. E, Upshift (3,0 - 4,0)
15 NASA Causeway, Westbound .02 1,01 0 .03 1.028 .018 |.036 0318
from Ave., E (6.0)
i3
16 NASA Causeway, Westbound 02 3.01 .05 | .04 | .021 066 | .036 | ,038
Upshift (3.9 - 5.1)
~
17 Kennedy Parkway (8,0) .02 .01 .01 F.03 ].026 . 024 044 | . 053
9 18 RR Crossing, VAB (l1.3) .07 .03 .02 1.03 §.017 L040 | . 065 | . 076
s ' v 19 Pothole & Downshift 07 | .04 05 | .09 .034 .088 | .087 | .106
(7.5 - 6.0)
3 20 Cape Road {(7.0) .03 ].02 .02 | .04 028 . 028 044 | . 045
4 21 Beach Road, Upshift .02 1,02 .02 1.06 | .036 .072 | .073 | .076
1 (7.2 <« 17.5)
by 22 Maneuvering Transient .04 .08 06 |.04 |.036 .074 | .03 | ,038
: [T at Cx 41 (~ 0)
?»‘.‘. . 23 NASA Causeway Crossover .03 1.03 .02 |.06 .05 .04 .09 .09
¥ (5. 7)
i
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frequencies are listed and identified as to mode
in Table 5. The Mode 1 identification was

made on the basis of frequency and mode shape.

Although Modes 1, 2 and 3 are all between 7.0
to 7.6 Hertz, the motion of each have basic
and easgily discerned differences and the
measured frequency of about 6 Hertz was
1dentified with Mode 1 mode shape. The
difference in frequency is attributable to the
fact that the 7.0 Hertz was obtained with a
cantilevered math model, The 10-11 Hertz
measured response could have been identified
with either mode 4 (10,25 Hz) or Mode 5

(11. 45 Hz) based on frequency. Identification
by mode shape could not be made in this case
because of difficulty in reliably determining
phase relationships. However further
identification was academic since load limits
were not exceeded in either case.

Comparison of measured loads against
allowables are summarized 1n the plots of
Figures 9, 10 and 11. In each Figure the
curves at the top of the plot are the limit
strain envelopes. Each dot represents a
frequency/strain level reading from the 23
time samples analyzed. The plots show that
comfortably large margins exist between the
measured modal strains and the strain limits.

FIGURE 8. STRAIN GAGE LOCATIONS ON
VIKING DYNAMIC SIMULATOR
TABLE 5. MODAL IDENTIFICATION OF RESPONSE DATA

VIKING DYNAMIC SIMULATOR TRANSPORTATION
VDS CANTILEVER
MODE ANALYSIS DESCRIPTION TRANSPORTATION DATA
NO. FREQ. (HZ)} OF MODE FREQ. (HZ) | OCCURRENCE
0 .- Transporter 1.2 ! Infrequent (low level)

P l q
Rocking
0 -- Transporter 2-2.5 ] Predominant
Vertical l
1 7.01 X 5.9-6.2 Frequent
2 7. 4u by .- l Not Discernable
3 7.5%49 e, .- l Not Discernable
4 1u, 25 X&Y 10-11 I Frequent
5 11,45 Y .- l (See Discussion)
6 13 79 7 .- I Not Discernable
7 16. 49 Gy Le, 16-17 ' Frequent
8 23,39 8y & X 19-22 | Infrequent (low level)
9 30, 82 A -- Not Discernable
19 35,18 Coupled 35-3¢ : Frequent
R - e
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The method used to compare transporta-
tion loads to allowable considers loads in
each mode separately where in the actual
case there may be response in more than
one mode occurring at the same time. The
margins between loads and allowables were
large enough that further analysis was felt
to be unnecessary.

The most noteworthy factor in the
accelerometer data was that the levels were
very low. Maximum values were generally
less than £ 0.10 g's. The highest value seen
in the total, 26 mile circuit, was £ 0.13g.
This was accelerometer No. A4, spacecraft/
transporter interface in the fore and aft
direction and was caused by gear shift
transient. In reviewing the results it became
obvious that acceleron:eter mmeazsurements on
the transporter 1s insufficient data to evaluate
the severity of the transport environment and
can actuaiiy be misleading by seeming to be
very low.

Although there was a comfortable margin
batween loads experienced in transportation
and allowables, the Inads were large enough
to emphasize adherence to the transportation

b ALLOWABLES 1~

>
—_———t?

Qovh e 4 - s

STRAIN IN STRUT - MICRO INCHES/INCH

l1\""—1—1—"1T["r1|- T
§ o e

?;' ’ $ e

gl + 'T‘;iil \Dei 2l 0 il 4
gr [ ]

- §

TRANSPORTER 'm')ot m‘mt wi\ ‘ o8
i
! RSN . bl
? 100

§
FREQUENCY, HERYZ

FIGURE 9.

STRAIN IN STRUT - MICRO INCHES/INCH

~_,L\,.f - i
RTRY A ]
b ATLOWABIES
'3
ST
100 —
o4\
/AN
BB/ AAYaY
1 i1, et ]
_ 1T 1 MAX_OVERALL
r | f,_,Tmsum“
5 & ;
: 1
- p 1 ;
2 BlUE  measused |
B ® 0| - i
3 At BY MODES | Vi
0 O ™
S e e S W S a5
T 1 o T
F‘t}lf_'.:‘." "_q T
| |
e - loils L L
| Tk !
Bl
] ,,-‘* His- -
mutromm -
WD(SI }”?”[J ""‘}"
A L
7 10

FREQUENCY, HERTZ

FIGURE 10.
500 7
4hiy
11
A
J i
T ALLOWABLES H
5 .
-— 8 N
! i1
100 P T +
ot - } el pi 11
g TR g
a . I _i . 0
¥ " Eﬁﬂm
g - ' ©t HASRIGT
g Y’ s -+ 7 RS oy
& > 1 ‘ » 1 ' f
x - - ".a‘b -4 - e o hew oA
: 4 Pt MEASLAED BAK
5 E ‘ x E_ IBY RIS
& ~ (
w b | - . !
z 0 ’ : e
z b . % PN : M
-C v - - .
E oo - - . ..
o \ - . - .. vy
bews U - i ‘- .
5 k - ai -
. P
TRANSFORTER Wﬁ- ) Df p,gog ”ﬁ;(
MODES vy ) 1 )
| LRI o
P S S 15 S U S,
7 %

FIGURE 11

PREGUENCY, NERTZ




Nitey

NN

BT

ATl 2 N

LA Sl

oo > - s, -
e R O T R T Oy Y i

Pt

procedures specified. These procedures,
originally outlined in Reference 2, contain the
following pertinent points:

1. Transporter tire pressure should be
maintained at 7C psig

2. Transporter spaeds should be limated
t the tcllowing maxuma: 8 mp'. over
sineoth ro3<d, 5 mwph over minor bumps,
2 5 mph over railroad tracks and other
similar road roughness

3 Sudden hard apglication of brakes must
be avoided

4. Proper use of tug gears 1s essential to
rranimize gear shift transient loads.

ANALYTIC SOLUTION OF TRANSPORTA -
TION LOADS

Analytic solutions have been performed
which use the accelerometer data at the
Spacecraft/ Lransporter interface as input
forc.ng functions using the math model of the
VDS discunsed earlier in this report, Pre-
lirasnary results of this analyats, which is
1 progress at this writing, show reasonably
good correlation of measured and calculated
strut loads.

When the Viking Spacscraft 19 trans-
ported tiiere will be accelerometers at the
same Spacecraft/ Transporter interface
locations as for VDS testing with the addition
of a 6th accelerometer o provide 6 degree
of freedom data.  Dynamiac loads analysis
will be performed only of sSomething unexpected
occurs  Phese dynamic response analysis
will be performed using the measured inter-
fac ¢ mution as input foraing tunctions to show
what loads were experienced by tne Viking
spacecraft,

It was shown by conducting transportatyon
tests of the Viking Dynamic Sunulator
according to prescribed transport procedires,
that loads 1n the spacecraft would be within
specification allowables,

1t was also shown that in the event of
unexpected cccurrences during transporta-
tion, accelerometer measurements at the
Spacecraft’Transporter interface could be
ased 1n a dynamic loads analysis to definc
the loads tnternal to the spacecraft,

It was found that road roughness and trans-
porter speed were the two most trfluential
sarameters in transportation loads. Eight
miles per hour was found to be a safe limit
speed for smooth road. Lower speeds were
required depending on road roughness.

It was found that technique n operating
the tug had significant effect on loads generated.,
Specifically a large transient could be
generated at the point where the tug shifted
gears. Highest loads were experienced when
the train was being slowed down in the
approach to a bump in the roadway and the
tug down shifted simultaneous with the trans-
porter's traversal of the bump. Proper
operation would have reached constant speed
operation before bump encounter. Proper
tug operating techniques can also minimize
the transient at gear shuft,

Finally 1t was found that measurement of
transporter vibration g levels is insufficient in
itself to be assured that spacecraft loads are
not exceeded, That 13 even very low vibration
levels (less than £ 0.1 g's) at criiical
frequencies can cause allowable loads to be
exceeded.
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DETERMINATION OF PROPELLANT EFFECTIVE MASS
PROPERTIES USING MODAL TEST DATAx*

Jay C. Chen and John A, Garba
Jet Propulsion Laboratory
Pasadena, California

Abstract

In the development of a mathematical dynamic model of structural systems, the mass
properties of the structure must be reprcsented accurately, For a structural zystem
1avolving large quantities of fluid mass, special considerations must be taken to obtain
the fluid mass properties, Modal vibration testing is required on most spacecraft
projects as a means of verification of the mathematical model. This paper presents a
method for the evaluation of the ettective mass of the fluid from modal test results.
Overall cost is reduced by elimination of a special effective mass test and substitution of
a slight extension of a required modal test. This method is demonstrated first by a com-
puter simulation and then by the actual modal test data of the Viking Orbiter Propulsion

Module.

of the mathematical model, This paper pre-
sents a method for the evaluation of the effec-
tive mass of the fluid from modal test results.

1. INTRODUCTION

The development of finite element models for
Overall cost 18 reduced by elimination of a

dynamic analyses of spacecraft and launch

special effective mass test and substitution of

vehicle system requires proper dynamic repre-
a slight extension of a required modal test,

sentation of fluid masses,

Proper mass representation 1s required for the
prediction of loads in structural members as
well as in the data reduction for the modal test,
A limited number of effective propellant mass
properties can be obtaincd analytically from
the derivation of fluid slosh models using clas-
sical fluid mechanics (Ref, i), Full scale pro-
pellant tank testing provides a means for
obtaining complete {luid niass properties
accounting for such effects as geometric tank
irregularities, baffles, and propellant manage-
ment devices.
rate fixturing and instrumentation such testing
tends to be expensive, Durinyg the ccurse of
Viking Orbiter structural aynamic analysis,
such a test has been conducted (Ref, 2), Fig-
ure | shows the test set up and Figs. 2 and 3
show the typical measured effective mass prop-
erties as a tunction of the Viking Orbiter pro-
pellant tank ullage condition,

Modal vibration testing 13 required on most
spacecraft projects as a means of verification

Due to requirements of elabo-

Figure ! Prope‘lant Tank Effective Weight T

is paper presents the results of one phase of research carried out at the Jet Propulsion

est

*Th
Laboratory, Califorma Institute of Technology, under Contract No. NAS 7-100, sponsored by the
Nationul Aeronautics and Space Administration,
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First, a relationship between the etfective
mass matrices of the Nuids and the measured
mode shares and system frequencies will be
derived. While the derivation 13 intended for
the determination of effective fluid mass the
method 13 equally applicable to other unknown
masses.

Next the procedure 1s demonstrated by com-
puter simulation, Feasitbility of the method 18
established by applying 1t to an example prob-
lem wherein analyticat data 13 presumed to be
derived from modal test, The flmd effecuve
mass matrix 1s thus reconstructed and com-
pared to known results  The agreement 13
found to be very good

16

To further illustrate the feasibility of the
method it 15 applied to the Viking Orbiter. In
using Viking modal data it was found that the
required modal matrix formulated from test
data can be ill.conditioned 1f inaccuracies
exist 1n the data. This 1ll-conditioned modal
matrix violated certain assumptions made 1n
the derivation of the method. Based on the
past experiences, it 1s likely that the inac-
curacies existed in the mode shape measure-
ments rather than the natural frequency
measurements, Therefore, a perturbation
technique was developed to "treat'' the raw test
data *o avoid this ill-conditioning and perturb
the data to result in a solution with physical
reality, The results of the fluid effective mass
obtained by this method are compared to that
obtained from the full scale tank tests.

1I, DESCRIPTION OF THE PROBLEM

In the finite-element representation of a struc
tural system, the continuous structure is dis-
cretized into individual degrees of freedom
which are interconnected by linear springs.
These springs represent the stiffness of the
elements. For the dynamic problem, a certain
amount of mass will ve attached to all or some
of the degrees-of-freedom, These masses
represent the inertia propertics of the struc-
tural system, Then the equation of motion
governing this discretized structural system
can be written in the matrix farm

(MU} [CHA)Y 4 [KR]{) = (f0) ()

where
[M]  mass matrix
{C] damping matrix
{K] - stiffness matrix
{7} - displacement vector of each
degree-of -freedom
.
{f(t})} forcing function vector
I'he loads due to the dynamic environments
can be calculated by

P} S){x) ()

where

{P}  member loads vector

8]  stress coefficient matrix
Here {1} 18 the solution from ey, (1),
Based on the geometric configuration and

material properties of the individual element,
the stiffness matrix (K| and stress coefficient

P B T s Ssain I
- N,
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matrix [S} can be constructed. The mass
matrix [M] usually is constructed by concen-
trating nonstructi ral and structural masses
onto each degree-~of-freedom, The distribu-
tion of the masses among all the degrees-of-
freedom is dependent solely 3n the analyst's
engineering judgement. The damping matmx
[C] 18 estimated from the test. To predici
the responses and loads accurately, the
parameters such as the stiffness matrin [K]
and mass matrix [M] must be realistically
representative of the actuzl structural system,
The state-of-the-art of analytical medeling is
quite advanced. The stiffness matrir [K] can
be accurately constructed once ‘*he geometric
dimensions and material properties of discret-
1zed elements are determined. The maus
matrix [M] caa be constructed with relative
ease by distributing the physical mass to the
degree-of-freedom. The analyst's experienced
intuition is usually adequate for determining
the mass matrix. Also the total mass of all
the degrees-of-freedom must be equal to the
total weight of the structure. However, for
fluid masses, the mass matrix cannot be accu-
rately determined short of a full scale effec-
tiveness test, Since the ''effective riass' 18
involved, the mass representing the fluid may
or may not be equal to the total weight of the
Juid,

In a process of structural analysis, the mathe-
matical model formulated by analysis is often
verified by certain tests, Usually a modal
test is conducted for this purpose. Durizg the
modal test, the natural frequencies and the
normal modes of the structural system are
measured. Thesa correspond to the eigen-
values and eigenvectors of the modal analysis
which can be expressed as follows:

[MI{x} +(Kj{x}y -0 3)
Let
{z} - [¢){q) (+)
such that
o1 1M1 tel [ Mg ]

(5}
T . S

Here [¢) 18 the e1genvector matrix and {* ) ]
is the eigenvalue, The measured normal
modes and natural frequencies are compared
to these values. Equation (5)18 referred to as
the orthogonality condition,

Since the eigenvector [¢] and the eigenvalue
)] are functions of the mass matrix [M] and
the stiffaess matrix (K|, 1t is poesible that
part of the mass matrix which involves the
fluid can be 1dentified by using measured (4]
and ["A . Unlike the effective mass obtained
by full scale tank test which is constrained in
ur.taxial motion, the fluid mass properties
determined in this fashion have the advantage
of being realistic in the fluid motion. In addi-
tion the resulting fluid mass matrix shows good
correlation with the system being tested. To
verify the vahidity of other parameters modal
tests of several different mass configurations
can be tested such as an empty configuration or
a configuration with known added masses. In
the follo'ving the relationsh'p between the test
measured normal modes, natural frequencies
and the unknown fluid mass will be derived.

IlII. DERIVATION

In principle, the mass matrix [M] and the stiff-
matrix {K] can be calculated as a function of
the measured normal modes [¢] and natural
frequencies [* A\ J from the orthog?nality con-
ditions expressed in Eq. (5)1f [$]"" exists.
However 1n practice, the number of modes
measured during the test are much less than
the number of degreces-of-freedom 1n the ana-
lytical model, Therefore, {¢] will be a rec-
tangular matrix and [4]°! does not exist,
There are other conditions which must be
imposed to calculate the mass matrix.

First, let the number of degrees-of-freedom of
the analytical model be n, then the total mass
matrix can be written as

]
veocleacean
nxn | ) !
M} =] i (6)
oM
{ '
]
]
where
m X r
[Ml] = mass matrix associated with

fluid mass

m - number of degrees-of-freedom
representing the unknown fluid
mass

[MZ] - mass matrix representing the
mass distribution other than the
fluid mass

Further, it 18 assumed that the stiffness
matrix {K] and mass matrix {M2] constructed
by the analyst are correct. These parameters
can in practice be verified by tests excluding
[My], so only the mass matrix {M| which is
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representing the fluid mass are to be
determined.

A pre-test modal analysis with the same stiff-
ness matrix {K) and an estimated mass matrix
[MF] will be performed. The matrix [MF)
will be of the form of

L
- []
[MF] - : MZ (”
[}
: J
Here [MFI] 15 estimated.
The modal analysis
(MI{x} +[K]{x} = 0 (8)

yields the normal mode matrix [¢F] and eigen-
values [' A ] which satisfy the following
orthogonality condition:

[ I J identity matrix

[ e

Only m number of modes are required, there-
fore matrix [¢] is of the order n X m,

(651 (Mg lle )
9)

(6] K6 )

Now, let the test measured normal modes [¢]
and the pre-test analytical modes [¢p] be rela-
ted by a transformation matrix [T) as follows:

o) - (oglle)T(T) (10)

Pre-multiplying Fq. (10) by [O;]T[MF] and
ustng Eq. (9), one obtains

(M) = o)1) (1
where

T '
IM] [ep) T IMEe) 12)

From Egs. (10) and (11), one obtains
CYRCATINY (13)

Here the [M] 18 a square matrix of order m,

Now substituting Eq. (13)1nto Eqs. (5) and
using Eqs. (9), one may obtain

2
=
-
>
Lt
(LA}
2
"

Erd Mg ] (14)

(9] = [ rp JON0E At as)

where
(M) = gl TIMIle ] (16)

The normal mode matrices [¢| and [$F] can
be partitioned into two parts, one is for all the
degrees-of-freedom associated with fluid mass
and the other 1s for the rest of the degrees-of-
freedom,

= (17)

where
mXm
‘F = Mode shape associated with
1 [Mpl] degrees-of -freedom.
n-mjXm
p = Mode shape associated with
2 other degrees-of -freedom,

Substituting Eqs. (7) and (17) into the orthog-
onality condition ae expressed by Eq. (9),
gives

(o) T(Mpleg) - [°F.]T [MFI} [QFZ]T

T -
+ o M, [ep
[ FE] 2 [ FZJ
rry 18)
Similarly, Eq. (16) caa be expanded as

T 2T N
g Tlley) - Top TN o,

' [QFZ]T[MZI[QFZ} = (M)
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Subtracting Eq. (18) from Eq. (19), gives

[¢FI]TIM11[¢F1} = (@j-[r)

(20)

Since [¢F,; ] 1s a square matrix of order m, 1t
can be tnverted. Therefore, the unknown fluid
mass matrix [Ml] can be calculated as

Pe, 1 i M, o

In the following, the procedure will be
summarized:

I. Collect the test measured normal
modes {9] and natural frequencies

~ad

Perform the pre-test analys:is based
on the estimated unknown flutd mass
{My T and obtain the normal modes
6p ) and ewgenvalues AR J.

3. Caleutate [§1) - 6,178, )0

4, Calculate
"~ TS~ TR
{m] LXF‘J{MH AT M)
5. Calculate the unknown fluid mass

{M}} from Eq. (21),

1V, COMPUTER SIMULATION

To demonstrate the teastbility of this proce.
dure, 4 computer simulation has been per-
formed. The analytical model ol the Viking
Orbiter Propulsion Module 'Fig. 4) 15 chosen
tor this purpose.  The Viking Orbiter Propul.
ston Module consiats marnly of two large pro-
pellant tanks, 4 pressurant tank, a rocket
enutne, a propellant control asaembly and sup.
port structural imembers  The propellant
tanks carry approximately 1000 povads of
hguid fuel and oxidizer, each ditterent, and

t! e total werght of the other components 1 tess
than 200 pounds. Each ot the tuel and oxaduzer
mass 13 represented by 4 single mass point
located at 1ts center of gravaty with six
degrees.ot-treedom.  lhas, the total Mud
mass of the structural system s represented
by 12 degrees.ot.frecdom  The values in this

(A

e e

Viking Orbiter Propulsion
Module Modal Test

Figure 4.

tluid mass matrais have bheen estimated based
on the full scale single tank slosh test in which
the etfective mass 18 measured under the
actual utlage condition.  The analytical model
of the structural system conststs of 702 elastic
depgrees.cf-freedom and 33 dynamic degrees-
ot-freedom. Figure 5 shows a schematic
drawine ot the ninite element model, The
calculated normal modes and eirpgenvalues are
presumed to be derived trom the modal test,
The purpose 1> to apply these data to the above
mentioned method and to reconstruct the Nud
mass matrix. The pre-test analysis 13 per.
tormed by assuming that both the fuel and oxi-
diser tanks are tull and the corresponding flued
mass matrix s used. The catculated Nuid
Mmas»»> matrix compares very well with the
original luid masy matrix., A new modal
analysis s pertormed based on thig recon-
structed fload mass matrix. Table | shows the
comparisoa ot eigenvalues between the resulls
ot the original tlud muass matreix and calculated
tiad mass matrix, The excellent agreement
ts obvious.  This establishes the feasibility ot
the method.  Next, instead of comnputer simu-
lated test data, actual test data will He used to
reconstruct the tluid mass matrix,

- - - =7
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Figure 5. Schematic Drawing of VO'75
Propulsion Module Finite
Element Model

V. PERTURBATION TECHNIQUE FOR
TREATMENT OF T'ESTI DATA

Data from the modal test of the Viking Orbiter
Propulsion Subsystem are used in this method
to calculate the fluid mass matrix. The results
tail to recounstruct a physically meaningful
mass matrix. After careful examination, 1t s
tovnd that the test data does not satiify some of
the assumptions made 1n this method., One of
the assumptions ts that the stiffness matrix [K]
18 assumed to he correct, Theretore, the
orthogonality condition expressed in the second
equation of Fq. (5) must be saticfied by the test
measured modes [¢].  T'his orthogonality con-
dition 18 also expressed in an alternative torm
in Fq. {14}, Using test measured normal
modes, the triple product does not yield a diag-
onal matrix. It 18 concluded that the tnaccu-
racies tn the test mode shape measurement
are the causes, Theretore, the raw test data
must be treated such that Eq. (14) will be
satisfied, Assuming that the test measured
modes are deviated from the true modes such
that

fel  [ef ¢

v
v

where

{e¢']  test measured normal modes,

e i Dbk i R BN - /T M I i o Al o o e

Table 1.

Frequency Comparison

Frequency based Frequency based
on calculated

on original mass

Mode No, (CPS) mass (CPS)
1 15,945 15.919
2 18,903 18. 895
3 22.174 22,151
4 29. 657 29. 630
5 30, 866 30, 768
6 35,596 35.514
7 42.119 42,117
8 47.899 47, 855
9 52,481 52,468

10 52.909 52,900
11 61,011 60.998
12 64.602 63,900
13 71.930 65, 201
14 73.837 73.815
15 79.559 79.518
16 96.993 90. 375
17 118. 86 97. 854
18 121, 65 114, 65
19 125,19 121,73
20 138, 02 126,50
21 141, 06 136.70
22 156, 71 156,58
23 194, 86 159,90
24 199. 95 187,27

[¢] - deviation of measured modes from

‘true' modes,

Substituting Fq. (22) into Fq. (12), gives

!

Defining

(o "IMplle) + (ol TIMp L]

(8,0 foplfivpler),

r
(] foplTInglie)

Equation i23) can be rewritten as

(S (S, 0 ()

Substaituting Eq. (25) into Eq. (14), gives

- ——ne T

-

(23)

(24)

25)
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Here the generalized mass [ MG‘J is nor-
malized to unity,,

Equation (26) can be expanded as follows

(MT Py Jle)+ 181 ag J1M)

#le)" PAp Jlel = Fad-[x)

127)

where

IN) = (M T P 108 (28)

1 [\ F J 1
It may be noted that (V'] 18 not a diegonal
matrix.
If the deviation of test measured modes 1s
small, it is reasonable to assume that
r L
&) [\\F‘\] [H{<<f“|l (29)
i

Then Eq, (27) can be approxamated as

[mlﬂ[wpJ[‘,Mw“[\xdmla SEWNEY
(30)

Fquation (30) can be used for solving |b) and
consequently [T can be calculated trom

bq., (270 The new calculated [S] 19 then sub-
stituted anto bq. (14 If E g, (08 1 still not
satiatied within reasonable accuracy, the
entire procedure ¢an be repeated to caloulate
another new [T, This 15 the wteration proce-
dure tor treating the raw test data,

Fhe miethod tak-s advantage of correcting the
solution to 1mpose known conditions during the
calculation to prevent small errors to propa-
gate and result in large errors in the tinal
solution. It 1s simular to procedures used 1n
tinite element method where the stittness
matrix ot substructures or subsets of hinite
clenient are corrected 1o represent rigid body
motion,  Oftea small computer roundott ervors
result 1n stittness matrices that do not satisfy
sero torces during rigid body motion, {Ref, 4),

[wo sets 0f test data have been used to calou-
lat. the thud mass matrin,  One as tor the tull

tank configuration and the other configuration

1s for the tanks having ullage, In both cases

the pre-test analysis is performed Ly using the
effective mass for the fluid mass matrix
obtained from a full scale tank slosh test,

Three 1iterations have been used in both cases
to calculate (M]. The final reconstructed fluid
mass matrices closely resemble the effective
mass matrix based on the full sc-le tank slosh
test., Based on these reconstructed fluid mass
matrices, modal analyses for both configur-
ations are performed. Table II shows the
frequency comparison between the results of
pre-test analysis and analysis based on the
reconstructed fluid mass matrix (post-test)
to~ether with test-measured frequencies for the
full tank configuration. Table III shows the
similar comparison for the ullage configuration,
In both cases, the pre-test analytical frequen-
cies and post-test analytical frequencies are in
good agreement with test measured frequencies,
the post-test frequencies having a slightly
better agreement.

Table [V shows the reconstructed fluid mass
matrix comparing 1t to the effective mass
matrix based on the full scale tank slosh test
for the ullage configuration, As mentioned
before, the slosh test 1s a uni-axial test in
which the 1inertia coupling effects such a« Ixy:
I,¢n I,y cannot be measured. The small
amount. of inertia cenplings shown 1n the test-
measured effective m.~s matrix are due to the
CG shift for the ullage configuration. The

I'able II. VO'75 Propulsion Subsystem
Modal Test - Full Configuration
Frequency Comparison

Mode No,, Pre-Test Test Post-Test
1 12,37 (CPS) 12.99 13,06
2 15,86 17. 06 17.58
3 19.37 20, 80 2111
4 26, 49 22,97 23,13
5 27,90 28,33 28.53
[ 34,19 32,76 32.69

rable 111, VO'75 Propulsion Subsysiem
\odal Test - Ullage Confipuration
Frequency Comparison

[

\Mode No, Pre- Uest lest Fost- lest
{ 15,95 (PS5} 16,-7 te. 71
2 18,90 20.00 20,09
3 22,17 24, 08 24,03
4 29, vb 30,77 31.58
" 30. 87 28.48 24, 00
21
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Table 1V,

Oxidizer Tank Fluid Mass Matrix Comparison ot Ullage Configuration

Mx My Mz !x Iy L

Mx 1797, 40° 0.0 0,0 0.0 12693,17 0,0
(1836, 80) (-38,46) (6.40) (-1130,40) (13128, 00) (-1168, 60)

M 0.0 1797. 40 0.0 -12693.17 0.0 -50,48
Y (-38.46) (1772. 60) (-26,59) (-13048, 00) (-1263,20) (9.12)

M 0.0 0.0 2229, 13 0.0 50,48 0.0
z (6. 40) (-26.59) (2225,10) (-473,63) (539, 87) 1-679.47)

I 0,0 -12693.17 0.0 153040, 10 0.0 117,40
x (-1130, 40) (-13048, 00) (-473,62) (149740, 00) (-21968, 00} (2247.50)

1 12693, 17 0.0 50, 48 0.0 152958, 80 0.0
b4 (13128, 00) (-1263, 20) {539.87) (-21968. 00) (163250 v0) (60404, 00)
Iz 0.0 -50, 48 0.0 117.80 0,0 36487.43
(-1168, 60) (9.12) (-679.47) (2247.50) (-60404, 00) (36677, 00)

Fuel Tank Fluid Mass Matrix Comparison of Ullage Configuration

M 1088, 43 0.0 0.v 0.0 3597, 58 0.0
x (1274,10) (-6.69) (-36,92) (-2065.40) {3+84.70) (-2452,90)
M 0.0 1088, 43 0.0 -3593.58 0,0 -50, 48
L4 (-6. 69) 11106, 00) (10,97) (-3307. 60) (-916.81) (251,02)

M 0.0 0,0 1252, 13 0.0 50,48 0.0
z (-36.92) (10.97) (1263,20) (334.80) {-899, 56) (442.97)

i 0.0 ~3573,48 0,0 112827. 80 0.0 1,50
X (-2065,40) (-3307.60) (334, 80) (136020. 00) (-12674, 00) {23927, 00)

1 3593,48 0.0 50,48 0.0 112746, 50 0.0
Y (3484, 70) (-916.81) (-899, 56) (12674, 00) (117870, 00) (21052, 00}
1 0.0 -50, 48 0,0 1.50 0.0 33525.03
z (-2452,90) (251, 02) (442.97) {23927,00) (-21052, 00) (31564, 00)

NOTE: 1. Numbers without parenthescs are obtained from full scale tank slosh test.

3. Unit of M 1s1b,
4, Unitof | is 1b-in. 2,

Numbers with parentheses are calculated from modal test results,

roconstructed fluid masd matrix based on the
modal test data 15 a full matrix with every
inertia coupling term presented; The diagonal
terms of the two matrices are tn good agre-
ment. It s difficnlt to attach a physical mean-
tng to traaslational inertia coupling terms such
as Myy, My,, M,y which appear in the recon-
structed fluid muse matrix. Nevertheless,
these terms are of amall quantities compared
to the diagonal terms

V1. CONCLUDING REMARKS

Throughout the derivation of the method, it
appears that the number of test-measured
modes must be equal to the number of degrees.
of-freedom of the fluid mass matrix to be
reconstructed. In the case of Viking Orbiter

S

Propulsion Module, the fluid mass matrix has
12 degroes-of-freedom but only 6 test-measured
modes are avatlable. A careful examination of
the testumeasured modes reveal that only the first
5 normal modes are predominantly involved
with the fluid motion. From the 6th mode on,
very little fluid motion waa involved. They
are high frequency modes and primarily local
modes, The amount of participation of fluid
motion in each mode can be determined by
examining the local kinetic energy distribution
of each mode (Ref. 3). For instance, the 6th
mode is a pressurant tank mode, more than
80% of the kinetic energy s concentrated on
the pressurant tank, very little motion s found
in other degrees.of-freedom. This leads toa
conclusion that tha dynamic characteristics

. - S——
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of the fluid mass can be represented by the
first 5 modes, Also, 1t can be found thLat the
higher frequency local modes are relatively
1ndependent of the dynamic characteristics

of the fluid mass. Therefore, one may sub-
stitute the test-measured modes by the corre-
sponding analytical modes without losing the
dynamic characteristics of the fluid mass,

The feasibility of the method has been demon-
strated hy both a computer simulation and by
actual niodal test data, The results are in good
agrceement with the results of a full scale tank
slosh test, The advantages of the method are
the elimination of a full scale fluid tank slosh
test and the ability of obtaining the cross-
product of the inertia which, in general, are not
measured from the full scale slosh test,

This method is relatively simple to implement
once the test- measured modal data are reduced
into the form which is compatible with the
analysis. The Viking Orbiter modal test has
been performed with automatic data acquisition
and reduction (Ref, 5). Therefore the test
data is readily available immediately after the
completion of the test, Utilization of the test
data for parameter identification such as
reconstruction of fluid mass matrix can be
performed before the complete dismantling of
the test set-up.

This method is still in its preliminary state,
Many of the details lack the rigorous mathemati-
cal proof such as the convergence of the itera-
tion procedure, Also the conditions for which
the final results converge to the true solution
have yet to be established, However, these are
the same problems which still plague the
"system identification', i,e, using the results
of dynamic testing to identify the parameters in
the equations of motion (Ref, 6), Definitely,
more work needs to be done in this area,

Although the method has been developed for
identifying the dynamic characteristics of the
fluid mass, it can also be applied to other
unknown masses and stiffness terms, This

information might be of value to future projects
such as the Space Shuttle.
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UNIQUE FLIGHT INSTRUMENTATION/DATA REDUCTION
TECHNIQUES EMPLOYED ON THE VIKING DYNAMIC SIMULATOR*

F. D. Day
Martin Marietta Aerospace
Denver, Colorado

and
B. K. Wada

The Jet Propulsion Laboratory
Pasadena, California

The incorpsration of strain-gauged truss mem-
bers calibrated as load cells in the spacecraft primary
structure and the use of low frequency accelerometers
for extractin~ the sixdegree-of-freedom motion of a rigid
inertia simulator are discussed. The pos: flight proc-~
essing of the data with a modified ground station and ana-
log computers, greatly expanding che capability for
detailing structural response information from the lim-
ited number of transducers, is presented and tha nuccess

BT oA A VR AR At

of these techniques discussed.

INTRODUCTION

The Viking Spacecraft will be launched
aboard a new launch vehicle system, the Titan
LIIE /Centaur, in August 1975, The Jet Propulsion
Laboratory (JPL) is responsible for the Viking
Orbiter System, which is part of the overall Viking
Project managed by the Viking Project Office at
Langley Research Center (LRC) for NASA,

Although the Viking Spacecraft is not the
first hardware designed to fly aboard a new launch
vehicle system, areas do exist where somewhat
unique approaches have been taken to familiar
engineering problems. These areas include the
basic approach to design of the primary structure;
the methods emplayed in che verification of the de-
sign, in particular the flight of a dynamic simula-
ton of the Viking Spacecraft (referred to as the
Viking Dynamic Simulator {VDS)); and the flight
instrumentation and data reduction techniques
employed.

This paper will emphasize the somewhat
unique aspects of flight instrumentation and post-
flight reduction techniques used on the VDS data
obtained in February 1974, The Viking Spacecraft
design approach is briefly discussed,

VIKING SPACECRAFT DESIGN APPROACH

The Viking Spacecraft is one of the few
projects in which, from inception, the basic design

philosophy has been to use predicted transient flight
loads “ design the primary load carrying struc-
ture, (!} This approach influenced both the test and
the analytical aspects of the program, The struc-
tural testing has been directed towards verification
of the analytical models and techm?uea through ex-
tensive modal test programs, (2, 3) the use of
structural response limitations for high level tests :
(based on the predicted flight induced loads){4. 5}, i
and rtatic test {or structural qualification of the

primary structure based upon predicted flight

member loads, This differs from the conservative

approach of designing and testing to test specifica-

tions that simulate flight environments, The ana-

lytical aspects emphasized the coupled launch
vehicle/spacecraft dynamic model and its responses

to external transient forcing functions. The im-

portance of the analytical effort to establish design

and qualification loads provided impetus to verify

the accuracy of the analyses,

VDS CONFIGURATION

The proof flight of the new launch vehicle
system provided the unusual opportunity of flying
a dynamic simulation of the spacecraft, the VDS,
The main objectives of the VDS were to verify the
mathematical modeling techniques, the methodology
employed in coupling the spacecraft and launch
vehicle models, the lcads prediction techniques,
and the flight instrumentation. To best meet the
objectives, the VDS flight inst ‘umentation design
consisted of accelerometers, strain gauges, a
specially designed data reduction facility with sets

*Th‘u paper preseats the results of one phase of research carried out at the Jet Propulsioa Laboratory,
California Institute of Technology, under Contract No, NAS 7-100, sponsored by the National

Aecronautics and Space Administration,
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of phase and amplitude matched filters, and analog
computers. Similar instrumentation is planned for
the two Viking Spacecrafts,

The Viking Dynamic Simulator (VDS) is
shown in Figure 1, It consisted of inertia simula-
tions of the major components of the Viking
Spacecraft. The Viking Lander Dynamic Simu-
lator (VLDS), and the Viking Orbiter Dynamic
Simulator (VODS), were supp-rted by flight-type
trusses. The composite VDS payload simulated
the inertia properties of the Viking Spacecraft and
provided limited simulation of the dynamic char-
acteristics of the spacecraft. A thorough modal
survey, including modal force data, was per-
formed to verify the VDS mathematical model. (&)

VDS FLIGHT INSTRUMENTATION

Most spacecraft flight instrumentation to
obtain dynamic environmental data has consisted
of accelerometers located in critical areas to
measure important local input or response data.
Less often, accelerometers were usad to measure
the six degree-of-freedom motion across a "rigid"
interface, as was attempted on the Mariner 6 and
7 spacecraft. This type of information is more

Zyps

VIKING LANDER
DYNAMIC
SIMULATOR {VLDS)

PROOF FLIGHT
LANDER ADAPTER
(PFLA)

vODS s
VIKING ORBITER
DYNAMIC
SIMULATOR (VODS)

VIKING
SPACECRAFT
ADAPTER (V~S/C-A)
VIRING

TRANSITION
ADAPTER {VTA)

CENTAUR TRUSS
ADAPTER (CTA)

Figure 1, Viking Dynamic
Simulator Configuration

26

effective because it can be used as a unique forcing
function to be applied to a model to obtain estimates
ot responses at many locations above the interface.
However, since accelerometers will only measure
the local accelerations for a flexible structure, the
six degree-of~freedom motion across an interface
cannot be determined. The VDS instrumentation
approach differed primarvily in the use of six chan-
nels of strain-gauge data to determine the force
time history across an interface. Additionally six
channels of accelerometers on the "rigid'" simula-
tion of the Viking Orbiter bus provided its complete
motion time history. These sets of special meas-
urements, augmented by two additional strain
gauge transducers and one additional accelerom-
eter, made it possible to generate over thirty
response parameters, when processed by the
specialized playback equipment.

The VDS was also instrumented with a
microphone for acoustic measurements, and a high
frequency crystal acce.erometer to correlate pre-
dicted and measured local environments, The
channel assignments and measurement numbers are
listed in Table I. The locations of the various
transducers are shown in Figure 2.

The VDS response measurements were
broadcast as continuous data via an FM/FM
standard IRIG proportional bandwidth multiplexed
telemetry system with a carrier frequency of
2215, 5 MHz,

Strain Gauge Data

The six pin-ended struts, referred to as
the Proof Flight L.ander Adapter (PFLA), were
instrumentea with temperature compensative strain
gauge bridges. These struts were individually
loaded prior to assembly and calibrated as axial
load cells, The flight data obtained from the six
struts were used to (1) provide direct load data for
verification of the loads prediction techniques,

(2) provide a complete time history of the forces
and moments across an interface, and (3), com-
plete.y define the accelerations of the structure
above the PFLA.

The individual truss member full scale
ranges and zero load bias values are presented in
Table LI, The channels were biased to provide
approximately 60% of the range as compression,
40% as tension. The effoctive cut-off frequencies
listed in Table II for channels 12 through 17
resulted from employment of non-standard dis-
criminator output filters, These were required for
proper phase matching during analog computer
vrocessing to determine VLDS rigid bady motions.

he normal output filtars could not provide phase
natching of the truss loads while maintainirg a
constant amplitude response.

Additionally two of the twelve V-S/C-A
truss tubes were instrumented and monitored during
flight,

Low Frequency Accelerometers

The six strain measurements on the PFLA
were used to determine the rigid body motions of
the VLDS, The motion of the rigid VODS bus was
determined from six properly placed DC to 50 Hs
accelerometers (See Figures 1 and 2), Again,
non-standard filters were necessary to insure

e
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Table 1, VDS Measurement List

Measure-~
Number ment Description
Number

3 CY216-S V-S/C-A Axial Load
Transducer

4 CY215-S V-S/C-A Axial Load
Transducer

5 CY208-¢ VODS Sprung Mass Z-Axis
Accelerometer

6 CY207-¢ VODS Bus X-Axis
Accelerometer

7 CY206-¢ VODS Bus Y-Axis
Accelerometer

8 CY205-¢ VODS Bus Y-Axis
Accelerometer

9 CY204-¢ VODS Bus Z-Axis
Accelerometer

10 CY203-¢ VODS Bus Z-Axis
Accelerometer

11 CY202-4¢ VODS Bus Z-Axis
Accelerometer

12 CY214-8 PFLA Truss Axial Load,
Member 202

13 CY213-8 PFLA Truss Axial Load,
Member 203

14 CY212-S PFLA Truss Axial Load,
Member 204

15 CY211.S PFLA Truss Axial Load,
Member 205

16 CY210-S PFLA Truss Axial Load,
Member 20C

17 CY209-S PFLA Truss Axial Load,
Member 201

18 CY201-¢ Piezoelectric Accelerom-
eter, Z-Axis

19 CY217-Y  Acoustic Microphone

proper phase and gain characteristics on the post-
flight processing. The cut-off frequencies listed
in Table II for the VODS accelerometers (channels
6 through 11) are indicative of the {ilters purchased
for this task.

Additionally, a single accelerometer was
placed on the P3S simulation, or 'sprung masa',
sensitive in the longitudinal axis, This DC-S0H2
accelerometer was incorporated primarily as a
"Pogo'' accelerometer to determ:ne possible
adverse coupling with launch vehicle axial modes.

CY213-§
(CHL.13) Yy

cY216-s
AL

ns

\

cranes usf” -
{cHL12)

Xyo§
15°)

DS CY212-5
(CHL.14)

CY209-8 CY210-§
(CHLA?) {CHL.16)
CY215+5
(CHL.3)
75° LOOKING AFT AT VLDS
TITAN TARGET
S
L1
CY201- Acoustic
(C"‘-'“‘g ENVIOR, : J——
LONG.3EN. (CHL,S)
-y LONG,$EN,
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'XVD-S— b 'XVOS
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Figure 2, VDS Instrumentation Locations

Crystal Accelerometer and Microphone

Both the crystal accelerometer and
microphone measuroments are primarily high fre-
quency in nature and therefore ueed the highest
frequency IRIG channels (Table I), While the
standard IRIG frequency responses were oxtended
upward by the use of non-standard modulation
indexes in playback, both measurements were
intended to be single point or localized measure-
ments as opposed to transducerd grouped for more
general response information.

DATA REDUCTION PROCESS

In general, the reduction of VDS flight
data took the form of time history oscillographs,
power spectral density (PSD) plots, and shock
response spectrum plote; The special processing
consisted of analog computer manipulations per-
formed on the PFLA loads data and the VODS
accelerometer data,

The particular flight events of interest
were processed for spectral information either as
PSD's if the data were predominantly steady-state
random, or as ahock response spectrum plots if
the data werr dominated by a relatively short
duration transient event,
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Table 1I, VDS Instrumentation Characteristics

Channel Measurement Zero Load Full Scale Data Cutoff
Number Number Bias Range Frequency
19 cyYyz17-yY 150.0 dB 1400, 0 Hz
18 CY201-¢ 40.0¢g's 1050.0
17 CY209-S 61.6% 27319 1bs 200, 0
16 CY210-8 60.1% 27175 1bs 204.0
15 CY211-8 59.2% 26636 1bs 219.0
14 cy2lz2-s 61.1% 27157 lbs 220.0
13 CY2i3-8 61.0% 27192 lbs 239.0
12 CY214-S 59.6% 27177 los 265.0
11 CcY202-¢ 0.0 20.00 g's 41.7
10 CY203-¢ 0.0 19.98 g's 43. 4
9 CY204-¢ 0.0 20.00¢g's 46.2
8 CY205-4 0.0 10,01 g's 49.7
7 CY206-9¢ 0.0 9.99 g'a 55.0
6 CY207-¢ 0.0 10.00 g's 65.8
5 CcY208-¢ 20% 10.01 g's 20.0
4 CY215-% 59% 25331 lbs 14.0
3 CY216-S 59% 25342 1bs 11.0

Loads Data Processing

The strain-gauging and calibration of the
PF LA truss tubes as axial load cells creatcd
unique post-flight data processing capabilities.
Tho six channels of data were reduced directiy as
load information, phase correlated and manipulated
to provide the coinplete force and moment history
across the interface with the VODS, and phase
correlated and manipulated to provide the complete
description of motion for the center of mass of the
Viking Lander Dynamic Simulator,

The reduction of the PFLA data as loads
informaticn was performed for the events listed in
Table II1. This table also indicates the type of
data analysis performed, For all analyses the
flight data was demultiplexed by the modified IRIG
proportional bandwidth system which included the
special discriminator output filters. The special
filters were purchased to phase match the six
channels of data with no amplitude attennation, to
at least 100 Hx. The filters and channel selectors
were calibrated and the phase/amplitude char-
acteristics verified prior to reduction of the
flight data.

All spectral analyses, either in PSD or
shock response spectra form, were generated with
the use of digital computer programs. The six

channels of data were digitized simultanecusly at

a rats of 1065 samplea/sec for each channel, This
rate allowed goneration of PSD's with an effective
resolution of just over 2,0 Hz. The PSD analysis
bandwidth was limited to 533 Hz, The shock re-
sponse spectra plots were generated for a fre-
quency range of 1,0 to 100,0 Hz, with the spectra
defined by forty points per decade, Shock response
plots were generated for three values of gain (Q),
10, 20, and 50,

The two Viking Spacecraft Adapter truss
members which had been calibrated as load cells
were reduced directly as loads information. The
channels assigned were of low frequency response
capability, and standard IRIG filters were used
for discriminator output.

Low Fraquency Accelerometer Data

The basic servo-accelerometer telemetry
data was reduced employing the modified IRIG
proportional bandwidth demultiplexing equipment,
with special discriminator output filters. These
filters were used to provide phase correlation
with no amplitude attenuation to at least 25 Hz,
The seventh servo-accelerometer, measurement
CY208 on telemetry channel 5, was reduced with
the normal IRIG filter, set for constant amplitude
response,
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Table III. Summary of VDS Data Reduction Effort

e |} A IO

Event Ambient Laft Off Transcnic
Ref Time* 47+50 48:01 5 48 38
Analysis Time»* 05-25 02-22 2 2-4 2 1232 02-12 00.30 0-2 2-4 4-6 6-8 8-10 10-12 12-14
IRIG Meas
No, No
19 cY217-Y A A A A A A A A A A A A A
18 CcY201-9 P S P P P
17 €Y209-8 P P P P P S P P P P P P P
16 CY210-5 P P P P P s P P P P P P P
15 cyz11.8 P P P P P S P P P P P P P
14 Ccy212-8 P P P P P S P P P P P P P
13 CY213-§ P P P P P s P P P P P P )3
12 CY214-§ P P P P P S P P P P P P P
1 CY202-Q P P P P P S P P P P P P P
10 CY203-9 P P P P P s P P P P P P P
9 CY204-0 P P P P P s P P P P P P P
8 CY205-9 P P P P P S P P P P P P P
7 CY206-9 P P P P P 5 P P P P P P P
6 CY207-¢ P P P P P s P P P P P P P
5 Cv208-p P P P P P s P P P P P P P
4 CY215-8 P P P P P P P P P P P P
3 CY216-S P P P P P P P P P P P P
Analog System 1 P P P P P P P P P P P P
Analog System 2 P S P P P P S P P P P P P P
Analog System 3 P S P P P P S P P P P P P P
'GMT Time Ref 042 13.00,00 KEY: P = Power spectral dennity analysin
"*Times Listea as even sec for convenience S$ = Shock response spectra analyasis
F = Fourier transform analysis
A = Acoustic analysis, sound pressure

spectrum level and sound pressure
leve! plota

Event FBR St 1 lUN Stage 1 Oscillation Stage 1| B/O Shroud Stage 2 Stage 2 B/O
Ref Time 49-41 2 4956 5 5130 51-50 5158 52110 $2.22 52:22 52:35,2 55 00 §5:50 S

Anatysis Time 00-20 00-20 0-2 0-2 0-2 0-2 0-2 20-3¢5 06-28 00.20 00.20
IRIG Meas

No No

19 cya1r.y

18 CcY201-9 s S S s s S F F F F
17 CY209-5 s s P P P P P 5 s P S
16 cyz2l0-8 S S P P P F P S s P S
15 cy2li.s s s P P P P P S 5 P S
14 cyz12-8 s s P | P P P s S P S
1 Cy213.8 S S P P P P P s S P S
12 CY214-§ s s P P P P 4 S S P S
1 CY202-9 s s P P P P P s S P s
10 CY203-0 s s P P P P P S S P s

9 CY204-0 s s P P P P P S S P s

L] CY205-¢ s S | o P P P P S s P S

7 CY206-9 s s P P P P P S S P s

6 CY207.9 S S P P P p P s S P S

H CY208-0 s P P P P P S S P S

4 Ccy215-8 S P ) P P P S S P S

3 CY216-S s P P | o4 P P S S P S
Analog System | s §# P P P P P S S P S«
Analog System 2 s s P P P P P S S P g
Analog System 3 s S P P P P P S S P S
*Time slice is 0 0-2 3, Ref 49:56 2 KE1: P = Power spectral density analysis
*sTime slice 18 0 0-1 4, Ref 5550 2 S = Shock response spectra analysis

F = Fourier transforra analysie
A = Acoustic analysis, sound pressure spectrum
level and sound pressure level plots  °
29
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The spectral analyses performed on the
low frequency accelerometer data were similar to
the processing done on the PFLA loads data.

In addition, the accelerometer data was
processed through an analog computer to provide
the rigid body motion of the VODS bus,

Analog Processing of PFLA Loads Data

The data was reduced directly as individ-
ual member loads, Figures 3 - 8, combined to
give resultant forces and moments across an inter-
face, Figures 9 - 11, and also displayed as the
resultant accelerations at the center of mass of the
VLDS, Figure 12 - 14, The last two forms of data
reduction incorporated analog computer processing
of the phase matched, demultiplexed data,

The standard data reduction system is
shown in block diagram form in Figure 15, The
composite signal was processsed through a ground
station consisting of a demultiplexing unit (in this
case an IRIG proportional bandwidth system) to
obtain individual measurement signals; those
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individual signals were then recorded on oscillo-
. graph paper, digitized for spectral analysis, or
otherwise displayed as engineering data. The
l block diagram of Figure 15 shows the processing
performed on the strain measurements as indi-
vidual channels of data.

. The unique aspects of the VDS strain data
processing are shown in the block diagrams of
Figures 16 and 17, The demultiplexing unit was
modified by incorporating special filters for the
six channels of strain data to provide phage and
amplitude correlation. The phase correlated
channels were then processed by an analog com-
puter to provide either resultant forces and
moments across the PFLA interface, or resultant
accelerations at the center of gravity of the rigid

it SR PR

i

VLDS,

Figure 16 shows in block diagram form

the processing for resultant forces and moments,
The geometric properties of the truss, scale
factors, and conversion factors to obtain engineer-
ing units were incorporated in the analog program

. along with the necessary coordinate transforma.
tions. The resultant accelerations at the center of
gravity of the rigid VLDS were obtained in a sim.
ilar manner, With the forces and moments across
the PFLA interface known, the resultant

: INDIVIDUAL

accelerations were computed using the VLDS
inertia properties. The block diagram of Fig-
ure 17 shows the processing employed in obtaining
engineering data in terms of these accelerations,

The truss identification as used in the
analog processing is shown in Figure 18. For the
resultant forces/moments, the analog computer
output was low-pass filtered at 500 Hz to suppress
noise inherent in the particular analog computer
used. The resultant VLDS accelerations were
noi filtered as a different analog computer, with
better noise characteristics, was employed.

Analog Processing of VODS Accelerometer Data

The loc ations of the six servo-
accelerometers mounted on the upper plane of the
VODS bus are shown in Figure 19, The equations
for the six degree-~of-freedom motion of the point
on the centerline of the VODS, in the plane of the
accelerometers, were based on geometry and are
as follows:

Xyps = 2

.Y.VDS = 0, 5(3.7 + 38)

Lyps = 0-5ag +3y))

é"vns = 16.29 (a4 = a;)) (1)
é"vos = 11,39 (ag - a))

6‘vns = 1139 (ag - a,)

where X, Y, Z are accelerations in g's, 6y, §y.
€, are rotational accelerations in rad/

seccand ag , a7, ...a}], are accelerations

in 3's per Figure 19,

Equations (1), with appropriate scale
factors, were implemented on the analog computer
used previously for generation of the VLDS center.
of-mass accelerations., The flight data was re-
duced in a manner similar to that employed for the
strain data, using the special phase/amplitude i
ratched filters purchased for [R1G channels six '
trrough eleven, There were no additional low- i
rass filters following the analog processing,

SINGLE MEASUREMENTS
composITE —» oiginzeo J
MG > GE ‘
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N [N S S S
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Figure 15. Standard Flight Data Processing System
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SUMMARY OF FLIGHT DATA

The use of the special filters slightly
decreased the signal to noise ratio for channels
12 and 13. T'.e major problem was noise signal
at approximately 5,0 Hz which wa apparently
caused by one of the tape recorders employed by
ETR in producing the duplicate tape. This nolse
signal is clearly seen in the time history plots for
the resultant force in the Z-azis, Figure 20, The
signal can be found on all the channels to some
extent, and the sharp spike at the discontinuity is
seen on the PFLA channels. A secoud duplicate
tape was received from ETR after this nolse
problem was identified and the source determined,
The second tape is cleaner. The majority of the
data were not redigitized hecause of schedule and
cost considerations. Otherwise, the data obtained

from the PFLA strain-gauged struts were good and

proved useful in post-flight reconstruction of the
various events,

Strain Processing for Resultant VLDS Accelerations

The PFLA data, processed chrough the

analog computer, provided useful data for post-
flight reconstruction and correlation with Viking

Lander tests and analyses,

Significant noise at

5 Hz wag evident in the resultant force in the
longitudinal dirvectinn (Fz) and the resultant longi-
tudinal acceleration (Az)., These terms sum all
six PFLA measurements in phase, thus accentu-
ating any noise common to the telemetry/playback
system. Reference PSD's and shock response
spectra have been provided for most data channels
to facilitate identification of the noise character-
istics, These reference spectral analyses were
generated for a time slice approximately ten

seconds prior to launch,

The data obtained from the seven low-
frequency accelerometers were good, The VODS
bus data is limited to 25 Hz by the special filters

purchased for phase/amplitude correlation,
Amplitude information for individial channels can
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> . } approximately 5 Hz noise from tape recocder

STRUT NO. 1, CY213-S STRUTNO. 6, CY212-5 processing at ETR can also be seen periodically in
STRUT NO. 5, the low frequency accelerometer data.
cym-s

The analog processing of the VODS bus
g{g‘ﬂ_’;‘o- 2, /VODS 8us accelerometer data along analyses coordinate was
useful in post-flight reconstruction and investiga-
tion of the VDS launch.
e
STRUT NO. 3, s b CONGLUSION
CY209-5 @ e
i The use of calibrated load cells which are
] \vwﬁ an integral part of the primary spacecraft structure
> was demonstrated as a feasible approach to flight
, VIEW LOOKING AFY instrumentation on the VDS, The advantage of using
4 - load cells was that a complete force time history
] Figure 18. PFLA Truss Numbering for Analog was obtained across an interface., From this, the
: Programs complete acceleration time history of the structure
' above the interface was derived through specialized
Va4 post-flight processing. In the past, attempts to
) determine a complete acceleration time history
o v | Cve08- 4 across an interface, with accelerometers, resulted
. ‘f— ‘ ‘ in limited success because of '"local" resonances,
CY205-¢ a, The force time history was used as an input to the
% 23.69(°g ’ VLDS to calculate the acceleration time history.
4 N __L Similar data from the Viking Spacecraft flight will
X o, 4—< CY207- & allow calculation of the complete acceleration and
vos l force on any part of the Viking Lander Capsule, In
addition, the complete acceleration time history of
Yyos the rigid Viking Orbiter Bus Dynamic Simulator
CYe0s-¢ was achieved through use of servo-accelerometers
oIt ag (s | CY204- ¢ and specialized post-flight processing. This was
i possible because of the rigidity of the VODS bus
E‘ }4—-—— 33.89 ————! within the frequency limitations of the instrumenta-
1 - tion/telemetry system, This technique would not
VIEW LOOKING AFt be as easily adapted to Jightweight flight hardware.
Figure 19. VODS Accelerometer Numbering The VDS results should be of interest to
L for Analog Program engineers selecting flight instrumentation and
reduction of data for verification of spacecraft
A loads and environments. A set of load cell instru-
2500 mentation similar to that used on the VDS will be
2000 A e employed as the primary response transducers on
two Viking Spacecraft to be launched in 1975.
1500 Jr %
% ool | 1 I
3 § il l REFERENCES
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This is especially noticable with channel 6, both 1975 Developmental Spacecraft", paper to be
as an individual measurement and as a resultant presented at the 45th Shock and Vibration
acceleration output from the analog computer. The Symposium.
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Deveiopmental Test Model Forced Vibration paper presented at the 45th Shock and Vibration
Test Summary Report", JPL TM 33-689, Symposium, October 1974, Dayton, Ohio.
June 1974,
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ANALYTICAL PREDICTION AND CORRELATION FOR THE
ORBITER DURING THE VIKING SPACECRAFT
SINUSOIDAL VIBRATION TEST*

Gerald R, Brownlee
Jet Propulsion Laboratory
Pasadena,

Fred D. Day III
Martin-Marietta Aerospace
Denver, Colorado
{Assigned to the Jet Propulsion Laboratory)

John A. Garba
Jet Propulsion Laboratory
Pasadena, California

California

Spacecraft Dynamic Test Model.

responses an . test capabilities.

Analyses were performed to simulate the sinusoidal testing of the Viking
The complex nature of the spacecraft
test nardware and response control techniques employed to safeguard the
structure required an extensive series of analyses to predict dynamic
Representative analytical prediction;
and their correlation with test results are presented.

INTRODUCTION

The Viking Spacecraft will be launched on
a Titan [IIE/Centanr launch vehicle in August
1975, Managed for NASA by the Viking Project
Office at the Langley Research Center, the
Viking consists o1 1n Orbiter system (the
responsibility of the Jet Propulsi:a Laboratory,
(JPL)),; and a Lande Capsule (buiit by Martin
Marietta Aerospace:. The purpose of the
Viking mission is the sclentific exploration of
Mars,

The Viking Orbiter (VO) structure was
designed for analytically derived flight loads
thiough an approach referred tu as lLoads
Analysis. 1l The primary structure design
loads are gencrated analytically as responses
to the various transient Launch Vehicle events
anticipated during the boost phase of the mia-
#ion. This design approach, by necessity, bad
significant influence on the VO structural quali-
fication test program.

The loads and the associated test programs
were sabdivided intu three categories; the luw
frequency range, 0 to (20/30) Hz, nuddle
{requency range, (20 30) to 200 Hz, and the

high frequency range, above 200 Hz. In the low
frequency range, the member furces are pre-
dicced by analysis and the structural integrity
of the VO systerr was verified primarily by
static tests. In addition, a controlled sine
vibration test, from 10 to 200 Hz, was
employed to satisfy requirements for the low
frequency as well as the middle frequency
range. Acoustic excitation and pyrotechnic
device firings were useqd for qualification in
the high frequency range.

In order to simplify the operational, con-
tractual and analytical interfaces, formal
qualification testing of the Prcof Test Orbiter
was performed usning an inertia simulation of
the Viking L ander Capsule. The Proof Test
l.ander Capsule was qualified separately by
the Martin Marietta Company in Denver, Colo-
rado. However, representative hardware for
both the Orbiter and Lander Capsule were com-
bined for a developmentai sine test program
perfurmed at JPL prior to the structure quali-
fication tests,

The objectives of this development test
were (1) evaluate the effect of Orbiter/Lander
Capsule interactions on the responses at

This paper presents the results of one phase of spacecraft development carried out at the Jet
Propulsion Laboratory, California Institute of Technology, under Contract No. NAS 7-100;
sponsored by the Natiunal Aerunautics and Space Administration,
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subsystem and component locations to
determine the adequacy of component sinusoidal
test levels, (2, evaluate the adequacy of the
V-S/C secondary structure, (3) serve as a
precursor to the Proof-Test Orbiter (PTO)
qualification test, (4} evaluate the adequacy of
the Proof Test Capsule (PTC) qualification test
levels, and (5) obtair data for comparison with
analytical results.

All VO testing was subject to the constraint
imposed by the VO structural design criteria,
namely: "Tests Other Than Static Qualification
Tests Shall Not Result in Member Loads
Greater Than Limit Loads Established by
Flight Loads Analysis.'' Thus the excitation
levels of the VO/VLC development vibration
test were limited by strain gauged member
responses and accelerations through a closed
loop control system,

The complete sinusoidal test program con-
sisted of separate excitations along 2 ortho-
gonal axes. In the two lateral configuratione
the test specimen was cantilevered at its base
and the excitation was provided by four pendu-
lously suspended 150 1b. modal shakers. For
the longitudinal excitation the test specimen
was mounted on a fixture attached to one Ling
A-249 exciter. The discussion herein is
limited to the longitudinal configuration with
the elastic VLC since 1t presented the most
challenging engineering problems,

The emphasis in this paper 18 on the analy-
sis and its correlation with test results. The
implementation of the test procedure is the
subject of another paper. (2] The analytical
work 18 divided into three areas;

(1) Test [easibility studies. These con-
sisted of computer simulations to
determine fixture characteristics and
to verify the restraint system's capa-
bility for limiting shaker armature
rotations, Excessive armature rota-
tion vould automatically abort the test,

{¢) Response prediction studies. These
studies were aimed at identifying criti-
cal structural members and aiding in
the selection of strair gauge and
accelerometer channels for use in the
test control.

(3) Correlation studies, These studies
compare the predicted responses to the
test responses after each has been
renormalized to a common input base,

TEST CONFIGURATION

The test configuration was consistent with
other large spacecraft vertical vibration test
programs. A large electromagnetic shaker
provided the excitation through a bowl-type test
fixture upon which the spacecraft Dynamic Tast
Model (DTM) waz mounted, (See Fig. | and
Fig. 2.9
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Test Specimen

Hardware responsibility for the test
specimen rested with three separate organiza-
tions. The Lander developmental test model
(LDTM) was built by Martin Marietta Aero-
space. The Viking Transition Adapter (VTA)
was the responsibility of General Dynamics/
Convair Astronautics. The Orbiter develop-
mental test model (ODTM) was built by JPL,
Each organization was responsible for ensuring
that the test hardware was representative of the
flight configuration.,,

The ODTM consisted of the Viking Lander
Capsule Adapter {VLCA); octagonal bus struc-
ture with flight type bays and simulated elec-
tronics, cabling, and cable trough; four solar
panels with dampers; scan platform with simu-
lated science, antenrae (high and low gain and
relay); propulsion module; and Viking Space-
craft Adapter (V-S/C-A). All simulated hard-
w.ire consisted of accurate representations
with respect to interface requirements, inertial
properties, stiffness and damping for the fre-
quency range from 0 to 200 Hz.

Test Facility

The large size and weight of the Viking
Spacecraft as compared to previous spacecraft
tested at JPL required some special test hard-
ware and special fixturing.

A magnesium fixture weighing 3000 lb. was
used as a transition between the 12 spacecraft
adapter members and the shaker head, In
addition, an airbag suspension system was
required to react the spacecraft-fixture dead
weight and protect the Ling A-249 shaker arm-
ature flexures., Due to the large spacecraft
height and non-symmetric mass configurationa
lateral support was required. This support
was provided by three pairs of hydrostatic
bearings and a set of three reaction piers, The
lateral supports were attached to thetest fixture
as shown schematically in Fig. 1.,

Test Control

Of the thirty-six channels available for
control during the test, twelve were input con-
trols and twenty-four were response coatrols
or response himiters. The {nput controls
{accelerometers on the Osbiter bus) were
employed 1n defining a nominal test vibration
level., This nominal control level was auto-
matically suppressed at any frequency by a
response control (either accelerometer or
strain-gauge) reaching a preset level, The
control syastem would 1deally allow the maxi-
mum response, up to the nominal control level,
s0 long as nune of the twenty-four response
controls exceeded its preset level. In this way
the restriction on exceedance of flight derived
limit loads woild be adhered to. In addition, a
total of 59 channels were monitored during the
test for emergency abort, The test was
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Figure 2, Viking Spacecraft in the
Test Facility

participation by the fixture in normal modes
below 200 Hz, and evaluate the accuracy of
assuming a rigid fixture for the 0-40 Hz fre-
quency range simulated by analysis. The
spacecraft model consisted of a rigad lander
and rigid orbiter supported by representative
truss members,

As a result of these studies the original
fixture concept was modified to provide addi-
tional torsional stiffness and include the exter-
nal restraint system, These changes resulted
in a first mode frequency of 109 Hz,

Shaker Capability Studies

Early in the planning of the Viking Space-
craft developmental sine test an analysis was
performed to obtain an estimate of the require-
ments to be imposed on the shaker. This analy.
#is employed 2 detailed elastic model of the
Orbiter and a rigid inertia model of the | ander,
The spacecraft model wai fixed at the base of
the spacecraft adapter and base motion input
forcing functions applied. A determ.nation of
the reacticns at the cantilever interface gave
estimates of the required shaker force and the
moments and shears which would be applied to
the shaker if no other restraint system were

- - L U

used, This study indicated that the shaker
force capability was sufficient, but that add:-
tional external moment restraints were
required,,

At a later time, a refined elastic model of
the Orbiter, with a rigid simulation of the
Lander, was coupled to the shaker/restraint
system model and a test simulation was per-
formed. This analysis was performed as a
check of the facility model and used the rigid
lander representation since it was readily
available. The results indicated that the test
was feasible, the shaker force capability was
sufficient, the armature relative rotation was
within acceptable limits, the fixture stresses
were acceptable, and the restraint system per-
formance was a2dequate., This conclusion was
confirmed by the detailed test simulation analy-
sis and the test results themselves,

RESPONSE PREDICTION STUDIES

Once the test facility configuration was
fixed and verified by analysis the response
prediction analyses were initiated. The
objectives of the response prediction studies
were to identiiy critical structural members
for use in selecting the response control chan-
nels, determine facility reaction loads for the
restraint system, provide responses for numer-
ous transducers for quick look comparison with
test data, and indicate potential problem areas
for test control.

Analytical Model

The total spacecraft model was generated
using modal synthesis or modal coupling tech-
niques. {3, 4] The Viking Orbiter was divided
into the following subsystems for analysis, the
bus, including the spacecraft adapter and
lander adapter trusses; the cable trough; the
scan platform; the propulsion subsystem; and
the four solar panels, The subsystem models
were verified by extensive modal testing. (5]
The composite Orbiter model was also verified
by system level modal tests employing an
inertial simulation of the Lander. [Z]

The flexible ] ander model was generated by
Martin Marietta Aerospace and supplied to JPL
as a normal mode model; The total spacecraft
dynamic model was then produced by cuuphing the
l.ander modes with the composite Orbiter model.

The test facility was represented by a dis-
crete coordinate model of the shaker, fixture,
and restraint system. A schematic of the test
facility model is given in Fig. 3. The pertinent
facility parameters are listed in Table 1. In
modeling the test facility the following assump-.
tions were made;

I, Since the fixture analyses indicated a
first mode resonance at 109 Hz and
the response analysis was to be hm-
ited to 40 Hz, the fixture was assumed
rigid.
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The shaker armature and the shaker
housing were each assumed to be rigid
masses.

The three reaction piers were treated
as rigid suppcrts for the hydrostatic
bearings. However, the local flexi~
bility of the piers at the lower plane of
bearings was included in determining
their effective spring rates.

The airbag spring rate was neglected
28 its effects were only evident below
the frequency range of interest.

The facility model was formulated to pro-
vide response data in terms of armature-
shaker housing relative motion, houting
displacements and reactions at the shaker
supports, loads on the reac'ion prers and

TABLE 1

Facility Parameters

A. LING 249 SHAKER PROPERTIES

1. Inertial Properties
Armature Weight
Housing Weight
Armature C,G.

Housing C. G,

[

} 3.  lsomode Stiffness Properties

f Effective Spring Constant Along Trunnion Axis (le) = .42 X 106 1b/in,
Effective Spring Congtant Perpendicular to Trunnion Axis (KW) = 21 X 106 ib/in,

r—li. HYDROSTATIC BEARING STIFFNESS PROPERTIES

r_—____» —

i

b e s

1. ’I: T~y;v>er.;wh;1‘n~del Team 1830'{-8

Effective langentiai bpring C

396 lbs,,
29,000 ibs,

13.2" below head surface, axi-symmetric

2. Armature Stiffness Properties
FEffective Lateral Spring Constant
Effective Axial Spring Constant

Effective Longitudinal Spring Constant

epetant
Effective Radial Spring Constant

Effective Longitudinal Spring Constant

2. V" Type, Moude! Team J830V-8
Fffective Tangential Spring Constant
Fffective Radial Spring Constant

Hffective Longitudinal Sprink Constant B! 100w —

C, AIRBAG STIF FNESS PROPFRIIFS

l\A 0 Ib/ing

27.75'" below head surface, axi-symmetric

(KTT) = 0 lb/in,
(Kpgp) = 8 X 107 b/in,
(KTZ) = 0 1b/in,
|
; , ]
(Kyx) - 1 X 10 Ib/an,
VT o
(KVR) = B XN 107 Ib/in,

= 1.6 X 10° b/in,

(Kgyp) .
1.6 X 10* Ib/in,

(KsAl =

(KIZL— +35 X 10“ Ib/in,

- —————




fixture, and shaker force requirements. The
resultant facility model consisted of twelve
dynamic degrees of freedom, six for the
armature/fixture mass and six for the shaker

housing.,

The system modes for the test simulation
were produced by coupling the composite space-
craft cantilever model to the tcst facility model.,
Transformations were maintained such that
accelerations, displacements, and internal
loads for the subsystems could be generated

system modeling techniques will not be
described extensively as they are well docu-
mented elsewhere and consistent with practices
throughout industry. The derivation of the sys-
tem damping, however, is not well defined
elsewhere and methods vary considerably from
company to company. The technique employed
for this study will therefore be dealt with in
some detail.

In general, subsystem modal damping
values were obtained from test data wherever

R0 s S NI

T from the composite system modal responses, possible., The Viking Lander damping was
:. Table 2 lists the frequencies and modal damping supplied to JPL by Martin Marietta Aerospace :
values employed for the first fifty modes of the as a diagonal modal damping matrix. Damping ,
complete system. A total of 109 system modes values varied from €/cc = 0,005 to €/c¢ = 0.055
were employed 1n the response or test syimula- depending o the mode (C¢ = critical damping :
) tion analyses. The mathematical details of the value). ;
v
; [ TABLE 2
Composite Model
g ‘ Damping 1
4 Mode Frequency Ratio :
; No. Hz C/Cc Identification or Predominant Motion ‘
» 1 3,60 .018 Rigid S/C on Armature, Longitudinal ,
E 2 5,61 . 697 Solar Panel RB Mode .
i 3 5.67 . 698 Solar Panel RB Mode
4 5,70 712 Solar Panel RB Mode ’
E 5 5.70 «73Y4 Solar Panel RB Mode
FE 6 5.89 . 068 18t Spacecraft Bending Mode ,
b 7 6,02 . 026 18t Spacecraft Bending Mode .
E 8 7.08 .072 Housing 1 ateral X :
i 9 7.42 T S/C Tth Mode, 1ateral t
; 10 7.77 .010 Orbiter Torsion Mode '
3 h 1 T4 . 025 S/C 9th Mode, Lateral .
4 12 10.36 . 052 §/C 10th Mode [
o 12 10. 49 . 036 S/C 11th Mode, Torsion |
\ ' 14 11,13 .100 Housing Longitudinal Z ;
15 12,02 . 007 S/C 12th Mode, Torsion
1 16 12, 80 . 006 S/C 13th Mode, Torsion
4 w 17 13.63 .010 S/C 14th Mode
r“‘ 18 13,73 .010 S/C 15th Mode
’ 19 14,64 . 020 S/C. 1oth Mode
20 (5.24 . 016 §/C Longitudinal Mode
1 2! 15,69 . 056 Housing Lateral Y
1
43
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TABLE 2

Composite Model (Continued)

Damping
Mode Frequency E?tio . )
No. Hz Ce Identification or Predominant Motion
. 22 15,75 . 024
3 23 16.26 . 019
’ 24 16. 46 L012
‘ 25 17.23 . 021
: 26 18.17 . 028
v 27 18,43 .016
' 28 19,03 .09
: 29 20. 52 . 011
30 20.96 <010
A 31 21,41 . 010
- 32 21,47 | . 010
33 21,67 . 010
34 22,36 . 015
35 23,05 . 020 Housing Torsion
, 36 23.33 4010
3 37 23,94 .010
] 38 23.95 .010
f 39 23.95 . 012
40 24.175 . 020
: -
41 25,11 . 019
E ' 42 25,68 ni7
T 43 25.84 . 015
. t 44 25.93 . 015
' 45 26,12 .019
: 46 27.01 . 021
L{ w 47 29.04 .014
v 48 29.53 . 016
49 29.94 . 016
E 50 30,12 2 020
i
3 44
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The Orbiter damping was determined from
subsystem and Orbiter system-level modal test
data. Expressing the equations 5f motion for
the Orbiter model in matrix form yields

({5} ) {olg 51
1‘3 }p, o }B o }B
{q }1 {q }1

i, k

5

+[C) b+ [K) ={o} )

where
{U}B
{U}R

o,

n

real displacement of the VO bus

rigid body degrees of freedom of
the VO

modal displacements of ith
substructure

[M) = system mass matrix including the
rigid VLC

[C] = system damping matrix

(K] = system stiffness matrix

The subsystem damping data was intro-
duced in the matrix [C] of Equation (1) as
diagonal modal damping. Since Equation (1)
contains a mixture of real and generalized
coordinates, the Orbiter damping matrix,

26l = el ™ el 2] @

where [®o] = Orbiter system-level normai
modes, lacks the damping contribution of the
bus real coordinates. The matrix [Cyldoes
contain the effect of the Solar Panel point
dampers, as well as all subsystem damping.
The ODTM modal test provided damping wnfor-
mation for the Orbiter system less Solar Panels.
The Solar Panels were left off the modal test
specimen intentionally. The damping ratins for
the ODTM as well as the subsystems are given
in References 3 and 4.

Past experiences at JPL have shown that
the use of measured modal damping to analyti-
cally predict spacecraft responses for a sinu-
soidal vibration test yielded responses higher
than the sine test measurements. This is
attributed to the increase in damping with
excitation level. All Viking modal testing was
done at several levels of excitation in order to
study the nenlinearity of damping w.th ampli-
tude. For the analysis the highest damping
measured in the modal test was used. The
procedure for obtaining a valid Orbiter damp-
ing matrix was as follows:

15

1. Identify the Orbiter normal modes
using kinetic energy distribution and
effective weight. Classify the normal
modes as to overall system modes or
subsystem modes,

2. Examine the diagonal terms of [Co],
Equation (2) and estimate a damping
ratio for each mode, neglecting the
off-diagonal coupling terms.

3. For normal modes with appreciable
subsystem contributions either use
the damping in [Co) or augment 1t
using subsystem test data.

4, For overall Orbiter normal modes
such as system bending, longitudine)
or torsional modes use the ODTM
modal test data to augment the diag-
onal terms in [C,].

The above procedure produces two aug-
mented Orbiter damping matrices, IC*ol
wherein the off-diagonal terms have been
neglected and [Cc')l wherein the off-diagonal

terms have been retained.

The above procedure is clearly based on
engineering judgement, wherein all available
test data 1s utilized to generate an estimate of
Orbiter damping.

The total system normal mode damping is
then generated by including effects for the
facility and Lander damping.

No experimentally determined damping
data was available for the test facility. The
damping values were estimated based on medal
test data of a similar shaker configuration.
For the armature the damping ratio ¢/c was
assumed to be . 02, For the trunmon isomode
pads a damping ratio of C/cc = 0.10 was picked.
Identitying the diagonal Lander damping matrix
as [CL], and the spacecraft normal modes as
[®sc ), the spacecraft combined damping is
obtained by following basically the same pro-
cedure used for the Orbiter, thus the space-
craft damping matrix is generated as

lc*sc] x [agc]T [[C:oj IC‘;]] osc] (3)

using the diagonal Orbiter damping or

el bl [Fd 8 Jponet
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using the full Orbiter damping matrix. The
diagonal terms of [C:c] and [C;c] are now
examined and compared to see if the damping
value reflects the expected damping for the
identified mode. It was found that for most
modes the diagonal terms of [C:c and [Clsc
were of similar magnitude, [C:c] and [C'sc]
can now be further diagonahz'ed to produce two

ek
more matrices [C ]and [C .
sc sC

The composite system damping can now be

determined from

[CF] represents the test facility discrete
damping values

{6 1 15 the matrix of 109 composite system
normal modes,

e - '
and [c‘ ] is taken as either [c’ } [c” ] [c ]
3 sc sc s¢
or [C" T
sc
The procedure used for estimating Orbiter
damping was now applied to the above matrices
to generate a diagonal damping matrix rcc] for
the composite system. For most modes the

diagonal element was used,

Ideally at least two response solutions for
the composite can be generated; one by using
Cc] for the composite damping and another by
using the consistently coupled damping matrix,
C:] evaluated with fc;(

The latter solution leads to either a com-
plex eigenvalue solution or an integration of a
large number of coupled differential equations.
This was not attempted due to prohibitive cost,
Instead the matrix chJ was used in the

response solution for the system,

Although four matrices in Equation (5) were
generated and used for a qualitative assessment
of the damping, diagonalization of the damping
matrix at each level of the processing was
favored. The diagonalization gives a better

ingight at each level since it represents modal
damping, while the sffect of the off-diagonal
terms are not fully uaderstood.

Rezponse Program

To predict the controlled responses of the

spacecraft a digital computer program was
developed wherein the equations of motion were
solved such that none of the controls were
exceeded, yet one of the controls always
reached its liinit. The equation of motion of
the composite in generalized coordinates is
expressed as

46

[, Jigy« o, Jtet+ T Jisb = )7 1et @

where rMc], [Cc] and [KC] are the generalized
mass, damping and stiffness of the composite

respectively, and {f} is the forcing function,

Equation (6} 1s solved as a function of fre-
quency for a umit force [fZI(w)} excitation on
the shaker in the Z (longitudinal) direction

yvielding a solution vector {gr(w)}.

Responses for a set of control inember
forces {ig} and accelerations {Ge}are compated
using the solution gl(w)}, These responses
are nowcompared to the allov-able forces {ia}
and accelerations {Ga'} and a factor R is found
such that none of the controls are exceeded yet
one of the forces or accelerations reaches its
allowable value., The response for the rest of
the structure is now computed using R ﬁl(w)
as a solution to Equation (6).

In addition to calculating spacecraft mem-
ber forces and accelerations throughout the
wtructure, the program also provided informa-
tion on armature rotatior, shaker force require-
ment, and reaction forces on the facility, The
responses were calculated as steady-state
solutions in the frequency domain, The servo-
control system for the shaker was not repre-
sented in the analysis.

Results

The response predictions were initially
generated for a unit force applied by the shaker
with no response controls or limiters, This
produced transfer function data useful in evalu-
ating the severity of an uncontrolled test, aided
in the selection of control parameters, and
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provided reference data for evaluation of
subsystemn environments.

The full response prediction program was
then run to provide estimates of the controlled
test conditions. These results were used to
select the initial response control channels,
select the peak limit parameters which would
automatically terminate the test 1f preset values
were exceeded, and provide indications of
potential problem areas for test control. The
results showed a potential problem in the
region of the shaker housing vertical resonance,
At this frequency, approximately 12 Hz, the
housing accelerations and resultant reactions
induced were severe. As a result of this study,
it was decided 2 run the test from approxi-
mately 20 Hz to 200 Hz with the shaker housing
supported by the 1somode pads on the trunion.
Below approximately 20 Hz the housing would
be rigidly supported, eliminating the resonance
problem, The analysis results also indicated a
few areas where the controlling parameter for
response switched rapidly (1.e., within a
narrow frequency range) from one measure-~
ment to another. Because of the reaction speed
of the shaker servo~system, overshoots and
undershoots in control level would be antici-
pated in these frequency regions.

CORRELATION STUDIES

The correlation studies were performed to
indicate the accuracy and validity of the analy-
sis techniques employed. Test data and ana-
lytical predictions were compared for both
acceleration measurements and structural
loads.

Low Level Tests

Two series of low level tests were con-
ducted from 7 Hz to 200 Hz to 7 Hz at 2 oct/
min sweeprate using the 12 input control accel-
erometers and the 12 response controls
indicated by the pretest analysis., The input
controls were set at . 5 G and the Orbiter
response loads were set at /3 design limit
load adjusted for 1 G static condition, Two
series were necessary io obtain response
measurements on all primary structure. The
purpose of these tests was:

1,  To verify the proper Orbiter response
control members,

2, To investigate the control system per-
formance, in particular the control
channel switching capability and any
resulting overshoots,

3. To provide data for use in checking the
linearity of the system,

The results of these test runs indicated the
following:

I.  Some of the Orbiter structure loads
did not develop as indicated by the
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analysis. In one case it was because
of a minor deficiency in the analytical
model, and in another case the model
was apparently conservative in the
development of bending moments.
This resulted in the pretest analysis
indicating a load control which did not
occur in the test and hence, the ana-
lytical load predictions in that control
frequency range were suppressed. It
was obvious that different structure
would have controlled the test if it had
been in the control system and hence,
a revision to the Orbiter response
controls was necessary for higher
level tests,

2. Considerable overshoot occurred in
the control channels. A survey of all
control channels indicated an average
overshoot of about 30%,

High Level Tests

The higher level tests were subsequently
conducted using the Orbiter response controls
revised on the basis of the low level tests. The
response control levels were adjusted such that
with a 30% overshoot design limit loads would
not be exceeded. The input 2ontrol accelera-
tion levels were unchanged since structural
protection was provided by the reduction in
response control levels.

Post Test Analysis

As discussed above, the pretest analysis
utilized a significantly different control set
than what was eventually implemented in the
tests and hence would not be sufficient for cor-
relation with test data. A post test analysis
was conducted for the purpose of correlation,
This analysis utilized the actual test control
set and levels for both the low level and the
full level tests with the following exceptions,
For the low level analysis those controle that
did not occur due to model inaccuracies vere
eliminated, and for both low level and full level
runs the Lander strain gage limits coul: not he
used because no direct correlation exisred
between the strain gage readings 2nd mode?
degrees of freedom, This post test analysis is
the basis for correlation in this paper. All
test data shown was taken from the 200 Hz to
7 Hz downsweeps,

Control Sequence Comparisons

Comparisons of the analytically predicted
and recorded test control sequences were per-
formed for the low level test, However, the
exact frequency at which a switch in control
occurs was not easily ascertained in either the
analysis or test data. A shift of 1/2 to 1 He
either up or down was within the accuracy of
the measurements. Also, the control on the
Lander strain gages which occurred in the test
was not possible to include in the analysis,
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Input Control Comparisons

Comparison of the analytically predicted
and measured input accelerometer controls in
the low level downsweep are shown in Fig. 4
through Fig., 8. For brevity only whose
accelerometers that contributed to test control
are shown, Each figure contains a plot of the
prediction and two plots of the test data, fil-
tered and unfiltered. It should be noted that
the test control system operated on wide band
800 Hz low pass filtered test data. The plots
refer to the wideband data as unfiltered, while
the data labeled as filtered has been processed
through a 5 Hz tracking filter,

Response Control Comparisons

Comparisons of the predicted and meas-
ured response controls for the low level down-
sweep are shown in Fig. 9 and Fig. 10 for the
Lander accelerometers and Fig, 11 and 12 for
the Orbiter structural loads. Note again that
it was not possible to compare the Lander
strain gage controls, Again the accelerometer
plots show predicted, filtered and unfiltered
test data, The load plots show the predicted
load and the test load as reduced from strain
gage test data.

Structural Load Comparisons

Fig. 13 through 18 show plots of predicted
and measured loads on typical members of the
Orbiter primary structure. They are included
here to show the accuracy of the analytical
prediction in structure not controlling the test.
Fig. 13 and 14 show two typical members in
the spacecraft adapter, Fig, 15 is a typical
member of the bus main longerons, Fig. 16
and 17 are two typical members of the propul-
sion system support truss, and Fig, 18 is a
typical member of the Viking Lander Capsule
Adapter, For brevity only, some typical
members of primary structure have been
shown,

Discussion

All of the measured data, input control,
response control, and primary structure loads

agree quite well with the analytical predictions.

The control system overshoot is readily
apparent in Fig. 6, 8, 9, 10, 11, and 12. The
effects of the overshoot on other structural
loads is evident in F1g., 16 and 17,

Evaluation of the comparisons made show
that where the analysis and test data do not

B R

agree 1t is mainly because of the following
reasons:

1. The model failed to predict the control
for a particular frequency.

2. The Lander strain gage controls could
not be included in the model.

3. The test control system was not capa-
ble of switching controls as fast as the
analysis and inherently allowed over-
shoots and undershoots while settling
on the control level,

4. The test data had high frequency noise
superimposed., The test was con-
trolled on essentially an unfiltered
signal while the analysis was valid
only for a clean sine wave.

Conclusions

The above data illustrate how a complex
structural system was analyzed to predict the
dynamic behavior during a response controlled
sinusoidal vibration test. The relative success
of the correlation between test and analysis is
attributed to:

1. A refined structural model, wherein
each subsystem was verified by modal
test,

2. Extensive feasibility studies of the
fixturing and test facility configuration,

3. Proper planning of analytical and test
efforts to meet project schedules,

4, Careful modeling of the test facility
dynamic properties,

5, Development of special computer pro-
grams for controlled response
predictions

6. Data reduction techniques to obtain
quick turnaround for the evaluation of
response parameters.

For purposes of evaluating the adequacy of
the modelling techniques of the system a better
correlation between analysis and teet could be
achieved by analytically eliminating the effect of
the overshoot from the test data. This was not
done since the data as shown compare real test
data with realistically attainable analytical pre-
dictions in a more meaningful way.
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Fail Safe Forced Vibration Testing of the Viking 1975 Developmental Space Craft™

James W, Fortenberry
Jet Propulsion Laboratory
Pasadena, California

and

Paul Rader
Martin Marietta Corporation
Denver, Colorado

The vibration test program conducted on the Viking 1975 spacecraft represented a
challenging, coordinated task for the analyst and the test engineer, To insure that test
peculiar iailures of the spacecraft would not occur, two main criteria were used:

(1)  Vibration input to the test specimen would be controlled so that
loads in primary structure members would not exceed analytically
predicted flight loads.

(2) The number of loading cycles on selected primary structure would
be monitored for cumulative damage ratios, a measure of possible
fatigue damage to the structure.

To meet these criteria, a 36 channel control and 60 channel limit systein were utilized
along with over 200 other dynamic signals. Control system limitations, including switching
capability and overshoot, are described, An analog/digital process was used for computa-
tion of member loading, bending moments, and cumulative damage ratios.

Considerable doubt existed as to the feasibility of mounting such a large structure on
a shaker and maintaining adequate control of the test. The height of the spacecraft coupled
with its C.G. offset would cause large overturning moments, In addition, control system
limitations observed on previous testing of another spacecraft with similar response
characteristica (narrow bands with high amplitudes) had resulted in damage to the structure,
Accordingly, a response analysis of the entire test set-up and control system experiments
preceded actual test implementation,

The effects of test philosophy on the developmaent of the vibration control system are
presented. Structural design of the spacecraft was accomplished using loads analyses
based on statistical evaiuation of previous Titan Booster flights, Since the Viking was
"tailored" to meet a specific, limited launch environment, the standard practice of vibra-
tion testing the structure to a large number of loading cycles was rejocted. This approach
was reinforced by the fact that portions of the Orbiter structure were scheduled for static
testing to ultimate load levels following the vibration test,

*This paper presents the results of one phase of research carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under Contract No. NAS 7-100, sponsored
by the National Aeronautics and Space Administration. The Langley Research Center is
Project Manager for the overall Viking Project; JPL is responsible for the Orbiter; MMA
is responsible for the Lander.
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SUMMARY

The Viking Mars Lander 1975 dynamic test
model and Orbiter developmental test model
were subjected to forced vibration sine tests in
November - December, 1973, at JPL's dyna-
mic test facility. Flight acceptance (FA) and
type approval (TA) test levels were applied to
the spacecraft structure 1n a longitudinal test
configuration using a 30, 000 -1b force shaker
Testing in the two lateral axes (x,y) was per-
formed at lower levels using four 150 -1b force
shakers.

The objectives of the stack” test series
were to:

(1) Evaluate the effect of Lander /Orbiter
interaction on response at subsvstem/
component locations.

(2) Evaluate the adequacy of the Viking
Mars Lander 1975 dynamic test model
{LDTM)/Orbiter developmental test
model (ODTM) secondary structure.

(3) Serve as a precursor to the proof test
Orbiter (PTO) forced vibration test,
and evaluate PTO test levels,

(4) Evaluate component sinusoida' test
levels.

{5) Obtain data for comparison to analyti-
cal results,

Forced vibration qualification (TA} test
levels were successfully imposed on the space-
craft at frequencies down to 10 Hz. JPL test
equipment and methods have been adequately
checked out for use on the proof test Orbiter

Measured responses showed the same
character as analytical predictions, and
correlation was reasonably good. Because of
control system test tolerances, Orbiter
primary structure generally did not reach the
dewsign load limits attained in earlier static
testing.

A post-test examination of critical space-
craft structure disclosed no apparent damage
to the structure as a result of the test environ-
ment,

PRE-TEST ANALYSES

Significant analytical efforts were expended
to provide assurance that test paculiar failures
of primary structure should not occur, and to
aid in test implementation since the complexity,
scope, and tight achedule of the stack test left
no time for surprises or emergencies.

The analyses were divided into four
categories; test fixtures, overturning moment,
response or test simulation, and {atigue dam-
age.

*The mating of the Lander on the top of the
Orbiter for vibration testing became popularly
known as the "Stack Test',

TEST FIXTURE ANALYSIS

The predesign of the magnesinm longitudi-
nal axis test fixture (Figures 1, 2) was evalua-
ted ag a first step in the analysis of the stack
test setup. The objective of this analysis was
to determine characteristics of the basic fixture
and to ascertain the level of fixture representa-
tion required for the response analysis.

The analytical configuration consisted of a
simplified 12-degree-of-freedom (DOF) model
of the spacecraft (6 DOF each for Lander and
Orbiter) combined with a dynamic model of the
test faixture. The Viking Lander Capsule
Adapter (VLCA) and Viking Spacecraft Adapter
(V-S/C-A) were elastically modeled. The
fixture was considered fixed at the base of ita
core.

Two types of analyses were performed:
static and modal Static loads applied to the
combined system yielded only a qualitative
estimate of the fixture strength since boundary
conditions were not represented in this analy-
sis. Modal analysis was performed on the
combined fixture/spacecraft model and also
on the spacecraft model cantilevered from the
base of the V-S/C-A. The comparison of
combined system modes with cantilevered
spacecraft modes gave an indication of fixture
rigidity.

The first fixture mode (torsional) occurred
at 36 Hz, with five additional modes between
100 and 200 Hz. Since a design goal was to
keep fixture resonances close to 200 Hz, con-
siderable changes were made to the proposed
test setup. These modifications included a
pair of V-type hydrostatic bearings at one
location around the fixture. A further refine-
ment of the analysis disclosed that the addition
of torsional restraint flextures did not contri-
bute enough stiffness to be cost-effective. The
results are summarized in Table I.

Overturning Moment

Early in the program, it became apparent
that the longitudinal test buildup, its stack
height coupled with the spacec:aft C.G. offset,
would be subject to large overturning moments.
Estimates of these moments ranged from
500, 000 to 1, 000, 000 lb-1n applied to the
Viking Transition Adapter (VTA)test fixture
interiace

for this analysis, the Orbiter elastic
model was coupled to a rigid lander. This
combination, in turn, was mated to a rigid
longitudinal fixture model restrained st three
locations by hydrostatic bearings of known
stiffness. The results of the analysis offered
the first positive indication that the stack test
could be implemented. Angular deflection
limits of the shaker armature, a source of
concern, were shown to be no problem.

In sddition, reaction forces on the hydro-
static bearings and the forces applied to the
fixture were computed and used to perform a
streas/fatigue analysis of the fixture and check
the bearing adequacy. These same moment
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excessive coupling of the lateral and torsional
modes of the spacecrart. This was due to the
combination of apacecraft C. G offset and the
application of unrestrained driving forces at
the bus main longerons. As a result, an
intermediate analysis using restrained or
guided input forces was performed; it appeared
to solve the coupling problem at all but the
lowest frequencies {(5-10 Hz), In this band-
width, analysis indicated that the driving forces
required were 80 small that control might be
difficult to achievs

However, objections were raised over the
restraint of spacecraft torsional motion due to
the massive lateral test fixture connected to

I S

the Ling 249 shaker The fixture was to be
constrained by hydrostatic bearings to move
only in one plane. As a result, the test team
was directed to seek a lateral driving scheme
with minimum restraint The final choice
consisted of using four 150-1b shakers.

Estimate of Fatigue Damage

The objective of the fatigue analysis was
to monitor and enable prediction of posasible
fatigue damage so that vibration test levels
could be controlled to prevent cracks from
forming in the ODTM primary structure,
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Table 1. Test Fixture Modes as a Function of Design Iteration

Frequency, Hz

Fixture Mode V-Bearing plus Torsional Restraint

Initial Design Lower Ring Flexures
First Torsion 36 109 130
Lateral
Translation 102 122 122
Second Torsion 147 177 183
Longitudinal
Translation 199 209 209

Comparison of Two Phases of Response Analysis (longitudinal)

Table 2.
Analysis Phase I Piase II
Component
Lander Rigwd Elastic Model
Fixture, Shaker Not included, space- Shaker modeled, fixture
craft cantilevered at assumed mgid (5-40 Hz),
base of V-S/C-A hydrostatic bearings
included
Propellant tanks Flight mass simula- Test mass simulation
tion (referee fluids)
Orbiter Flastic model 7. no Elastic model 4, no VTA,
VTA, solar panel dam- solar panel dampers
pers

where Af bandwidth (Hz) and \ : sweep
rate (oct/min),

The CDR of 0.20 (failure 15 assumed at
1.03) was felt to be conservative yet generally
consistent with prevailing nractice in industry

The cumulative damage ratio (CDR) used
to determine fatigue damage can be stated as

n

CDR = N~ 0.20 at present Since the CDTM was scheduled for
ultimate atatic testing 1ollowing the vibration
test, every sffort had to be made to assure a
whe-e n number of cycles experienced at a healthy test structure. The analysis, per-
particular stress level and N allowable num- formed in two phases, consmisted of the follow-
ber of cycles at that same stress level The ing basic steps:

number of cycles n in any frequency bandwidth

18 given by the expression (1} Identification of critical primary

structure
N b0af (2} Survey of parts for material, notch-
A n! sensitive areas,
63
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(3) Compilation of S/N curves, derivation
of curve fitting equations.

{4) Obtaining loading spectrum (predicted
or test).

(5} Computation of CDR's

Phase 1 of the analysis was designed to
take computer-generated (response analysis)
loads combined with geometric and material
properties and compute the CDR  Phase 2 did
the same but was designed to accept test data
in digitized format In addition, the contribu-
tion of each frequency interval to the total CDR
for the member was to be output

Phase I was accomplished as intended.
Phase 2 fell prey to equipment limitations
Namely, reliable manipulated load data
could not be provided 1n digitized format
The effort of converting the analog sigrals
of the tapes to digital form was finally
abandoned in favor of the analog setup shown
in Figure 3.

The net result of the fatigue analysis
was that the ODTM possessed substantial
margin to withstand a moderate number of
FA and TA level vibra.ion sweeps without
exceeding the CDR of 1.20. This provided
considerable confidence 1n the conduct of
the test since varlier approximate analyses
had indicated potential problems in the
VLCA and bus main longerons. This confi-

dence was borne out when a rigorous
post-test dye-penetrant examination dis-
closed no apparent fatigue cracks.

TEST PROGRAM

TEST SPECIMEN

The test article consisted of the follow-
ing major hardware assemblies:

(1) LDTM
(2) ODTM
(3) Viking transition adapter (VTA).

Major agsemblies of the LDTM/ODTM
were of flight-configured hardware wherever
possible. Mass mockups or simulators had
inertial properties similar to the components
being replaced. Thermal control hardware
such as louvers and blankets was not used
on the ODTM

Pressurized systems on the LDTM
consisted of the bioshield and propellant
tanks, The bioshield was pressurized to
1 0 0.9in of water during testing. The
lander propellant tanks were filled with
referee fluids and pressurized to 20 psig
with gaseous nitrogen This pressurization
was maintained throughout the entire test
series
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ODTM Propulsion Module Mass Configuration, 70° F

Referee Fluid, Weight, Ullage Pressure
Tank Fluid b %o psia
Oxidizer Freon TF 2,063 16.8 105
. Isopropyl
Fuel Alcohol 1,112 10.1 105
Pressurant - - - Atmospheric

The only active pressurized subsystem
on the ODTM was the p-opulsion module
(PM), which was configured as shown above.

IMPLEMENTATION

1 Longitudinal Test Setup

The final longitudinal test configuration is
shown 1n Figures | and 2 Excitation was
provided by a Tang 249 30, 000-1b force shaker
The interface between the shaker and the VTA
was provided by the test fixture The test
f xture, a welded rnagnesium structure, wes
stabilized by a restraining system consisting
of three steel piers on which hydrostatic bear-
ings were mounted (Fig. 4) The bearings
allowed vertical movement only, while the piers
provided the reaction points for the spaceciaft
overturning moment predicted by response
analysis.

The total weight of the reaction system
was in excess of 43,000 pounds The piers
were structurally tied together by two twelve
inch steel channels and a four by eight inch
steel box section. As can be seen in Figures
1 and 2, the two channels were parallel and
located near the lower bearing on each pier,
The box section was used to tie the tops of the
piers together. Thus, by virtue of the above
members, a large triangular structure was
formed with a reaction pier at each vertex

Additionally, the piers were hard mounted
to the floor Four tabs were welded onto the
base of each pier These tabs were used to
secure the piers to the concrete reaction muss
with 3/4 inch screws.

The combined weights of the LDTM/ODTM
and the test fixture (10, 000 1b) would have
caused excessive deflection of the shaker
armature, preventing normal operation
Pneumatic springs with a resonant fraquency of
approximately 2 Hz (Barry Serva-Levels, Fig
5) were mounted on the shaker body at 120-deg
intervals A position control servo regulated
the springs' air volume and positioned the
shaker armature at the center of 1ts stroke
under static conditions

Experimentation with the shaker indicated
a trunnion resonance of approximately 12 Hz
when the shaker was suspended on its solation
pads Blocking the shaker or litting the

65

Fig. 4. Typical Hydrostatic Bearing Installation

trunnions off the 1solation pads increased this
{requency to 35 Hz Further experimentation
and analysis demonstrated the potential danger
of sweeping through the trunnion resonance;

i e.,undesirable coupling of the spacecraft and
fixturing could occur Therefore the shaker
was blocked for all tests below 25 Hz by insert-
ing shims between the shaker body and steel
posts hard-mounted to the seismic mass
(Figure b). For testing above 25 Hz, the shims
were removed.

2 Lateral Test Setup

Following longitudinal testing, the I.DTM/
VLCA combination was demated from the ODTM
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Fig. 5, Pneumatic Spring Support System

Fag. v, Shaker Body Blocking System

bus and set asmide  The *emainder of the test
specunen, which included the ODTM, V.S /C-A,
and ¥ TA was then lifted as a unit and placed in
the mudal test tower, and the | DTM/VL.CA was
mated to the test assembly  T'he test setups for
latera) excitation an the X- and Y- ¢xes are
tlustrated an Figures 7 - 9

Exctation of the LDTM/ODIM an each axis
was a.complished with four Unholtz- Dickie
electrodynarice shakers, each rated at 1-0-1b
to, e, The snakers were pendulously supported
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b

Fig. 7.

Fig. &,

Overall view of Viking 75 LDTM/
ODTM Y Axis Lateral l'est Set-up

Shaker No

12, Stinger, Mechanical

fuze, and ODTM Bus longeron Attachment
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Fig. 9. Overall view of Viking '75 LDTM/
ODTM X Axis Lateral T'est Set-up

from crane hooks and chain and attached to the
ODTM bus main longerons through adjustable
"atiigers' and mechanical fuses (flexures),

3, Test Lavels

Low-level test runs were made prior to
full-level testing, (Tables 3,4). From these
precursor runs, the responses of critical

structural elements or components were evalua-
ted by analysis of O-graph plots, X.Y tracking
filter plots, and the analog computer program
that generated ODTM member loads. Compari-
son of these data with response analysis predic-
tions provided confidence in the test structure
to withstand full-level loading

4. Vibration Control

Control of the longitudinal vibration input to
the LDTM/ODTM was accomplished with a
36-channel peak select system. The peak select
control system continuously monitored the output
signals of 12 input control accelerometers
located on the ODTM bus structure main longe-
rons (Fig. 10) plus a 24-channel mix of strain-
gage/accelerometer response transducers.
Bolted attachment was mandatory for the input
control accelerometers.

The acceleration input to the test structure
was controlled on the one t.ansducer whose
output signal matched its peak select setting. A
functional diagram of the control system is shown
in Figure 11.

A 59-channel peak limit system wa3 used
This safety circuit terminated the output of the
vibration exciter without transient if the instan-
taneous peak magnitude of any of the 39-peak
limit settings exceeded a preset value. Because
of test philosophy /hardware differences, the
peak limited signals assigned to the LDTM wnre
pasaed through a 200-Hz filter prior to reaching
the protection module Those channels used for
ODTM peak limiting were conditioned with
800-Hz filters.

The control of the lateral axis testing, in
which four separate shakers were used, was
agcomplished in a manner similar to the longitu-
dinal test The four Unholtz-Dickie Model 4
150-1b shakers and associated power supply were
married to the peak select contro! system.
Because the individual shakers were carefully
matched with their transformers, it was decided
to control the force input on all four shakers by
connecting them together in s2ries and using the

Table 3 Forced Vibration Test levels, Longitudinal {(2) Axis
Amplitude, g peuak
Lovel
- 200-20- 128.20. 200-128-
i 2

25-THe 22.8Hz 22-10Hz 200 Hz 128 Hs 200 Hz

Precursor 0 A - 0.5 - -
Flight 0,0012 in

Acceptance - 10 - Lo double
amplitude

|

Type 0 0018 1n

Approval - - 1 - 19 double
amplitude
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Table 4. Forced Vibration Test Levels, Lateral (X,Y) axes
Amplitude - g peak
Level Text Axis
200-5-200 Hz 200-8-200 Hz

Precursor v 1 5 (7002 -

Full M - 15 (125)
2Numbers in parentheses indicate force level (1b) of each of the four

Unholtz-Dickie Shakers

armature current output signal {rom just one of
the four shakers. Thia technique proved very
successful,

5 Data Recording, Reduction

Control and response amplitude of the
LDTM/ODTM were measured with strain gages
and accelerometers (Frgure 12)

274 output signalsuere reccrded onelectro-
magnetic tape for all tcat runs. In addition,
approximately 48 channels of control and house-
keeping data were recorded in real-time display
on oscillographs for each test run  Following
each test run, quick-look data reduction was
accomplished and data review completed by the
test team prior to procesding to the next run

A large number of static measurements
were made on the ODI'M during buildup and
always following each t2st run. These strain
measurementa (approximately 140 to 175} were
in printed paper tape format Monitoring of dc
offsets in thus manner contributed greatly tn
test confidence where the integrity of ODTM
strurture was concerned

t  Test Run bummary

A total of 44 separate test runs were made
on the LDTM/ODTM during the period of
November > through December 10, 1973 - a apan
of 24 days Actual test runs were short - a
matter of several minutes Test preparation,
control console setup, and trouble-sghooting maie
the largest demands on the time budget

DISCUSSION OF TEST RESULTS
DATA REDUCTION

I'he response characteristics of the test
structure were derived from analysisof recorded
teat data  As originally planned, the bulk ~f
ODIM test data on electromagnetic tape was to
be reduced from analoyg to digitized tormat,
manipulated by program, and output in a tab run
form  During the imtial test runs, it became
apparent that the format specified could not be
achieved because of equipment limitations in
providiug phase coherent digitized data
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Following a typical test run, the test team
reviewed 48 channels of on-line oscillograph
records. Anomalous or suspicious channels
would then be patched in to an oscilloscope or
high speed oscillograph for further examination.
This phase of the data reduction process gener-
ally required I or 2 hours.

Once the test appeared acceptable, the tapes
were secured and forwarded to the data analysis
faciiity First priority was to obtain X-Y plots
of amplitude veraus frequency for all control
channels, followed by reduction of response
channels.

The ODTM strain gage channels were run
through an analog computer for derivation of
member loads. These loads were averaged over
several cycles to lessen transient effects and
digitized to yield peak values at particular fre-
quencies. To determine marimum stress, the
ax:al loads and moments were added, assuming
the worst combination of loading and phasing.
Assessment of peak selzct levels and cumulative
damage estimates were based on this process

While the foregoing was being accomplished,
the on-line oacillograph records were manually
reduced. Control channels, peak amplitudes,
and overshoot were determined and summarized
for presentation to the trst operations board.

Following completion of the testing, fre-
quency vs amplitude plots were made for all
IL.DTM/ODTM channels for FA and TA levels
[his effort took over 2 months to complete,

TEST LEVELS/L.OADS CONTROL

Because of control system and load Iimita-
*1ons combined with the response characteris-
tics of the LDTM/ODTM (narrow bands with
high amplitudes), the servo control was unable
to maintain a constant input acceleration at any
one of the twelve cont rol accelerometers This
was not unexpected since similar behavior had
been observed in earlier spacecraft testing In
addition, studies conducted at the dynamic test
facility using instrumented cantilevered beams
and the proposed control hardware disclosed
that control might be difficult at frequencies
below 17 Hz That is, during the switching
{rom one control channel to another, overshoot
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Fig. 10. Input Control Accelerometers

errors could occur resulting in a possible over.
test. Overshoot is defined as the maximum
obserzed test amplitude greater than the
desired peak select control level,

Two basic sources contribute to oversghoot:
RC time constant of ac to dc conversion and
deadband. The time constant {s simply the
time required to convert the ac signal from the
transducer into a dc voltage This is done in
two places; the ACS-6 (peak selector) and in the
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servo. The time constant is a {unction of
frequency and is longer at low {requency than
high. Deadband may be defined an the am:ount
that one signal muast exceed another in order to
cause a switch of the ACS.6 output {rom the
latter to the former. Of the ahave two over-
shoot sources, the RC time constant was the
more significant,

Although a definitive model of the control
system capability is not available, the overshoot
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Fig. 12, Instrumentation Flow

appeared to be dependent on the following para- RESPONSE MEASUREMENTS
meters:

R ¢ All forced vibration test runs on the LDTM
(1) Resonant {requency. /ODTM were controlled by ODTM bus input
accelerometers or by various strain-gage/

. (2) Slope or Q of the resonance.
accelerometer response measurements. A
(3) Sweep rate, typical run showing the effects of response con-
: trol on the input levels at the ODTM bus is
(4) Direction of aweep (up or down) shown in Figure 13, Examples of comparisonas
L of analytical and measured response values are

shown in Figure 14 tﬂrough 17.

The response analysis of the coupled
LDTM/ODTM math models was very helpful in
estimating potential response control channels.
Examination of Table 5 gives an approximate
indication of the actual versus predicted con-
trol channels At first glance, it would appear
that the correlation is not good. However, the

\ Significant overshoots were observed
. ' during the test runs. Low-level test runs were
made and the peak select control levels care-
. fully monitored to evaluate this phenomenon
. Examination of on-line oscillograph records
of response control strain gagea disclosed
initial amplitudes of 1.00 to 1, 52 times the

u peak select level eatablished for these trans-
ducers, The stross values from these low-level agreement between "“IY'“, and test is better
" test runs were used to derive internal loads .than casual observation indicates for the follow-
in the ODTM atructural members. The peak ing reasona:
limit and peak select load values were (1) These frequencies marked (1) repre -
established based on these low-level runs and sent conditions where the terminal
applied to full FA and TA test levels. descent (TD) tank peak select levels
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Table 5, LDTM/ODTM Forced Vibration Test Comparison of Control
Channels for Longitudinal Axia Testing

FA Testing (40-8 Hz)

TA Testing (40-10 Hz)

Predicted Predicted
Approxi- by by
mate Control Analysis Others Control Analysis Others
L Yes No Yes No
40 140-S, upper plane truss X 140-5, upper X
plane truss
39 140-8, upper plane truss X 140-X, upper X
plane truss
38 DE-079 TD tank (1) DE-082 TD tank (1)
37 DE-079 TD tank (1) DE-082 TD tank (1)
36 DE-N79 TD tank (1) DE-082 TD tank 3]
35 DE-079 TD tank (1) DE-082 TD tank 83}
34 128-S, upper plane truss X DE-082 TD tank (1)
33 128-S, upper plane truas X 128-8, upper X
plane truss
32 128-3, upper plane truss X 128-S, upper X
plane truss
31 128-S, upper plane truss X 128-S, upper X
plane truss
30 Control No, 5 (3) 128-S, upper X
plane truss
29 134-5, upper plane truss (4) Control Nu. 2 X
28 134-S, upper plane truss (4) Control No. 2 X
27 128-S, upper plane truss X 128-S, upper X
plane truss
26 DE-052, equipment plate X 128-S, upper X
plane truss
25 DS-330, payload adapter (2) DE-082 TD tank X
24 DS-333, payload adapter {2) DE-082 TD tank X
23 289-S, bedframe X Control No. 2 X
22 DS-330 adapter ) 286-S, bedframe X
21 DS-330, adapter X DE-082 TD tank X
20 DS-333 payload adapter (2) Control No. 4 (3)
19 288-S bedframe X 289-S bedframe X
18 289-S bedframe X 289-S bed{rame X
17 289-S bedframe X Control No. 4 X
16 295-S bedframe X 295-8 bedframe X
15 295-S bedframe X 295-S bedframe X
14 295-S bedframe X 295-S bedframe X
13 295.S bedframe X 295-S bedframe X
12 295-S bedframe X 295-S bedframe X
1 Control No. 4 X Control No. 2 X
10 Control No. 4 X Control No. 2 X
9 8-S, VLCA X
8 Control No, | X
Total 8 14 11 14 11 6
72
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were set substantially lower than the
values used in the analysis. Conse-
quently, the TD tanks were biased to
attain greater control during actual
testing The aensitivity of the control
system to lower TD tank control levels
is demonstrated by comparison of the
FA and TA rungs in the table. DE-079
used in the FA tests was replaced by
DE-082, with a peak level setting
approximately 80% of its initial TA
level. This channel assumed control
so effectively that no other Lander
controls appeared in the TA switching
sequence.

The {2) notation in FA testing repre-
sents Lander payload adapter strains
that were never included in the re-
sponse analysis.

(2)

Precision in determining exactly when
a control accelerometer will take over
(other than for rigid-body modes) is
beyond the capability of present analy-
sis  This is particularly true when the
actual control system constraints are
considered (i. e.,; overshoots, time
constants, etc.).

(3}
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(4) The upper plane truss 134-5S was
shown by analysis to be at 80% of its
limit.

Typical measured load values have been
compared with their analytical counter parts.
Based on that sample, 50% of the measured
frequencies were higher than predicted and 50%
lower. Approximately two thirds of the
measured loads were somewhat lower than pre-
dicted values., This was not unexpected because
of the tolerances used in establishing peak
limit /select values; i.e., the analysis limits
did not include tesat tolerances,

Examination of typical response accelera-
tions reveals that measured frequencies were
usually higher then those predicted by analysis.
Amplitudes were generally lower than predicted
by approximately that amount eatablished by
test tolerances.

CONCLUSIONS

The results of the Viking 75 LDTM /ODTM
test are summarized as follows:

Test implementation went better than
anticipated. This was due, in large
part, to the pre-test analyaes and
careful preparation leading up to the
test.

(1

(2) Forced vibration qualification levels
were successfully imposed on the
LDTM/ODTM structure. Load levels
generally did not reach design load
limits attained in static testing because

of the control system test tolerances.

(3) Test predictions based on the Viking
mathematical model correlated
reasonably well with the test data. In
general, test frequencies were slightly
higher than analytical predictions and
amplitudes lower. This further demon-
strates that the coupled Viking space-
craft mathematical model has no major
errors,

JPL test equipment and methods have
been checked out for use on the proof
test Orbiter. The test was controlla-
ble down to 10 Hz at TA levels.

(4)
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A METHOD FOR DETERMINING TACTICAL MISSILE
JOINT COMPLIANCES FROM DYNAMIC TEST DATA

John G, Maloney and Michael T, Shelton
General Dynamics Corporation
Pomona, California

This paper discusses a method for extracting joint
compliances from measured tactical missile elastic mode test
data, The method is based on varying the compliance values
such that a quadratic function of the differences between '
theoretical and experimental eigenvalues and eigenvectors is
minimized. An application of the method is presented in
which the flexural compliance values of four joints are
extracted from a set of measured tactical missile bending

[

modes,
NOMENCLATURE
~ = Cost Function of Error Terms k'’ = Intermediate Spring Rate Used in
Computing the fecond Order
A, = Number of Experimental Modes Derivatives of F
{ = Summatfon on Index < r = Intermediate Step Size Used to
t
& = Mode Frequency Obtain k
X = Mode Shape S&a/()~ The Sign of ¢ )
w = Weighting Factor € = Relative Error Size
( )r = Tranapose of ( ) A = wta Eigenvalue
K = Stiffness Matrix 7 = Mass of Missile
M = Mass Matrix
A = Number of Internal Stations in e = Experimental
Hodel t = Theoretical
[} =  Unknown Spring Components X = Mode Shape Subscripts
n = Iteration Number £ = Frequency
= Step Size ¢, Jy&wm= Indices or Counters
F
vF - _SLF = Gradient of F INTRODUCTION
S = Step Size The modular configuration approach
- commonly employed in \esigning tactical
C] Inverse of ] miss{les results {n th: use of numerous separ-
&y = Kronecker Delta =1 {=3 able airframe joints, The number of separable '
= 0 {4 airframe joints that are used on & sampling of
R = Matrix of Known Spring Elements tactical missiles are shown below, !
!
Ay = Number of Joints Missile Number of Joints
7] = Strain Energy Redeye 4
N x = Slope to the Left and Right of Sidevinder 4
% Joint 3 Shrike 4
" Standard 5
Sparrow 4
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The compliance of these joints, and in
particular the flexural compliances, play an
{mporient role in missile structural dynamic
response characteristics, Exploitation of the
modular missile design concept often results in
the need to determine joint compliances for
subsequent dynamic response modeling for new
module combinations or module configurations,
However, the behavior and complexity of most
airframe joint designs is such that they are
not amenable to simple analytical modeling
techniques. Experimental determination of
joint compliances is therefore commonly used,
The experimental approach generally involves
dynamic testing rather than static testing
because the behavior under the small deflec~
tions associated with missile elastic mode
response sre of interest,

The method of determining compliances
from dynamic test data that will be presented
is referred to as the joint complisnce extrac-
tion technique, This method has been applied to
test deta originating from two different test
approaches, The first test approach utfilizes
special hardware embodying s single type of
joint while the second test approach uses the
actual tactical missile, with all of its air-
frame joints, for the test hardware, The two
test techniques will be presented first followed
by details of the joint compliance extraction
technique. The material presented is drawm
from a study entitled "Structural Dynamic
Properties of Tactical Missile Joints" sponsored
by the Naval Air Systems Command,

SINGLE JOINT TYPE TEST METHOD

The firat test method approcches the pro-
blem by minimizing the number of unknowns and
uncertainties, The method consists of fabrica«
ting special hardware that places a single type
of joint at the midspan of the assembly, The
remainder of the test assembly consists of
tubular members with known physical properties,
A sketch of an i{dealized test specimen is
presented in Figure 1. The desirable attributes
that this hardware embodies are known boundary
conditions, known mass and stiffness distribu-
tions (except for the stiffness of the single
Joint), and high resolution on the effects of
the joint compliance, A minor varfation in the
hardware configuration, that can be used {f the
joint happens to be located on either end of a
long uniform section such as a rocket motor,
places two jointa of the same type near the mid-
span of the assembly., The motivation for this
is that the only special hardware needed con-
sisto of a short adapter to join the two uniform
sections,

The test approach embodying a single rype
of joint has been applied to three different
joints., The three test assemblies utilizing o
2,75 inch dismeter threaded coupling ring joint,
a 5.0 inch dismeter Marmon clamp joint and a
13.5 inch diameter shear bolt joint are 11lus-
trated i{n Figures 2, 3 w.d 4, respectively,
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The measured mode shapes and frequencies are
presented in Figures 5, 6 and 7. The theoreti-
cal mode shapes and frequencies produced by the
joint compliance extraction technique (which
will be presented later) are also compared with
the measurements i{n Figures 5, 6 and 7. It is
seen in every case that the theoretical mode
shapes and frequencies agree well with the
measurements,

The three flexural joint compliances that
were extracted from these test data are
presented in Figure 8, where they are compared
with the joint rating system of keference (1).
The joint rating system is based on the premise
that the flexural compliance of a joint vai.es
inversely as the cube of the dismeter. Four
categories of incressing compliance "excellent,
good, moderate and loose" are used. The three
values of joint compliance extracted from the
test data are seen to fall in the category of
"good"x

MISSILE LEVEL TEST METHOD

The second method of determining tactical
missile joint compliances from dynsmic test
date embodies testing the entire missile, This
eliminates the problem of designing and fabrt-
cating special hardware to represent each joint,
but the problem with this method is the actusl
extraction of the airframe joint complisnces
from the measured mode shapes and frequencies,
The extraction process can be a formidable
undertaking when using trial and error proced-
ures if the test specimen contains more than
two or three joints of unknown stiffness. To
simplify the extraction process, a method
referred to as the joint compliance extraction
technique hes been developed, This technique
is based upon the assumption that differences
between theoretical and experi{mental mode
shapes and frequencies sre due totally to
uncertainties {n the sirframe joint stiffnesses,
The assumption that the airfreme stiffness
distribution (except f{n the local regton of the
joints) and the mass distribution are well
defined is usually a reasonable assumption for
tactical missiles,

The development of the joint compliance
extraction technique and the associsted com-
puter program (JOINTS) were accomplished under a
Navel Air Systems Command study contract,
References (2) and (3). Originally the te-h~
nique employed only first order gradient terms.
It worked well for a small (two degree of free-
dom) system, but when the method was applied to
larger systems the results were disappointing.
Next s second order gradient method in which
the second order terms were approximated by
differences was tried and techniques were devel-
oped to imprcve convergence of the method,

This technique s now presented,

JOINT COMPLIANCE EXTRACTION TECHNIQUE

The compliance extraction technique is an
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application of a general method published by
Hall, et al Reference (4), Our application of
the method is restricted to the case of esti-
mating joint compliances from measured tactical
missile elastic mode date,

The joint compliance extraction technique
is designed to determine mechanical joint com-
pliances of an elesstic missile structure by
generating the "best" least square fit between
a linear lumped parameter mathematical model
and a given set of experimental modal data, A
major assumption in the method is that the

where M and K are mass and stiffness matrices,
respectively., The subroutine within the com-
puter program which solves the eigenvalue
problem uses the Holzer-Myklestad method. This
numerical method utilizes transfer matrices
from point to point on the model and finds the
eigenvalues by satisfying the boundary condi-
tions using an iterative procedure. A complete
description of the method is found in Reference
(5). Limitations of thz method and economy
preclude extraction of all N modes where N
is typlcally 50 to 200, It will be seen later
that the lack of a coaplete set of modes intro-

-
j joint compliances conatitute the principal duces approximations into the optimization
‘ unknowns in the lumped parsmeter system, with method and necessitates modifications.
! both distributed mass and stiffness being pre-
cisely defined. Jeighting factors which The "best" fit values of the joint compli-
! i{nvolve mode number, shape, and frequency ances, defined in a least s uare error sense,
, acknowledge the existence of accuracy limita- are determined by minimizing the cost function
. tions in the test data, The joint compliances which 1s accomplished with a wodified steepest
yielding & best £it are found by minimizing descent method, Steepest descent or gradient
Y quadratic function of the differences between methods as they are also known, iteratively
AR corresponding theoretical and experimental converge on the location of the minimum, since
eigenvalues and eigenvectors, This function, an analytical solution of the condition for am
referred to as the cost function, is expressed extremum, v~ = O, is not possible, The
\ as followsa’ 2 successive estimates of the minimizing values
- : 202 of the independent variables, in this case a
’ ~ 2 f-%, {M; (we ¢ ) (1) vector the components of which are the unknown
<, )r ( ) spring rates of the structural joints k, sre
> o =X W, -X.
‘ Xia~Xe x CXog~Xpe } .‘_.(m')" _h_‘”’-ovF lA(”)' o)
The frequencies and mode shapes are denoted by The superscript indicates the number of the
w and X , respectively, The weighting factor estimate, If the quantity @ is a constant, the
matrix is W and the index * {s the mode algorithm is a first order method commonly
number, If the mode shape slopes are used, referred to as the steepest descent method, It
they are trested as additional components of is based on the intuitive notion that {f omne
the X's. The subscripts e and t denote proceeds in the direction of the steepest
experimental and theoretical values, respec- descent, wvhich Equation (3), does,in small steps
tively, The minimization of the cost function one must arrive at » local minimum, A very
constitutes a nonlinear programming problem, efficient second order method may be derived by
Optimization problems not amenable to standard applying the Newton=-Raphson algorithm to the
methods are more the rule then the exception, gradient of the cost function which ytelds the
In this cese the optimization is sccomplished successive approximation,
by a steepest descent method. Before proceed- ned o) I3 l
{ng with a detailed discussion of the method, 5( =k -5 W] vE A‘.’ “)
the structural mathematical model utilized will ¢
be described, The matrix of second partial derivatives must
. be nonesingular, Theoretically, the step size,
The fundsmental structural dynsmic con~ S, is a scalar, However, it was necessary to
siderations of a tactical missile are often generalize its definition., Equation (4) serves
handled with » linear lumped parameter mathes as the basis for the algorithm developed, The
maticel model, More expressly, the mathe- reasons for the mod{fications that were neces-
‘ matical model simulates a beam-like body with a sary will be explained as they are encountered,
series of lumped masscs connected by weightless
beams, Discrete shear, compreasive, torsional, Tne jth component of the gradient of the
and flexural springs may be included at any c:;: fuest!on {s 2 N\ > R
point in the model, The model can be used to YT ; {U,., (w“-ao‘,.) 24
snalyze bending, torsion, snd longitudinal w . oy s
motion, The model contains provisions for v 2 )
. including sppendages attached to the main body v (X - Xia) Wix -—’-{“— }
" a- arbitrery sngles with arbitrary attachment L
springs. The sppendages sre modeled similoerly where ky is the jth unknown spring rate. 1In
Y to the main body, The boundsry value problem order to calculate the partial derivatives of
that results from the representation can be the eigenvalues and efgenvectors with respect
expressed oa an eigenvalue problem: to the kj'!, a departure was msde from Refer-
. ence (4), Here the modes were normalized to
[K'“‘!.M] Yo =0 Ex 5,2, N(Q) unity with respect to the generalized mass M,
7
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A joint complisnce positioning matrix, KJ, is
{ntroduced which locates the unknown spring
rates within the full spring matrix

X

K w X+ thj 0))

[

X 1is the matrix of known spring elements.

Because of the peculiarities of the method used
to solve the eigenvalue problem, the spring
matrix, K, is not directly available and so
neither are the variable spring positioning
matrices, the kd'e, However, they can be
derived by considering the strain energy stored
in the jth ~pring. For simplicity, assume that
a separate spring rate is assigned to each
joint, Then the strain energy associated with
the jth spring is:

X%

g = 5 o (% - %) ®
where 'x; and x! are the slopes to the left and
to the right ofjthe joint for the case of a
ro:ntional s rtng. The strain energy is also

= 1/2 kX K3§. Equating the two expressions
and then tge coefficients of like terms, it can
be deduced that the matrix, K, must be the null
matrix except for a submatrix,
(’ ‘) (%)
\~/ !
corresponding to the coordinates on either side
of the joint, Then according to Reference ()
the partis] derivetives are
R o)

r, 7
ﬁé_u.{.énr'ﬁ_ﬁs.!“, an

dRr; £ W~ “he

Equations (10) and (11) can be expanded in terms
of components of the normal coordinates by
ut{lizing the strain energy relationship for
esch joint,

Awiy” = X (X - X, )

..‘ ey m) Y e, Mot
v ‘c“,m,w (‘xu,-g "xdt,puol)

2
= (x‘h"u " Xie  mag o) 12)

e« F (-t

t L ren

{xl*.m(’«.-u Xt e W (13)

* "lf,ww("mw * Yo, wﬂ)} Xqe

where the i{ndices m, and m/e ) refer Lo the
components of thenormal coordinates to the left
and right of the jth joint respectively. The
partiasl derivatives of the mode shapes were
derived uasing the second formulation of Refer-
ence (6) which requires a complete set of
theoretical modes. As pointed out previously
the sum has to be truncated for reasons of
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accuracy and economy., This is usually the case
in dynamic problems, Here the justification 4s
a posteriori. The number of theoretical modes
used in the computation of their derivatives {s
an option to be selected by the user,

r o4
Wy o 3 KA g, (14)
Sk, il Wi T

It was felt that direct calculation of the
second partial derivatives of the eigenvalues
and eigenvectors was prohibitive because of
computer memory size limi{ts., It was suhsequent=
ly realized that direct calculation of the
second partial derivatives is very likely econo-
nomically feasible since many of the terms sre
zero, However, since only a small number of
unknown missile joints are assumed, the method
employed in program JOINTS approximates the
second partials by taking differences of the
first partials, Such a numerical prncess tends
to be sccuracy sensitive and demands careful
monitoring, Without resorting to double
precision arithmetic, the step size must be
large enough to yield a sufficient number of
sfgnfificant figures, On the other hand, too
large a step sizxe may snclose s region too large
for the cost function to be :epresented by a
quadratic, The procedure settled upon was the
following. Using the current estimate k(0/,
the gradient of the cost function is computed
with Equations (5), (12) and (14), The current
estimates of the unimown springs are incremented
observing the sign of the gradient:

)] as)

(O]

..l(n). ‘JIA)E_._ . SGA/(—?-F—
") DRJ A

The relative increment, r, is the same for all
the unknown spring rates and fixed for a parti-
culay problem, The gradienc is calculated st
5'(“ and the ratios of the difference of the
respective components and the spring rate {ncro-
ments are computed, In order to {mprove the
estimates of the second partial derivstives,
corresponding off-diagonal estimates which
theoretically should be equel are averaged as
{ndicated below,

zﬁtn) o ) ' ( o) ot
———— W ram——— P e—— .
aman ELT LN 2 ¢

Oﬂ .
[«m] o (0w )"

()
2]
(. ¢ . R

The Hezsian, the matrix of second partial
derivatives, {s then inverted. The correction
cermé in Equation (4) are computed using a value
of 1,0 for 5. The sign and magnitude of each
correction component are compsred to those of
the {increment used to estimate the second par-
tials, If the signs agree or {f the magnitude
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is less than 2«1/2% of the current spring rate,
the second orier correction is utilized, 1f
not, equation (15) {s used, If the new spring
rates, k{(n + 1), result in an increase in the
cost functio., the correction terms to k(n) are
halved repcatedly until a decrease in the cost
function is obtained, 1In any case, each
variable spring rate is kept within prespeci~
fied 1/mits. These procedures which taken
together may be considered a complicated method
of selecting a varying step size, S, evolved
heuristicly, Modifications which can be made
to {mprove them and put them on a more rigorous
basis are possible,

Tdeally the weighting in the cost function
should reflect both the relative accuracy of
the experimental data and the re'ative import-
ance of the informatfon to be ob! ained from
applications of the mathematical model. Often
for missiles constructed with thin cylindrical
shells, tha experimental data will diverge from
besm behavior in progressively higher modes.
For many dynamic snalyses (such &s dynamic
losds analyses and autopilot elastic mode coup=
l1ing anslyses), the contribution of the higher
modes {s less significant than the lower modes,
1f the above conditions hold for auwy given pro-
blem, then the weighting factors should decrease
in some way with increasing mode number,

A derivation of the weighting factors is
nov developed, The cost function (Equation 1)
may be broken down into two terms (mode shape
and frequancy) for each mode

£ o= Ey mE (7
vhere
/
Fee = T 4' ("')LQ e w&! (18)

Be = g (S~ XY Win (X0-2,)-09

Rewriting &, as a summation ylelds

/
T W E (K- £,) @O
To ses the size of terms produced in the cost
function by an error in the eigenvalue or
eigenvector, a relative error of size € {a
sssumed in sach of the measured quantities.

Then the cost function terms will be equatad by
proper selection of weighting factors. That is,
an error of € will be assumed in both w®and
X , snd woighting fectors will then be found
vhich give equsl size terms {n the cost funce
tion., If the theoretical eigenvalues and eigen=
vectors are assumed correct, then an error of €
in the ef{genvslue can be written as

a =
we = (10€) wiq . (2)

The frequency terms in the cost function become
/ 2, 4
Fk = T W € W (22)
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This means that an error of € in the eigen~
value will produce a residual term in the cost
function proportional to the product of the
fourth power of the frequency and the square of
the error, Considering the same error applied
to the mode shape contribution to the cost
function yields

/ 2 E3
Fix = =z Wix ; € Xdc, . (23)

The above equation shows that an error of & in
the eigenvector will produce a residual term in
the cost function proportional to the produet
of the square of the eoigenvector and the square
of the error, Since the mode shapes are normal-
i{zed to a unity generalized mass, then

z
AT T @)

If assumptions are made that the test specimen
is a slender beam with uniform mass and statiom
distributions, then the above equation may be
rewritten as

' 3
\ /nmgx“‘

2 /
Z e~ 5 as)
and the mode shape portion of the cost function
becomes inversely proportional to the mass

7 a2 /
Fix™ 7 W € 3 (26)
where » = Dass of beam

number of stations’

£¢x 1s indepandent of frequency, and is depen-
dent upon the mass, number of beam stations,
and the square of the error.

To equate the size of the frequency terms
in the cost function with each other, the
following weighting factors were sslected

w 4
We = —‘3’4. an
‘e
wvhare “y,e = highest experimenial

mode frequency,

Equating the mode shape snd frequency terms of
the cost function ylelds

Wor ;.-,1 "—Q' Wi = Wy @O

Wik = UM:‘

w, 4
Wix = h’ @9
N
vherse S = total mass of the missile
A = number of {nternal
stations,

The above weighting factors then spproximately
weight the mode shape and frequency errors
equally,
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APPLLICATION OF THE METHOD

Here an application {s presented to show
the utility of the joint compliance extraction
method. The example chosen consists of a set
of measurad bending modal data for a tactical
missile, This/set of modal data had previously
been matched with a mathematical model by a
trial and error method (which took approxi-
mately sixty computer runs), Previous test
cases based on ayvothetical models had showm
that the method arrives at the correct joint
compliances rapidly when an exact math model is
used with no experimental errors in the fnput
data, The results obtained for this applica~
tion 1illustrate how well the program works when
matching a lumped parameter model to actual
measured data with its fnherent experimental
errors,

The set of weighting factors selected for
this application were chosen to equate all
three modes (both frequencfes and mode shapes)
equally, The first three joint compliances
(which represent airframe joints) were started
approximately 3007 higher than the hand tuned
values, The fourth joint compliance represental
the attachment compliance for an intarnal appen-
dage. The originally assumed value of the
fourth compliance was started high by 3% over
the hand tuned value,

Figure 9 shows the rate of convergence
obtained by the method for the missile applica-
tion, The program was run for a total of eight
iteration cycles, However, the cost function
did not improve significantly after the third
cycle, The final (iteration cycle eight) joint
compliances obtained agree quite well with the
hand tuned values, Figure 10 presents a com=
parison of the experimental and theoretical
modes. It is apparent from the figures that a
good match has been obtained between the two
sets of data,

Next, a new set of weighting factors was
chosen to see what effect different weighting
factors had on the solution, It should also
be noted that the test data was represented
well by the beam model in the above solution.
The set of frequency weighting factor coeffi-
cients selected were 100, 10, and 1 for the
first, second, and third modes respectively,
The corresponding mode shape weighting factor
coefficients were 1, 0,1, and C,01, Figure
11  ghows the solutfon (No. 2) obtained for
this condition, Comparison of Figures 9 and
11 ghows that both sets of compliances
obtained are close to the hand tuned values,
The following is a comparisoa of the experimen-
tal frequencies and the frequencies obtained
for the two sets of weighting factois,
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Mode | Experimentsl | Theoretical Frequency (Hz)
No, | Frequency
(Hz) Solution Solution
No, 1 No, 2
1 59.3 59.5 59.3
2 116, 114,64 116.0
3 153, 154,2 153.6

As shown above, the case where the frequencies
are weighted more heavily than the mode shapes
(solution number 2) does in fact exhibit a
better match between the experimental and
theoretical frequencies,

The joint compliance extraction technique
in its present format is believed to offer a
useful, convenient, and reliable method for
estimating effective compliances of missile
joints from modal test data,
sumes that the missile airframe distributed
stiffness and mass properties are known, the
modal characteristics can be adequately modeled
as a lumped parameter beam, and that all discre~
pancies between wodal analysis and modal test
data can be attributed to uncertainties in the

joint complianze values,

The method pre-

As in any analytical

method, additional refinements and areas for
improvement will become evident as applicacions
are further explored with actual test data,
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VIBRO-ACQUSTICS

DYNAMIC STRAIN MEASUREMENT TECHNIQUES AT ELEVATED TEMPERATURES

R. C. TAYLOR

AIR FORCE FLIGHT DYNAMICS LABORATORY
WRIGHT-PATTERSON AIR FORCL BASE, COHIO

Strain gage techniques for use in a combined thermal acoustic environment
were 1nvestigated. The design limits of the program were strain levels
of 1000 micro-inches/inch and temperature of 1400°F. To verify the
developed methods, strain gages were installed on three panels which were
then tested in the AFFDL Sonic Fatigue Facility at 500°F, 1200°F, and
1400°F, Ipoxy adhesive, ceramic cement, and flame-sprayed ceramic bonded
gages exhibited excellent results although lead wire failures were common.

INTRODUCTION

The measurement of strain during sonic
fatigue tests of aircraft structures 1s essen-
tial to determine structural response and
estimate fatigue life. Of the many tests that
have been performed at the Air Force Flight
Dynamics Laboratory (AFFDL) Sonic PFatigue Facil-
1ty, (Reference 1), those that presented a
difficult strain measurement situation were
the tests run 1n conjunction with elevated tem-
peratures. It 15 1n such an cnvironment that
high thermal stresses and the dynamic strains of
acoust1ically induced vibration combir to
reduce the life of the most carefully chosen and
installed strain gage system.

In a typical high temperature acoustic
rest in the AFIDL, the test article 1s sub-
jected to a high intensity soind field and sinm-
ultaneously heated to 1ts operational temper-
ature. These tests are performed on aircraft
structures to duplicate the noise and heat of
jet engine exhaust experienced n service. In
the test facility, the sound field 15 sumulated
using sound generators and heat is induccd by
means of quartz lamps with reflectors. Most
tests of this nature are performed in the 1 by
1 toot progressive wave test section of the
small test chamber i1llustrated 1n igure 1, The
test specimen 1s mounted on the side of the test
section and 15 exposed to the sound pressure
from within and to the heat lamps on the outside.
Not only are the strain gages exposed to the heat
and vibration, but also the lead wires which may
extend several inches into the heated zone.

Strain gages used in these tests have

been commercially available resistance type gages
designed for high temperature and adhesive bond-
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ing. Weldable gages have not been used because
welding may cause local stress concentrations
and therefore alter the fatigue characteristics
of the base material. For the tests conducted
at temperatures between 600°F and 1200°F, free-
filament (unbacked) tvpe wire gages were used
and, depending on the maximum tciperature
expected, the gages were bonded with ceramic
cement or flame-sprayed ceramic. Tc minimize
the effects of a gage installation on the vibra-
tory response of the structure, the mass of the
gage, adhesive, and lead wires must be kept as
low as practical. Gage lengths are usually 1/8
inch or less and lead wires are size 26 AWG or
s .ller. However, 1n the interests of long
fatigue 11fe, there 1s usually a compromise
between low mass and strength.

The results of early high temperature
sonic fatigue tests were discouraging. In the
vear 1969, an AFFDL test report on the F-111
Aft Center Body Panel Test contained these
words: 'very little strain data were acquired
because of the rapid disintegration of the gage-
lead-wire or the gage-panel interface bond
under the combination of high temperatures and
high sound pressure levels'. With panel tem-
peratures as high as 1200°t, the gage 1instal-
lations did not last long enough to record the
strain data. High temperature free filament
gages had been installed by the flame-spray
technique and the Nichrome ribbon leads were
installed 1n glass fiber tubing and held down
by straps of Nichrome ribbon spot welded to the
panel. Arthough these methods had been used
successfully in other vibration tests, thev did
not work 1n the high temperature acoustic
environment .,

then 1n 1972, during the AFFDL test of
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brazed honeycomb panels, free-filament gages were
used at temperatures to 900°F. The gages were
attached using a ceramic cement. Out of 12 gages
installed, data were obtained from only 2 gages
at 800°F.

To meet the requirement for reliable
strain data from fatigue tests in the thermal
acoustic environment, an experimental program
was undertaken to develop effective strain meas-
uring methods. This development was performed
under contract for the Air Force. The verifica-
tion tests were conducted by Air Force personnel
at the AFFDL Sonic Fatigue Facility in coopera-
tion with the contractor. This paper summarizes
the contractual developments and the results of
measuring strain at high temperatures during the
verification tests. A complete discussion of
the contract program is available in an AFFPL
report, Reference 2.

DEVELOPMENT PROGRAM

The objectiv of the program was to
develop ard demonstrate static strain, dynamic
strain, ard temperature measurement techniques
that exhibit a high degree of accuracy and reli-
ability under test conditions where high level
structural vibration 1s combined with heating.
The methods to be developed were to withstand
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strain levels approaching 1000 micro-inches per
inch, dynamic; 2000 micro-inches per inch,
static; at temperatures up to 1400°F, The reli-
ability requirement was specified as 1 hour of
operational life at these limits of thermal and
dynamic loading. Three temperature ranges were
se_ected for investigation, 200°F to 500°F, 500°F
to 800°F, and 800°F to 1400°F. For each range,
the program consisted of selecting the strain
measuring device, developing a reliable attach-
ment method, developing a compatible lead wire
system and designating complete instrumentation
requirements for measurement and calibration.

A literature search was conducted to
determine the most suitable device for strain
measuremrent.. Considering that the attachment of
the sensor would be to thin skins and that the
method should have minimm effect on the vibra-
tory characteristics ot the structure, the
bonded resistance strain gage was selected. For
the temperature range, 200°F to 500°F, standard
resistance gages were investigated. For higher
temperatures, up to 1400°F, many special alloyed
gages were fabricated primarily to meet the
static strain requirements of the program.

The most difficult and time consuming
portion of the program was the development of a
tenperature compensation technique for static
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strain measurement at high temperature. A
number of compensation techniques were investi-
gated and the resistance thermometer compensation
method was selected for further development. For
this method, a resistance thermomcter element 1s
bonded adjacent to the active gage and connected
to the compensating arm of the strain gage

bridge as shown in Figure 2. TFour alloys were
investigated for the compensating element in
conjunction with Platinum 8% Tungsten active
clements and bonded to Inconel X test specimens.
Ixcellent temperature compensation was achieved
with platinum rhodium and platinum rhodium
ruthenwum compensating eclements, however their
application 1s limited to approximately 1250°F
and 1050°F, respectively. Figure 3 shows the

low apparent strain exhibited by these compen-
sated gages.

------ Ot W Goge Pt Rh Thermometer
Stabwzed af 1250 °F

——— Pt W Goge Pt Rh Ru Thermometer
Stobdized gt 050 *F

Specmen lnconel X

APPARENT STRAN, MICRO-WNS /N

S ’ < s
0004 - - i_ - f‘ 3 “-&i—.-o -
i
4. i i 4 i —)
200 400 600 800 1000 200
TEMPERATURE, *F

Figure 3. Apparent Strain, PT RH and PT RH RU
Thermometers

Gage attachment methods selected for
application to sonic fatiguc testing included an
organic cement for the lower temperatures, and
ceramic cements and flame-sprayed ceramic for
the higher temperatures. In general, the selec-
tion of a lead wire material for high temperature
testing 1s based primarily on the temperature

PR

properties of the material. The size and type

to be used is a function of availability and the
experimental results of thermal acoustic test-
ing. Therefore, several lead wire sizes were
selected to investigate the effects of wire size.
Wire sizes included .003 inch and ,005 inch
diameter wire and .003 x .015 inch and .005 x
.031 1nch ribbon. Materials considered were
Nichrome V, Constantan, nickel clad copper, and
stainless steel clad copper.

An assumption was made that strain
gage and thermocouple installation techniques
used 1n testing gas turbine engines might also
work 1n a hagh temperature, high intensity
acoustic environment. To verify this assumption,
the following test was conducted in the AFFDL
Sonic Fatigue Facility. Chromel-Alumel thermo-
couples were bonded to a 14 x 20 inch panel of
AISI 321 stainless steel using four attachment
methods. For operation between 300°F and 500°F,
two thermocouples were attached with an epoxy
cement. Tor the range, 500°F to 800°F, two
thermocouples were bonded with an epoxy using a
method developed by NASA Flight Research Center,
Ldwards AFB. Four thermocouples were installed
for operating in the 800°F to 1400°F range; two
were bonded with a ceramic cement and two were
installed by the flame spray method. The flame
spray application consisted of nickel aluminide
over the thermocouple junction and high purity
aluminum oxide over the lead wires. An impor-
tan{ factor was that each thermocouple wire was
continuous from the junction, located near the
center of the panel, to the edge of the panel
and was bonded to the panel for the entire
length. Near the edge of the panel, the thermo-
couple wire was spot welded to insulated exten-
sion wire.

The panel was mounted on the side of
the test section of the small test chamber. A
stainless steel mounting frame was placed over
the panel whick left a rectangular area of the
panel, 7.8 x 17.5 inches, exposed to the heat
generated by the lamps. A layer of asbestos
cloth was inserted between the panel and frame
to reduce the heat conduction into the frame.
The asbestos layer also enabled the lead wires
coming of f the panel to be brought out between
the panel and frame. FPinally, a large sheet of
Marinite nsulating material was installed to
mask the frame and to protect the test section.
During the test, the panel was subjected to a

rardom noise spectrum, 150 dB (re: 2 x 10 SN/’mz)
overall sound pressure level (SPL), and to the
heat from the quart: lamps. The panel temper-
ature was held at S00°F for the first 30 minutes,
800°F for 30 more minutes, and then increased to
1400°F for the remainder of the test. Total

test time w1 hour 30 minutes. None of the
thermocouple 1nstallations failed during oper-
ation within their design temperature range.

The results of this test indicated that these
methods that had been known to give good per-
formance in turbine blade tests were promising
for sonic fatigue testing.
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VERTFICATION TESTS

How well strain gages would perform
using these methods under actual conditions of
heat and high intensity sound was determined
next. These verification tests (similar to the
previous test of thermocouples) were also per-
formed in the AFFDL Sonic Fatigue Facility
utilizing the small test chamber. Three panels
were prepared for testing at 500°F, 1200°F, and
1400°F respectively. The 1200°F panel was made
from a .023 sheet of Inconel X alloy. The tem-
perature was chosen to test static strain gages
compensated to 1200°F. The panel was instru-
mented with nine strain gages of Platinum 8%
Tungsten and Nichrome V alloys, and {ive Chromel-
Alumel thermocouples. All gages and lead wires
were attached usi~g ceramic cement. Lead wires
consisted of .005 < .031 inch Nichrome V, .005
inch diameter Nichrome V, and .003 inch diameter
Platinum 8% Tungsten. The lead wires were welded
to glass-fiber sleeved extension leads in the
area of the panel to be covered by the frame.
The panel with gages installed is shown in Figure
4.

Figure 4. 1200°F Test Panel

In preparation for testing, the panel
was mounted on the side of the facility test
section as previously described and shown in
Figure 5. The strain gages were connected to the
facility instrumentation system used to condition
and record the signals on magnetic tape. The
thermocouple outputs were connected to strip chart
recorders located with the specimen heating equip-
ment and were used to control the quartz lamp
heaters. The temperatuve history of the panel
measured during the test is shown in Figure 6.
For the test of this panel, the sound was gener-
ated by a low-frequency pure tone siren. A view
of the siren, quartz lamps, and test section with
panel installed is shown in Figure 7. A random
noise was generated over a narrow band, 125 to
225 Hz. A microphone located inside the test
section was used to establish a SPL of 160 dB.
The test was terminated after 33 minutes when all
channels of strain data were lost.

- g

I
2

— ) - ) .. &
Figure 5. Test Section, With 1200°F Panel Installed
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Figure 6. Tenperature History, 1200°F Panel Test
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Figure 7. Small Chamber Test Section, Siren,
And Quartz Lamps
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Following the test, the panel was in-
spected to determine the nature and cause of the
failures. Two gages had failed completely.
Seven gages survived the test but had lead wire
faJures. Because of high stresses in the
clamped area some leads broke and others shorted
to the panel. Gages and sections of lead wire
near the center of the pdnel, where the stresses
were lower, survived. Noting the fact that the
panel had buckled, it was concluded the failures
were caused by the inability of the ceramic
cement to withstand the high strains caused by
the buckling.

Figure 8. 1400°F Test Panel

The 1400°F panel tested next was
fabricated from a sheet of ,025 Rene' 41, Nine
strain gages of Platinum 8% Tungsten, Nichrome V,
and Karma and three Chromel-Alumel thermocouples
were installed using the Rokide flame spray tech-
nique. A photograph of the panel 1s shown in
Figure 8., Gage lead wires of .005 inch diwmeter
Platinum 8% Tungsten wire, .005 inch Nichrome V
wire, and .003 x .015 inch Nichrome V ribbon
were welded to glass-fiber sleeved extension
leads. To prevent shorting problems that occur-
red during the test of the first panel, glass~
fiber tape was placed between the panel and the
external leads., To avoid buckiing the pancl,
the sound source was changed from the pure tone
siren to an air modulator capable of producing
a wideband spectrum. The spectrum was shaped as
near as possible in accordance with MIL-STD-§10
which defines the sound field characterastics
associated with aircraft and missile systems.
The instrumentation was connected as before.
With the acoustic level at 160 dB overall SPL
the panel was heated to 800°F, cooled below 200°F,
then heated to 1400°F. This took approximately
49 minutes. Having reached 1400°F, the test
continued one hour longer. Figure 9 shows panel
temperature versus elapsed test time. Dynamic
strain levels averaged about 100 micro-inches
per inch. These strain levels are typical of
many sonic fatigue tests.

L °F

TENPERA

Figure 9. Temperature History, 1400°F Panel Test

An inspection of the panel after test-
ing revealed that, again, lead damage in the
area under the frame was the principal cause of
data loss. In most cases, the cause was failure
of the splice between lead wires and extension
leads. However, a checkout of the gages indi-
cated that all but one were functional.

The methods developed for the 200°F to
SO00°F temperature range were tested last. For
this test a .020 sheet of AISI 321 stainless
steel was used. Seventeen glass-fiber reinforced
epoxy and phenolic backed gages were installed
using an epoxy-phenolic adhesive. To compare the
life of backed and wunbacked gages, seven unbacked
gages were also installed with flame-sprayed
ceramic and ceramic cement. Lead wire types for
the epoxy installed gages included .00S inch
diameter Constantan wire, .005 inch diameter bare
nrickel clad copper wire, and -005 inch diameter
polyimide copper wire. The lead wires were
connected to the gages using 580°F solder and
attached to the panel using an epoxy adhesive.
Lead wires for the ceramic cemented and flame-
sprayed gages included .005 inch diameter nickel
clad copper wire, .005 inch diameter Nichrome V
wire, .003 x .015 inch Platinum 8% Tungsten rib-
bon, and .004 x .031 inch Nichrome V ribbon.
These lead connections were welded. The organic
backed gage installations were coated with an
aluminum filled silicone to provide a reflectivaty
similar to the bare test panel. This prevented
the temperature of the gage installations from
rising excessively above the test temperature
(due to the dark color of the adhesive). Figure
10 shows the panei before testing. Heat and
sound were applied as in the previous tests,
With the SPL reduced to 150 dB, the panel was
heated in 100 degree increments to 500°F. Al-
though Fijure 11 shows that one area of the panel
remained below S00°F throughout the test, other
thermocouples which failed before test termin-
ation measured temperatures of S00°F and above.
The test lasted 44 minutes.

The flame-sprayed and ceramic cement
installed gages failed early in the test. Panel
buckling had caused the strains to exceed the
limts for these attachment methods. Analysis
of the panel after testing indicated that all of
the epoxy adhesive bonded gages were functional
and all failures had occurred in the lead wire
system.
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Figure 10, S500°F Test Panel
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Figure 11. Temperature History, 500°F Panel Test

CONCLUSIONS AND RECOMMENDATIONS

A post-test examination of the three
panels tested identified gaging techniques that
should be considered for use in a high temper-
ature and intense acoustic environment. The
ceramic cement and flame-spary installed gages on
the 500°F and 1200°F test panels had failed be-
cause the panels had buckled and strains exceeded
the linats for these materials. Static strain
channels for the 1200°F panel test,were driven
over the recording limit of + 1200 micro-inches
per inch indicating the actual strains were well
above this value. Ceramic cements are limited to
about 0.5% strain (5,000 micro-inches per inch)
and flame-spray installed gages are usually
limited to 1.5% strain. Ceramic cements are
suitable for high temperature acousiic tests if

the static strains do not approach the yield point

of the material. If large thermal stresses are
anticipated, flame spray attachment would be
preferred over ceramic cement; however, neither
method mav endure.

The principal weakness in the gage in-
stallations was the relatively short life of the

lead wire systems, Failures in the flame sprayed

installations on the 500°F panel were partially
due to the large size lead wires used. Gages
with .005 x .031 inch ribbon leads which failed

- e s - e

were installed adjacent to gages with .003 aich
diameter wire leads which did not fail. Furcher-
more, flame sprayed, .003 inch diameter. thermo-
couples on the 1400°F panel did not fail. It
may be concluded that small diameter lead wires
and thermocouples installed by the flame spray
technique can be expected to perform satisfactor-
ily in high temperature sonic fatigue tests that
are not over 1400°F or more than 1 hour duration.
Because of the poor results obtained with the
.005 x 031 inch Nichrome V ribbon leads, this
type wire is judged as too heavy for this appli-
cation. Because of the high strains that devel-
oped in or near the clamped area of the pamels,
other arrangements for bringing the lead wires
off the panel should be considered on future
tests. Locating the lead wire splice in a lower
stress area and running the leads over the frame
instead of between the panel and frame are two
possibilities. Also, as indicated by the earlier
panel test of themmocouples, flame spraying or
cementing the lead wires closer to the edge of
the panel may extend the life of the lead wire
installations.

In view of the high percentage of gages
on each panel that remained functional after the
test, it is believed that the gage types and
attachment methods tested are generally satis-
factory for the test conditions investigated.

To sumarize, the following gage and bonding
combinations proved to be successful for high
temperature high noise tests lasting up to one
hour in length: for temperatures to 500°F, stand-
ard resistance strain gages attached with orgaaic
cements; for temperatures to 1200°F, unbacked
gages attached with ceramic cement; for temper-
atures to 1400°F, flame-sprayed gages.
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AN ACTIVE LINEAR BRIDGE FOR STRAIN MEASUREMENT

Paul T, JaQuay

Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio

Constant voltage bridges operated in a quarter-bridge con-
figuration are frequency used in strain measuring. This
paper analyzes the bridge characteristics in this config-
uration both under balanced and unbalanced conditions.

The analysis also is made of the shunt resistance method
of bridge calibration and shows it to be an undesirable
method for use under large offset conditions.
linear bridge circuit is then presented that offsets the
disadvantages revealed in the quarter-bridge analysis.

An active

INTRODUCTION

The Air Force Flight Dynamics
Laboratery, (AFFDL) Sonic Fatigue Facil-
1ty (Reference 1) Wright-Patterson Air
Force Base operates three acoustic test
chambers to conduct experimental studies
on aircraft and missile structures and
equipment in a high intensity sound en-
vironment.

The response of the test speci-
mens to high intensity sound is measured
by transducers, which are located on or
near the specimen, and are connected to
the data acquisition system. The data
from typical tests consists of the out-
puts of microphones, strain gages,
accelerometers and displacement trans-
ducers, Of particular importance in
most experiments and tests are the stress
levels and their locations in the test
specimens. As a consequence many strain
measuring channels are provided in the
Sonic Fatigue Facility data acquisition
system. These strain measuring modules
consist of typical constant voltage
strain gage bridge supplies of a stand-
ard configuration as shown in Figure 1.
These modules are adaptable to all bridge
configurations from quarter-bridge to
full bridge, but almost all strain meas-
urements in the Sonic Fatigue Facality
use the quarter-bridge configuration,
Although other bridge configurations
requiring gages on both sides of a
specimen are more advantageous 1'nder
certain conditions 1in regard to linearity
and sensitivity, thev are usually more
difficult and often impossible to imple-

95

ment on real structures. This is due in
part %o non-accessibility of the reverse
side of a structure oftcr caused by a
brace or support member covering the area
of interest., For this and other reasons
such as added cost, increased set-up
time, and the di{ficulty of insuring
equal and opposite dynamic strain on
bending and flexing specimens. the
quarter-bridge configuration is the only
one discussad in this paper.

Often 1n structural sonic fatigue
tests it 1s necessary to perform strain
measurements at elevated temperatures as
high as 1400°F. When strain gages are
heated the static unstressed resistance
increas2s, This increase in static,
unstressed resistance results in a large
static unbalance of the strain bridge.
This increase in .tatic gage resistance
can be as high as 9 or 16% of the nominal
gage resistance while the balance range
of the bridges at the Sonic Fatigue
Facility is approximately = 2.5% for 120
ohm gages. The inability to balance the
bridge at high temperatures, the know-
ledge that off-null bridge measurements
are non-linear, the uncertainty of
bridge errors at these large offsets,
and the desire to know quantitatively
the bridge characteristics under offcet
as well as ideal conditions, were the
notivating factors leading to this in-
vestigation.

Under the assumption that restora-
tion of d-c¢ balance would restore
original operating conditions (sensitiv-
1ty and calibration) the first approach
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taken to solve this large static unbal-
ance problem was to develop an automat-
ically balanced bridge. This approach
resulted in an active circuit capable of
maintaining a balanced bridge under all
conditions, no signal being generated by
the bridge 1tself. The dynamic data was
available at the output of the active
element (see Figure 6). However, the
same non-linear characteristics were
st1ll present in the automatically bal-
anced bridge circuit. At this point 1t
was decided to determine whether d-c
balancing of the bridge would 1indeed re-
store the original operating conditions
as was assumed at the outset. An analy-
s1s of the hridge characteristics was
therefore undertaken.

ANALYSIS OF CCNSTANT VOLTAGE BRIDGE

CHARACTERISTICS
R
€ E
Re

FIGURE |, TYPICAL BRIDGE CIRCUIT

The constant voltage strain gage
bridge mcdules in the Sonic Fatigue
Facility have the circuit configuration
as shown in Figure 1. This circuit is
simpiified 1n Figure 2 to facilitate anal-
ys1s (quarter-bridge orly discussed).

The equation of the output of the bridge
‘n Figure 2 15

R R
o = (g iw, R__j_T> B
° 1 2 37 ™

where R1 1s chosen as the active element
and R3 as the balance element, [f naximum

sensitivity (equal arm) conditions are
assumed (Reference 2) the equation for the

bridge simplifies to:

- R 21 .
e ~ <_2R + iR z) B (2)
where R1 = R2 = R and R3 = R4
or ) 1 3 )
eo = 2———R+ A_‘ - 3 E (3)
R

where AR represents the deviation in
resistance of the active element circuit
from the 1deal conditions assumed in
Equation 2. AR has many contributing
components; lead resistance, change in
lead resistance with temperature and
acoustic excitation, termination resist-
ance, change 1n termination resistance
with temperature and acoustic excitation,
plus the following factors affecting
gage resistance: TNOMNiN.. value error,
installation apparent strain error,
remperature sensitivity, voltage scnsi-
tivity, temperature expansion coefficient
error, physical distorrion of specinen
with temperature and imstallation, and
finally, the desired componert the
change in gage resistance due to strain
variation., (This analysis assumes a
high impedance Joad at the bridge output
terminals so that the bridge terminals
are essentially open-circuited.) The
bridge output equations {1 through 3)
are purposely expressed in two tsrms,
one tor each branch of the bridge, to
show the contritution each makes to the
output signal. The first term 1s the
contribution of the balancing branch (a
constant for 2 particular measurement).
fxamination of the first term shows it
to be inversely proportional to AR and
therafore a non-linear function of AR,

/
'I
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|
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|
|
i
|
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FIGURE 2, SIMPLIFIED BRIDGE CIRCUIT,
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— \ ¢ the Curve is the sensitivity of the
bridge to a change in strain.
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] ‘ FIGURE 3, BRIDGE CIRCUIT SHOWING v e e

INDEPENDENCE OF BRANCH OUTPUTS, FIGURE 4,
' . PLOTS OF 8oq & @op OF THE CIRCUIT OF Fi8. 3.
Since there 1s no circuit element
- common to both branches and hence no
electrical coupling between the outputs

e and ¢ ,, 1t 1s obvious from the cir-~
oa ob

cuit diagram given in Figure 3 that the
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The sensitivity can be obtained by
differentiating the bridge output Equa-
tlon (3) with respect to the ratloR

R

!
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two branch outputs are completely inde-
pendent of each other.
tion and the fact that e p 1S constant

during a test measurement 1t can be con-
cluded that the bridge output character-
1stics are completely determined by the
active branch., Figure 4 shows a plot of
each term of the bridge equation with
one side of the eacitation source as the
zero reference, Curve A, Figure 4 shows
the characteristic curve for the active
branch output,designated €oar O0 Figure

4, as R1 is varied and Curve B is the d-
¢ balance term output designated €yp OP

tigure 4 as R3 is varied. Curve B would

normally coincide with Curve A if R1 x

RS’ so Curve B 1s shown on the left for
purposes of 1llustration.
made equal to €.a the bridge is said to

be balanced. However, from the forego-
ing discussion it was shown that this
balance condition has no significance in
the bradge operation except to eliminate
a d-¢ offset in the bridge cutput. For
this reason this bridge condition is des-
ignated as "d-c balance" in this paper.
The location or value of €5, o0 Curve A,

When eup 13

Figure 4, 1s the sperating point and the
slope of the Curve at that location on

From this observa-

TT or Equation 1 with respect to o S°

2
that it 1s independent of nominal value
of gage resistance. This gives the
sensitivity equation:

de
. s - ° -
Sensitivity AR) AR 2 (4)
(r. (
(using Equation 3)
de
or = 2 = -E
Ry Ry
e

(using Equation 1)
Expressing the change of sensitivity be-

tween Points 1 and 2 as a percentage
gives:

$ Sens. Change -<j ﬂ -ISA
l

X 100 ~
“S 100=——~—~%R—-— N

&R .
5 100 = ¢ R

100 =




"

where S1 slope at Reference Point

and|81|= (for equal arm bridge)

It should be noted that the constant
term, which represents the bridge bal-
ance branch contribution, drops out,
which again shows that the balance

branch does not influence or determrine
either the operating point or the sen-
sitivity of the bridge. From Equation 4
1t follows that the determining factor
establishing the sensitivity is the ratio
of the two elements of the active branch.

E
a

Another factor of interest in the
measurement of strain using constant
voltage bridges 1s non-linearity error.
The non-linearity of the bradge mani-
fests itself in different absolute out-
puts for equal positive and negative
excursions of aR. This non-symmetry of
the strain signal 1s present at all
times and 1s a direct function of the
magnitude of &R, This can be shown by
calculating the % Non-Symmetry wher
non-symmetry 1s defined e-ol -le+0T

Expressing this as a percentage the
expression 1s as follows:

e~ l. e+
o o

‘eo ave' 100 = % AR

$Non-Symmetry =

e- = R T ARl
0 7R - 4R 2] iR - 78R
bridge output for R1 < R2

(AR negative)

e+ = R I - ARE
o] ZR + bR 2 IR+ 25k

bridge output for R1 > R2

(4R positive)

€0 ave © %Q-o

It should be pointed out that 1in
computing the non-symmetry the constant
terms (balance terms) cancel each other
and therefore the condition of balance
has no effect on the non-symmetry.

SENSITIVITY CORRECTiON

The foregoing discussion shows
that the sensitivity 1s a function of
the active branch elements only. From a
calibration standpoint then it is advan-
tagecus to maintain the same ratio of the
active branch elements throughout the
complete interval of strain measurement.
If an unwanted and uncompensated resist-
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ance change occurs in the active circunit
exclusive of the gage itself, the effect
is a change in sensitivity of the bridge.
It is then desirable to restore the
bridge to its original sensitivity and
therefore 1ts original calibration. This
can be done by changing the series ele-
ment R2 (Figure 2). This sensitivity

correction capability is not provided for
in the Sonic Fatigue Facility bridges or
in most other commercial bridges. How-
ever, when RZ is changed the operating

point 1s not returned to the original
operating point at Point 1, Curve A,
Figure 4, but moves along the Curve D to
another Curve C, which has approximately
the same slope but 1s displaced along the
R2 axis to Point 3. Curve D 1s the oper-

ating curve for an equal arm bridge where
resistance R2 is the variable and all

bridge resistances are eaual to R + AR at
Point 3. The operating Curve for the
bridge with these nev values of R1 and R2

and where R1 1s the variable element is

the Curve C. If the offset, however, is
caused by an increase in the gage resist-
ance due to heating of the gage, another
factor called the gage fac.or must be
considered before the temperature effects
on the sensitivity of the bradge can be
determined. The expression for strain is
AR

e= ¢ X 1 vhere OF 1s the gage factor
GF

for the strain gage being used. In this

expression the term %g is a constant for

a given strain regardless of temperature,
which means that as R increases AR also
increases by the same percentage. Since
the bridge output 1s proportional to AR

and not to the ratio %?, the decrease in

siope of the operating curve would be
largely offset by the increase in AR and
the bridge sensitivity would remain essen-
tially coastant, However, the CF term is
temperat*.re s~nsitive, decreasing with
increasing temperature and acts to hold

AR constant. The net result )s that the
overall bridge sens:tivity follows essen-
tially the slope of the operating Curve

A, Figures 4 and 5.

It would seem from looking at
Curve C, Figure 5, that the sensitivity
could be restored by increasing R, and

changing the operating point from Point 2
Curve A to Point 3 on Curve C (as for the
offset due to lead resistance) where the
slope is the same as the original slope
at Point 1. However, the slope of these
curves 1s proportional to the ratyo of

AR to the gage resistance which is not

e s ¥
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changed by changing RZ 50 the scnsitivity
stays essentially the same.

1
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FIGURE 3, TWO DIMENSIONAL PLOT OF FIGURE 4.

CALTBRATION

Calibration of the strain chan-
nels at the AFFDL Sonic Fatigue Facility
uses the common shunt resistor method in
which a precision resistance 1s shunted
acruss R2 of Figure 2 or 3 causing an

. _ 1 :
apparent strain ¢ = ﬁ;— X —~=. This
temporarily moves the operating point
from Point 1 along Curve E te Point 4 1n
Figure 4, Curve E 1s the operating
curve for the original equal arm bradge
but where R2 1s the variable element.,

The voltage difference between Points 1
and 4 1+ the output due to <, and from

which e, 13 calculated using the Equation

e This 1s then taken as the

LCFe,
o —y
calibration for this apparent strain at
the operating Point 1, Figure 4. E 1s
the tridge excitation voltage. This cal-
culation assumes an equal arm bridge con
figuration., It also assumes that the
reduction of R2 by an amount AR2 causes

the same bridge output as an equal in-
crease of Rl' However, this 1s not

exactly the case because the Curves for
R1 and R2 are not exactly symmetrical to

each other about their common point for
positive and negative deviations respec-
tively of the two elements., It is dif-
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ficult to see the relative shapes of
Curves A and E, Figure 4, due to the
three dimensional nature of the figure.
Figure 5 1s the same set of curves as
Figure 4, but with Curves D and E rotated
into the same plane as Curve A and with
Curves B, C, and D displaced so as to
show the relatiave shapes of the curves
and the output voltages. This displace-
ment is necessary because Curves A, B,
and C would be superimposed as would be
Curves D and L. It can be seen that the
shapes of Curves A and E are such that
the output for a negative deviation of
R2, [-ARZ), 1s not precisely equal to the

output for a positive deviation of Rl’
(+AR1).
this and at the same time determine the

approximate magnitude of the error. One

method 1s to calculate the output of the
bridge using a negative change (-ARZ) of :

R, and for this same output calculate the
equivalent change (+AR1) of th From

these values of AR a percentage error %
can be calculated. Putting these AR terms i
in the bridge Equation (1) yields the

following equationss: i

There are several ways to show

e offe . R )
ol "\Ry FR, VIR, R FE,

Ry - 4R, RZ '
o TG O ) |

Setting €,p  €gp BIVeS:

wheres ARle B AR1 equivalent of ARZ

% Error = § difference between
AR and ARZ

- Ry + AR\

AR, - AR R
-(—‘.e—AT-——Z,xoo . —‘—Tz-—%m—zjwo (s)
R

le

2 ’

For the equal arm bridge case R1 = Ry
and Equation (3) reduces to:
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AR2
% Error = {g—=——%—] 100
. - AR,
A very good approximation to this exact
expression is given by the series:

oR, ARZZ AR23
¢ Error ~ T "\ i e | 100
2 2 2

This gives the approximate error for an
ideal bridge configuration (equal arm).
Suppose the bridge 1s offset due to some
lead resistance 1in the gage circuit (2
wire system). In this case, the value
of Rl 1s no longer equal to R2 and the

complete error Equation (5) must be used.
As before the exact expression can be
approximated very closely by the follow-
ing:

2
$ Error v Eo + fﬁg + fﬁz t . ., .| 100
Ry R\ K
where R0 = R1 - R2 = the offset resist-
ance

The first order approximation then 1s:

% Error IR, o+ $AR,
This 1s quite good for values of AR in
the range of zero to ten percent. Of

course, 1t 1s obvious that as the %Ro

term gets larger relative to the $AR
term, which is usually limited to small
percentages, that it will become the
dominate factor 1in the error calculation.
This shows that the calibration error is
increased by approximately the same per-
centage as the offsetl resistance causing
the oftsct. 1This calibration error
applies to a gage resistance offset also
since the bridge output is not due to a
AR of the gage 1tself. It must be
pointed out that an optimum calibration
procedure would prov:de calibration at
the expected operating point on Curve A
without 1introducing additional ercors
due to a bridge otiset. This would be
especlally desirable if accurate results
are desired when large offsets are
anticipated.

The shunt resistance method of
calibration, of course, is an indirect
calibration method because the source of
the calibration signal 1s not due to the
input of a standard quantity of the meas-
urand. This method 1s based on the cal-
cutated value of the bridge coffset using
known values of some components and
assuming the remainder to be ideal. The
known component values are the resistances
of R2 and the shunting resistor. The

LT e R ST RN
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assumed relationshap is that the strain
gage circuit resistance and series re-
sistance Ry are equal. Since calcula-
tions are part of the calibration pro-
cedure it would seem that a better
approach to calibration would be to cal-
culate directly the output of the bridge
using some assumed standard value of
strain signal. For a known amplifier
gain, the output for this standard strain
1s readiiy obtained without the added
inaccuracies of balance resolution, com-
ponent, and measurement tolerances.

This new method would also eliminate the
requirement for balancing the bridge af
a-c coupling 1s used., 1f the oifset
change is known, can be approximated, or
can be measured the output could be cal-
culated at or near the actual operating
point and thus improve the calibration
accuracy even more.

R Mo RN RN MG AN

ACTIVE LINFAR BRIDGE

The foregoing analysis revealed
the fact that maintaining d-c balance is
not the solution to eliminating bridge
measurement errors, as was originally
assumed. The only solution that would
eliminate the errors would be a circuit
that either eliminated the bridge non-
linearity or compensated for 1t, The
auto-balancing bridge circuit, Figures
6 and 7, mentionad earlier, still exhib-
ited the same non-linear bridge charac-
teristics and therefore, was not consid-
ered to be a solution to the problem.
However, 1f the circuit of Figure 7 is
carefully studied a promisirg and poten-
tially useful characteristic is noted.
To those familiar with operational
amplifiers and circuits, it is obvicus
that the voltage at e; must be essentially
equal to the voltage at e}, If e} 1s
constart and 1f R, is a fixed rzsistance
then the current 1 is also constant,
Since the supply voltage E is constant
the amplifier current i, through R, is

also constant and any change of Ra will

be exhibited as a linearly proportional
change in the voltage at e, However,

in this circuit the amplifier is required
to supply the entire gage current, This
undesirable condition can be corrected

by reconnecting R1 as shown in Figure 8.

This, then, is the final circuit arrange-
ment of the active linear bridge. Cal-
culations and measurements confirm the
linearity of the circuit for large vari-
ation of AR, Since the circuit 1s com=
pletely linear, the braidge seasitivaty
does not change with static offser, and
the calibration is a constant regardless
of operating point. Thus for dynamic
measurements it 1S not sensitive to
static variations of any of ihe contri-
buting components of AR mentioned pre-
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viously. In addition, the active nature
of the circuit allows the inclusion of
compensation for changes in specimen
characteristics with temperature. If an
appropriate temperature-proportional
voltage 1s inserted in series with e of

Figure 8, the static excitation current
can be varied to cause a change in sen-
sitivity with temperature.

Another desirable benefit can be
obtained from this circuit. If the volt-
age and resistive parameters are chosen
properly, the output voltage e, can be

made zero for zero strain. This permits
measurement of static as well as dynamic
strain. In the breadboard model of this
circuilt the excitation voltage E is a

+ 15 V dual IC regulator which is also
used to supply the amplifier power.

This eliminates the requirement for
separate supplies for the bridge and
amplifier circuits. In this circuit the
values of resistors R1 and R2 are chosen

to give the approximate strain gage cur-
rent required with the amplifier 1noper-
ative. The amplifier 1s then made oper-
ative and the voltage e adjusted to

bring the output to zeio. In so doing
the amplifier drive current 1s minirized.

SUMMARY AND CONCLUSIONS

The analysis of the constant volt-
age brilge circuit characteraistics has
revealed several interesting as well as
useful facts which are summarized here.

1. Bridge d ¢ balance does not
affect linearity.

2. Bridge d-c balance does not
affect sensitivity.

3. Sensitivity of bridge is
determined by active branch component
values only,

4. Static change 1n gage circuit
resistance causes change in bridge sen-
sitivity (and therefore calibration).

5. % sensitivity change deter-
mined to be approximately equal to % AR,

6. % non-symmetry determined to
3

be approximately equal to % AR,

7+ d-c balance unnecessary for
dynamic measurements only.

8. Calibration error for shunt

resistance method approxim.tely equal to
% AR + § offset.
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FIGURE 6, ORIGINAL AUTO-BALANCE BRIDGE CIRCUIT

FIGURE 7, SIMPLIFIED AUTO-BALANCE CIRCUIT
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FIGURE 8, ACTIVE LINEAR BRIDGE
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The equations developed for %
non-symmetry, % sensitivity change, and
calibration error, although applicable
over the complete useful range of strain
gage linearity, are not meant to be ex-
act expressions but only to show roughly
the bridge characteraistics.

Finaily it should be reemphasized
the active linear bridge alleviates the
problems of calibration and sensitivity
change with a change 1n static operating
point.

In the interest of completeness
all known factors influencing strain
measurement using constant voltage bridges
in quarter-bridge configurations have
been included without comment as to their
relative significance. What may be in-
significant today may be most significant
in the future, and what may be significant
to one may be insignificant to others.
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VIKING DYNAMIC SIMULATOR
VIBRATION TESTING AND ANALYSIS MODELING

A, F, Leondis
General Dynamics Convair Division
San Diego, Califorma

PRy

Ground vibration surveys were performed on the Viking Dynamic Simulator
to verify its accuracy in providing in-flight responses equivalent to the actual
4 , Viking “pacecraft., Modal properties measured included mode shapes, modal
1 v damping, frequencies and internal forces in the principal adapter trusses.
[ Damping was measured by means of the free dacay and also by means of
responses measured during constant-force excitation at various frequencies
near resonance,

The ground vibration data were used to modify an analytical model to cause
it to more closely simulate the test data: The criteria used to select the

X best agreement are discussed.

INTRODUCTION

In order to provide increased confidence
in the analysis and testing of the Viking Space-
craft and related flight components, the decision
was made to fabricate and flight-test a Viking
Dynamic Simulator (VDS) on the farst Titan
Centaur, early in 1974, approximately a year
and a half prior to the planned Viking launches.

The Convair Aerospace Division of
General Dynamics Corporation provided the
y services and material necessary to design,

fabricate and test the Viking Lander Dynamic

Simulator (VLDS) and the Viking Orbiter Dynam-
%, 1¢c Simulator {VODS), These simulators with

the Proof Flight Lander Adapter (PFLA) supplied

i by the Langley Research Center and the Viking
Spacecraft Adapter {V-S/C -A) supplied by the
4 Jet Propulsion Laboratory comprise the VDS,
! (See Figure 1).
180 shown in Figure 1 is a sketch of

the Sphinx spacecraft which was supplied by the
Lewis Research Center and was an operational
spacecraft. The Sphinx was not part of the pri-
mary mission of the VDS,

The basic design requirements for the
VDS provided that all important modal charac-

' teristics were similar to those of the Viking
and that these modes were uncoupled; These
requirements also provided for two ground
vibration surveys (GVS) to be conducted.
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The first GVS was performed on the VODS (1],
The second GVS was performed on the entire
VDS and is the subject of this paper as well
as Reference [2] .,

The latter part of this paper also
considers the problems encountered in
developing the mathematical or analysis
model of the VDS (3] . !

The VDS was cantilevered for the :
GVS at the base of the Centaur Truss Adapter ;‘
(CTA). This was particularly desirable i
because that location was used 1n analysis as
the junction of modal properties of the VDS
and the Titan Centaur for modal synthesis
using the method of Hurty (4] .

It may be noted that the VDS was
intentionally designed to have some specific
modal characteristics which were considered
important in simulation of the Viking and to
have no other unrelated modes in the range
up to 50 Hz. The result was an i1deal dynamic
test structure that in the noted frequency
range behaved essentially like 3 rigid bodies
connected by elastic framework, It is be-
lieved that the quality of the results obtained
are to some extent due to the VDS being such
an ideal structure,

Test objectives included the measure-
ment of modal damping, measurement of

-
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FIGURE 1 -~ SKETCH OF VIKING DYNAMIC SIMULATOR
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forces in both the PFLA and in the V-S/C-A

together with freauencies and mode shapes
with an accuracy sufhicient to show ,05 or

less modal coupling. Modal coupling was
defined as the ratio of the off-diagonal general-
1zed mass term to the square-root of the pro-
duct of the corresponding diagonal terms.,

TEST EQUIPMENT

The foundation for the test specimen
was particularly important, Considerable
effort was invested to assure that the aft
attach potnts of the specimen would not move.
The success of the test depended upon the
specimen being cantilevered at the aft end.

The foundation was a 12' x 12' x 6" mild steel
plate that was carefully leveled, grouted, and
anchored to the existing ground level rein-
forced concrete slab. The selection of this
35 thousand lb. steel plate was partly justi~
fied by consideration of the lateral inertia
load factors used to design the VDS, The
lateral load factor was 2.9 gravities (g's), the
VDS weight was 7850 lbs, and the certer of
gravity was 143 inches above the base., As a
result, the combination of such loads would be
sufficient to overturn even such a massive
base. Of course, 1t was recognized that such
loads would not be used 1n the course of the
test but they heiped to yustify the base plate.
In the course of testing it was found that the
base sometimes moved as much as one per~
cent of the motion of the maximum antinode

of the test specimen.

Three 50 lb, electro~-dynamic exciters
were positioned and connected to the specimen
through adjustable length drive rods and im-
pedance heads so as to apply oscillatory forces
at pre-selected locations, These shakers were
adequate for the originally planned test pro-
gram but could usefully have been larger to
provide more force for measurement of modal
damping at higher amplitudes. Crystal accel-
erometers were used to record mode shapes
at 33 pre-selected locations,

An exceptional component in the moni-
toring and data acquisition system was the
"CO/Quad Analyzer" [5]. This electronic
device provides direct current (DC) voltages
that are proportional to selectable amplitude
and phase relationships between two applied
signals, The reference signal to the CO/Quad
Analyzer was a continuous analog voltage from
the force section of the impedance head near an
exciter. Signals such as acceleration or strain
gage outputs trom the struts were selected by a
matrix switch and resolved with respect to the
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force signal. The CO/Quad Analyzer used in
combination with tracking filter analyzer. was
an extrer-ely sensitive frejuency and phase
monitor of modal excitation.

A digital computer was used extensively
for data acquisition, data manipulations, and
result formatting.

TEST PROCEDURE

A major factor in planning the sequence
of tests was the tume required to relocate
shakers from one position to another, Depend-
ing upon the amount of equipment necessary to
move to a different position, it could require
as much as a days working time. This, there-
fore, deternuned the sequence of tests 1n many
cases.

To search for modes, a number of fre~
quency sweeps were made 1n which excitation
was applied to each of the 6 translation and
rotation degrees-of-freedom of the overall test
specimen. These sweeps were made from 3
Hz to above 50 Hz. Small force levels were
used in conducting these sweeps because it was
necessary to insure that the structural integrity
of the test spectmen was protected against any
damage including excessive vibration fatigue.
As a result, these tests were conducted at
levels not larger than half the limit load condi-
tions used for design or, 1f ample margins
existed, not larger than half the limit load
increased by the margin,

The originally planned number of
shaker configurations was sufficient to ade-
quately excite all modes predicted by analyti-
cal methods prior to testing. In general, the
various modes of the structure responded as
expected and were similar to the predicted
modes.

The existence of the modes was deter-
mined by an increase in response at the reso-
nant {requency during the sweep, After com~-
pletion of a sweep, 1f the shaker configuration
was judged acceptable, one or more mode
shapes could be measured while holding the
frequency and amplitude constant during a
"dwell", The process of tuning the modes of
the VDS was, in general, not difficult because
of light damping and usually well spaced modes.

The use of a digital computer with an
analog to digital converter was particularly
valuable in rapidly evaluating the orthogonality
or modal coupling between the various measured
modes.

The first mode at 4.48 Hz and the sec-
ond at 4,66 Hz were first observed to have
rather -trong coupling of .11, Both of these
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modes were similar in that they were essen-
tially rigid body translations normal to the
vehicle centerline and roughly normal to each
other., The peculiar thing about both of them
was that the direction of translation changed
counter-clockwise (seen from above) as the
amplitude of either mode was increased, This
15 believed to be due to non-linearities in the
various adapterss This effect of rotation of
the plane of vibraticn was stronger than the
effect of the direction of the applied force
since efforts to use different shaker configura-
tions did not significantly alter the rotation vs,
amplitude, The first mode was observed to
rotate its plane of vibration 17 degrees while
increasing the amplhitude from .1 gto .22 g
(amplitude of the largest amplitude acceler-
ometer).

Modes 1 and 2 were made orthogonal
by selection of modal data taken at amplitudes
where their planes of vibration were at right
angles, The final coupling value was ,0042
and could have been smaller, if desired,

TEST MODE 4
9.44 Hz

FIGURE 2

The more standard concept of cancel-
ling an unwanted mode while exciting the desir-
ed one was used with good results in several
cases, If we lim:t consideration to only those
modes below 50 Hz, there are 66 independent
coupling terms. Of these, only two remained
above the .05 goal at the conclusion of testing.
Both of these terms, 1,4 and 11, 12 were felt
to be due to non-linear action of the PFLA,

In Mode 4, the VLDS showed a large amount
of torsion and pitch rotation. See Figure 2.,
(Pitch rotation 1s about an axis normal to the
paper.) This figure and the next two, are
1dealizations showing the deformations of the
structure in three modes of special interest,
These figures are orthogonal projections upon
the X~Z plane a2s defined 1n Figure 1. Each
figure shows the measured or test mode at
the left and the corresponding mode determined
by the NASTRAN computer program at the
right for comparison,

Figure 3 shows the mode shape of Mode
11 which had 40 percent coupling with Mode 12,

ANALYSIS MODE 4
9.45 Hz
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TEST MODE 11
42.15 Hz

as measured in the teat. Mode 12 is shown
in Figure 4 { 5lid line) and may be seen to
contain a large amount of pitch rotation. The
amount of Mode 11 that was present in (coup-
led with) Mode 12 was removed and the result
plotted as the dotted image in Figure 4, It

1s considered of interest that the difference
between the solid and dotted images in Figure
4 is as large 1s 40 percent coupling, The
final generalized mass matrix is shown in
Table 1.

EXPERIMENTAL DAMPING

Experimental damping was determined
for the !ree-decay of ithe modes by making
logarithmic -decrement plots in all cases at
high amplitude and sumetimes only by the
method of number of cycles to half amplitude
{n) at smaller amplitudes. The fraction of
critical damping was taken as f2/2nn or
JAi/n. The resultung values of damping are
shown in Figure 5 as a percentage of critical
damping.

Another method also used to evaluate

FIGURE 3
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ANALYSIS MODE 1}
38,65 Hz

damping ts based upon the work of Kennedy
and Pancu {6]. [n this method the vector
response of a given measurement may be
plotted while a constant excitation force is
swept through the frequency range near reso-
nance, The fraction of critical damping,
Zeota s (AF/46) (1/F )}
where AF is a difference 1n excitation {requen~
cy between two pointa of the response.
AOQ is the change of phase angle associa-
ted with AF {radians) and
F_is tle natural frequency of the mode.
One mode which was examined using this
method yielded the following data:
Mode 6 - Freq of Excitation «Response Phase

13,4223 He, 7.7 Deg.
13,4234 81.1
13, 4244 84.0
13,4257 a7t
13,4268 90,0
13.4279 9.0
13,4291 96.7
13,4302 98.8
13,4315 101.3
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TABLE 1 - GENERALIZED MASS MATRIX (TEST MODES)

[Ep— LRI

. Mode 1 2 3 4 5 6 7 8 9 10 AB A
1 1.000
; 2 .00k 1,000
3 -.040 -.01k 1.000
y  .089 ,006 .0O7 1.000
. 5 =.005 ,026 -.010 ,030 1.000
3
i 6 =-.013 -.019 .04k ,006 -.009 1.000
' 7 -.016 .,027 -.017 .OU5 +,012 -,032 1.000
? 8§ .017 -,028 -.033 ,026 .005 =-,022 ,027 1.000
’ 9 =018 017 .019 -.043 .006 =,027 -.003 -,027 1.000
v 10 =-.002 =-,027 ,008 -,047 -,041 ,007 .034 ,006 -.008 1,000
' 11 007 Oho ,021 .D07 ,01) -,011 -,020 ,017 -.018 017 1.000
1
, 12 .,026 .,015 .013 .027 .007 -,000 ,001 .019 -.003 -,022 .403 1.000
3 :i-' s == — e
u‘ " IR Sy =~ _— ]
! '
5
%
4 .
§
3
. J
! )
", /
ey ! s
TEST MODE 12 FIGURE 4 ANALYSIS MODE 12
43,80 Hz 40.13 Hz )
{Dotted image shows change t. make this mode i
i normal to Test Mode 11,
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ANALYSIS MODELINC PROGRAM

Fhe dats obtained in the CGround Vibra-
tion Survey have been used directly in some

([

The base of the test specimen used in
the GVS was, of course, constrained to a flat
and round configuration since it was cantilevered

o T e v - e o oy = g e gttt
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0 .1 .2 .3 4 +5 .6 .7
Amplitude - Gravities (0-P) at Maximum Antinode
FIGURE 5 - Experimental Damping vs. Amplitude Damping was
Determined by Free Decay, Numbers in the Figure
Identify the Modes 1n Order of Increasing Frequency.
In the analysis of such data, it becomes apparent phases of analysis, It was decided that a mathe-
that many combinations of data points may be matical or analysts model should aléo be avail-
used and that due to some unavoidable errors, able to avoid the inconsistencies associated
some scatter of the determined damping 18 to with non-linearities and experimental error.
be expected, It is felt that use of adjacent The logical starting point for such a task was
points (such as the 90 deg. pt. and the 94,9 the math model available from the dengn\phale
deg. pt.) or points close together will tend to which was written in the NASTRAN program
~ increase the risk of errors while points farther format. This model had been updated several
apart tend to minimize these risks. The aver- times due to minor changes in the VDS"durmg
age of several combinations of far-apart points fabrication and had been used to predict the
in the above data provided Zeta =« 158% to modes for the GVS. It may be noted that two
' L166% {measured at a response amplitude of versions of the math model were developed to
.16 g'v). These values may he compared with account for the differences between the test
the damping abtained by tree decay, shown and the flight article.
betow and m Figure 5. One difference was the weight of the
Sphinx S . Sphi i
Mode 6 Damping by Free Decay (2 phinx Spacecraft The. phinx model uo.ed in
. . the GVS was somewhat lighter than the final
Response Amplitude Damping - Zeta .
. (Max. Antinode) % C/Cc) flight version, The other difference was in
" .107 g's ' 09 the attachment flexibility of the Centaur Truss
Y L202 g's 13 Adapter (CTA),
59 g's .15
ATTACHMENT FLEXIBILITY
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at that point. The concern for the attachment
flexibility centers on the fact that the twelve
points which are the base of the test specimen
{and also the base of the CTA) are not con-
strained to remain in a flat and round pattern
when attached to the Titan Centaur launch vehi-
cle, This is equivalent to the introduction of
additional flexibility, which was not measured
in the test,

The method used to account for this
effect was to use a '"hard' influence coefficient
matrix to represent the test configuration and
a different "soft'" matrix for the flight version,
The hard matrix was developed from a theoreti-
cal solution with a hard boundary condition
which was corrected to agree with the results
of a separate test of the CTA structure.

The method of determining the soft
matrix was first to evaluate a matrix for an
entire elastic model of the CTA and all items
down 1nto the region of the Centaur liquid hydro-
gen tank. Then tlus model was changed to sub-
stitute a rigid structure in place of the CTA and
the matrix was revaluated, The difference be-
tween these last two matrices was the theoreti-
cal soft matrix including attachment flexibility,
This last soft matrix was also corrected by the
same ratios used to reflect the CTA test results
noted above.

In summary, the ""Test Math Model"
used the light weight Sphinx and the hard influ-
ence coefficient matrix. This model was com-
pared with test data. The ""Flight Math Model"
used the heavy Sphinx and the goft influence
coefficient matrix and was used for analysis to
predict flight responses.

OPTIMIZATION OF ANALYSIS MODEL

The me.hed vued to antimize the anal-
ysis model was one of triat and errur with con-
sideration of 5 criteria to indicate the degree of
c.oseness of agreement, Judgement was used to
decide which math model parameters might be
altered to improve agreement with the test
data. The use vl the NASTRAN computer pro-
Rram was quite effective and cunvenient to use
for this work and 1s a credit to those persons
in NASA and elsewhere who concetved and
developed 1it,

The criteria used to optimize the test
math model were (1) frequency, (2) mode shape
plots, {3) eftective mass per mode, (4) general-
1zed mase terms and (5) force coetficient data,
Frequencier and mode shape plots require
little discussion here except to note that Figures
2, 3 and 4 represent a comparison of three test
modes shown at the lett ot the figure and the

corresponding analysis modes, A complete
set of these figures is shown in Reference (3] .

The "effective mass'' of the ith mode
of a cantilevered structure in the jth coordi-
nate may be defined as:

F
EM .__ "
LA g ™
1 1
where I-'l‘l = base reaction force in the jth

coordinate per umit generalized
amplitude of the ith mode (1b/
1 or in-lb/1n)

w = circular natural frequency of
the 1th mode (rad/sec)

M, = generalg zed mass of the i1th mode
(1b-sec” /in)

The effective 1nass 1s a true property
of a cantilevered mode and the sum of the
effective masses for all modes equals the total
mass property for that coordinate, Most modes
are primarily active in one or two coordinates
80 that their effective masses in other coordi-
nates are small and usually unimportant, I[n
the case at hand, the differences between test
and analyzis effective masses were divided by
the total rigid body mass in each coordinate to
better indicate the effect on the whole system.
The higher modes contribute only a small
effective mass so that this criterion is nct
critical of errors for higher modes, Modes
above the 10th mode were not considered for
optimization of the math model but are shown
in Table 2, A more complete discussion of
effective mass 18 available in Reference 7).

The generalized mase matrix used
for comparison included a full set of analyti-
cal modes follownd by a full set of experie
mental modes and the rigid body modes.

While such a matrix contains a great wealth

of information, the terms used for this cri-
terion were the off-diagonals related to similar
modes (e,g. the Ist analytical mode and the
Iat experimenta! mode, etc,). A summary of
these terms 1s shown in Table 3. The reason
for Mode 3 having a value greater than one is
that the analytical mudes were normalized to
unit generalized mass in the original NASTRAN
solution and were subsequently transformed tu
18 degrec~-of -freedom modes jor comparison
with the test data. The analytical modes,
however, were not renormalized after this
transformation so that their generalized
masses in some cases (as in the case of Mode
3) were greater than unity,

It may be seen in Table 3 that Mode 12
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TABLE 2

PERCENT ERROR OF EFFECTIVE MASS

is noticeably worse than the other modes,

The force coefficient data was consider-
ed more important than many other responses
of the math model because the margins of safe-
ty were expected to be somewhat lower on these
strut elements. As a result, a somewhat heav-
ier weight was assigned to the importance of
having good agreement between the force coef-
ficients for the math model and the test data.
To facilitate comparisons, the following rela-
tion was devised to represent the composite
error {(C,Z,):

wo(F - F || Y2
| 81

hY
: IFnl al
F
E, =

ti

- F
i 3}

C.

’

GENERALIZED MASS TERMS BETWEEN
SIMILAR TEST AND ANALYSIS MODES

Defined as (EM -EM ) 100/M
t a rb
EMt =z Effective Mass of Test Mode
EMa. = Effective Mass of Analysis Mode
Mrb s Total Rigid Body Mass
{In the above equation, it is understood that all mass
terms must relate to the mass coordinate)
COORDINATES TEST MATH
MODE (VDS) MODEL
1 1 - .04
1 5 - .55
2 2 - .98
2 4 -1.04
3 6 -4.8
4 6 -1.87
5 2 - .73
5 4 -1.60
6 3 .33
ki 5 -1.65
8 5 1.36
8 6 .60
9 3 .50
19 4 24
11 6 - .36
12 5 .02
TABLE 3

MODES

TEST MATH
MODEL

e O Nnd W

—
- O o

—
o~

+996
.996
1.008
.991
.998
.999
.998
2997
.988
. 947
936
L7179
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TEST MATH MODEL
MODE PFLA V-$/C-A
1 9,62 11,50
2 12.83 7.83
3 10.22 11.01
4 5.49 278,72
5 6. 64 8.38
6 60,33 13,77
7 14.13 15,18
8 121.51 31,68}t
9 6.90 5,78
10 27.96 86,17
11 73.29 156,651 ¢
12 60,67 105,20
13 39,47 43.21

= the force 1n the ith strut for
unit generalized amplitude of
a given test mode

where F
t1

Fa1 = the force 1n the 1ith strut for
unit generalized amplitude of
the corresponding analytical
mode

i = anindex denoting the various
struts (6 for the PFLA and
12 for the V-5/C-A),

In the above relation 1t may be seen
that 1f all test coefficients in a set are equal in
s1ze, the resulting C.E. is the root-mean-
square, When the test coefficrents are unequal,
the errors associated with the small coefficients
ave reduced while the errors associated with
the large coefficients are given greater import-
ance., Table 4 precsents the C, E,; for the test
math model force coeftizients.

TABLE 4

COMPARISON OF COMPOSITE
PERCENT ERRORS FOR MODAL
FORCE COEFFICIENTS

* These large errors occur in the adapter
which carries the siraller load and the
error 18 caused almost entirely by one tost
measurement which 18 much smaller than
the corresponding analysis value,

{ These large errors are unexplained but
Mode 8 wvulves large motions of the VLDS
and the errors may be associated with non-
linearities {clearance) at the ends ot the
PFLA,

lhese higher frequency modes are expected
$ to be les» accurate than the lower {requency
modes .,
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FINAL ANALYSIS MODEL DATA

The final product intended for pre-
flight as well as post-flight analysis included
complete mode shape data with generalized
mass and stiffness data, The modal data
included rigid body modes {for umt deflections
of the 6 rigid body degrees of freedorn of the
base) as well as static elastic modes {for unit
accelerations of the same degrees of freedom
of the base). The static elastic modes were
intended for use in n:odal acceleration methods
such as recommended by Hintz {8]

Force coefficients were provided for
the '8 Viking struts and many other members
which were detziled in the NASTRAN model
but were not measured by test.

Modal damping values recommended
for use in analysis were the same as observed
in test at the maximum amplitudes tested.
This practice is consiagered conservative in
that no mode was observed to decrease 1ts
damping at or near these maxima.
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DISCUSSION .

Mr. Bockemohle (Northrop Corporation) You

showed a comparison of the analytical mode

shapes with the vibration test mode shapes. .
How did you determine the mode shapes from

the vibration test?

Mr. Leondis. The particular mode shape that you
sav was determined by considerztion of 18 de-
grees of freedom relating to the 3 masses and
the 6 degrees freedom of each of thoss masses.
Each of the masies were instrumented at several
Tocaticns and their resonant frequencies were
relatively well above the frequency range of

the vibration teat; as a result the test
measurements i1dentified the 6 rigid body
coorJinates ot motion for each of these masses.
Tie zonstitutes an 18 degree of freedom

vecror for each mode and the plot is constructed
by simply perturbing the undeflected structural
picture of the model in the way you would expect
it to move ¢n sccordance with that mode shape.
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ANALYSIS AND FLIGHT TEST CORRELATION
OF VIBROACOUSTIC ENVIRONMENTS ON A
REMOTELY PILOTED VEHICLE

Stephen Zurnaciyan

and

Paul Bockemohle

Northrop Corporation Electronics Division
Hawthorne, California

The specification of dynamic service environments for airborne
electronic equipment on a remotely piloted aircraft requires both anal-
ysis and flight test data. This paper presents the results of a compre-
hensive analytical prediction and instrumented flight test program con-
ducted for the evaluation of environmental vibration and acoustic levels
on the AQM-34L model remotely piloted vehicle (RPV). Both empirical
and analytical techniques were used to arrive at the predicted levels;
satisfactory correlation was achieved between these levels and the
flight test data. The reported activity was performed by Northrop Cor-

oration Electronics Division under contract to USAF Aeronautical Sys-
?ems Division with the objective to establish equipment environmental
specifications for current as well ag future RPVs.

INTRODUCTION

The requirement to specify environmental
vibration criteria for the design and testing of
airborne electronic equipment has provided con-
siderable challenge to environmental engineers.
To satisfy this requirement in terms of a realis-
tic set of specifications calls for extensive {light
test data encompassing the full range of opera-
tional environments encountered by the equip-
ment. Whenever such data are not readily avail-
able, as in the case of a new vehicle design,
environmental flight data {rom a similar vehicle
are often used for extrapolation to the new design.
A concurrert effort directed at the analytical pre-
diction of the principal sources ol vibro-acoustic
excitation and the attendant vibratory responses
of the vehicie structure and the equipment pay-
loads is essential to the proper establishment of
the objective specifications.

This paper presents the results of a compre-
hensive analytical prediction and ingtrumented
flight test program conducted for the evaluation
ol environmental vibration and acoustic levels
experienced on a representative class of jet-
powered remotely piloted vehicles, The re-
ported activity was performed by Northrop
Corporation Electronics Division, under cortract
to the USAF Aeronautical System Division, as
part of an overall program for the specification

115

of vibration, thermal, and climatic environments
for airborne equipment installed in future RPV's.

The vehicle class and the equipment comple-
ment considered in this investigation belonged to
the AQM-34L category of special purpose, air-
launched, remotely piloted ajrcralt shown in
Figure 1. It is powered by a single, fuselage-
mounted turbojet engine and is launched from
the wing of a C-130 carrier airplane. A typical
mission consists of the fround est run-up of the
RPV turbojet engine, followed by a take-olff and
carry phase during which the RPV is held under
the C-130 wing as shown in Figure 2. Just prior
to launch, the vehicle turbojet engine is started.
Subsequent to launching, and during the powered
free-[light mode, the turbojet engine is the sole
source of vehicle propulsion. This portion of the
mission {8 carried out at various speeds and at
various altitudes. Upon completion of the mis-
sion, the vehicle is brought to a recovery alti-
tude and the engine power is reduced. The de-
ployment of a drogue chute [ollowed by the main
chute allows the mid-air recovery of the RPV by
a helicopter.

The external configuration of the RPV and
the varioue equipment bays inside the fuselage
are also shown in Figure 1. Of particular inter-
est in the present investigation were those equip-
ment payloads stored in the aft bay or the naviga-
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Figure 1 External Configuration of Mode! AQM-34L Remotely Piloted Vehicle

Figure 2 C-130 Launch Aircraft and RPV in Captive Takeolf Mode
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tion compartment, the forward equipment bay,
and the nose cone or the scorer bay. Operational
environments in these equipment locations dif-
fered significantly during the various phases of
ground run-up, C-130 carry, and powered flight,

Analysis was performed to predict several
trends in terms of the worst case vibration
response vs. flight condition and external
acoustic environment. An empirical correlation
technique was used to establish these trends. The
analysis was further extended to predict the peak
response levels of individual equipment items by
using a fimte-element dynamic modelling tech-~
nique based on the detailed mass and stiffness
properties of the mounting structure.

The environmental flight test program uti-
lized an AQM-34L model test vehicle and con~
sisted of several ground and flight tests. The
dynamics data instrumentation consisted of 29
accelerometers with two flush-mounted micro-
phones. ‘fhe scope of the flight test program
was planned to reflect both normal as well as
extreme service environments encountered by
the equipment payioads. The resulting data pro-
vided both qualitative and quantitative compari-
sons with the predicted levels and also served to
substantiate the underlying assumptions of the
analysis. It was concluded that the analytical
methods provided realistic predictions of the
actual vibroacoustic environments experienced
on the subject vehicle. Further refinements of
the predictive methods coupled with the expanded
usage of digital computers will further enhance
their applications on new f!ight vehicles.

SUMMAFRY OF PREDICTED VIBROACOUSTIC
ENVIRONMENTS

The analytical prediction of vibroacoustic
environments on a jet-powered flight vehicle
may be achieved in several different ways, A
straight-forward analytical approach may consist
of predicting a composite acoustic sound pressure
field as the loading function to be used in con-
junction with an interconnected, finite-element
structural model of the total vehicle and its
equipment paylcads. This approach would repre-
sent a costly and time-consuming task. The
chosen approach consisted of developing the pri-
mary structure response, using an empirical
prediction technique, based on the worst case
acoustic noise field, and analytically modelling
various selected equipment/structure subassem-
l(){l)ea to cstablish the peak vibration responses

The acoustic noise spectra associated with
the various external acoustic environments were
first established using the pertinent C-120 air-
craft and AQM-341, model vehicle data (3).
These included the C-130 turbo-prop engine and
the turbojet engine acoustic sound pressure
levels during ground run-up at maximum power
settings. The aerodynamic boundary layer noise
levels were established to correspond to the

17

RPV free-flight mode at low altitude and maxi-
mum velocity. These spectra are shown in Fig-
ures 3, 4, and 5,

As evidenced by these levels, the vehicle
primary structure received the maximum dis-
crete frequency acoustic input from the C-130
prop blade rotations. The fuselage stations aft
of the turbojet engine nozzle were subjected to 2
broadband acoustic {ield generated by the engine
exhaust whereas the forward sections experienced
the highest acoustic input from the aerodynamic
boundary Jayer turbulence. During a typical
flight, tge different input levels from each of the
above sources interact over the vehicle surfaces
to form a composite acoustic spectrum. No
effort was made in the analysis to develop sucha
spectrum for each flight condition. This was
based on the assumption that the various equip-
ment bays treated here reflected zones of maxi-
mum acoustic input from each of the aforemen-
tioned sources, and that any change in the given
sound pressure levels due to superposition would
be negligible,

The prediction of the vehicle primary struc-
ture response to the external acoustic environ-
ment was accomplished through an empirical
approach devised by P.T. Mahaffey and
K.W. Smith of Convair/Fort Worth. This
approach consists of equating previously mea-
sured structural vibration data on a B-58 afr-
craft to the external acoustic sound pressure
levels on an octave band basis (2).

In a typical application, the vehicle fuselage
stations are partitioned into representative
equipment zones where the predicted sound
pressure levels remain essentially constant and
the corresponding vibration levels are given in
terms of wideband acceleration response
envelopes,

Despite many obvious differences between
the present RPV and the B-58 aircraft, this
technique predicts the expected vibration envi-
ronments with aurprising accuracy provided that
the excitaticn is of acoustic origin and broad-
band in frequency content and the vehicle propul-
sion is by @ jet engine (4). In these areas there
is a commonality between the two vehicles. As
might be expected, however, the predictions for
a smaller vehicle result in vibration levels which
are too high in the low frequency region and too
low in the high frequency region, as will be
shown to be the case here.

The Mahaffey-Smith correlations are
established on the basis of various risk levels or
upper confidence lines, reflecting the statistical
trend associated with the predictions, These
levels were selected io be the upper 60% and 95%
confidence lines for purposes cf comparison. |
Figures 6, 7, 8, and 9 show the corresponding ;

rimary structure vibration levels at selected :
uselage locations on the basis of both confidence
lines.
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Spectra at Mid-Fuselage Stations of
RPV (Turbojet Engine Noise)

PREDICTION OF EQUIPMENT VIBRATION
LEVELS

In order to assess the maximum vibratory
response of equipment payloads instalied in a
typical RPV, certain equipment items in the
AQM-34L vehicle were selected for detailed
analysis. The primary selection criteria were
that the particular equipment had to be function-
ally critical and also be typically mounted by the
use of a buili-up, secondary structure. Further-
more, at least one equipment item with its inde-
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endent mounting assembly was to be included
rom each of the principal fuselage compart-
ments. This resulted in the selection of the fol-
lowing equipment/structure assemblies:

l.  The Scorer equipment and mounting frame;
2. Forward equipment and shelf assembly;

3. Flight Control, Heading/Turn-Rate, Inter-

connecting equipment assembly;
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4. Computer/Converter and tray assembly..

The procedure that was followed in the vi-
bration response analysis centered on the accu-
rate prediction of the equipment vibration trans-
missibilities along the three reference axes.
This was accomplished by constructing the ap-
propriate finite-element structural models cor-
responding to each of the foregoing equipment/
structure assemblies. For simplicity, it was
assumed that each equipment item behaved as a
rigid body without regard to its packaging or
internal vibration characteristics and that the
spring/dashpot properties were derived solely
from the stiffness and construction of the
secondary mounting structure, i.e., tray,
frame, rails, etc. Figures 10 a,band 11 a,b
illustrate the actual configuration and the finite-
element structural model, respectively, of the
Scorer equipment and its mounting frame. Simi-
lar analysis techniques were used in generating
the dynamic models for the other equipment, as

Figure 10(a) Pictorial View of Scorer Equipment

Assembly

shown in Figures 12, 13, and 14. A digital
computer program was used to calculate the
mode shapes and the modal frequencies of each
equipment/structure assembly. Figures 15 a,
b, ¢, and d are typical geometry view plots of
the four assemblies. Typical vibration mode
shapes and frequencies are shown in Figure 16
corresponding to the first six modes of the
Scorer equipment and the mounting frame. The
computer generated modal data were subse-
quently used by the same program to compute
the desired base motion transmissibility func-
tions for each equipment item considered in the
analysis. Representative transmissibility
curves from each of the four equipment assem-
blies are shown ir Figures 17, 18, 19, and 29,
The viscous damping constant associated with
each curve is also given as a percent of the
critical.
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Figure 11(a) Finite-Eiement Vibration Model of
Scorer Equipment Assembly

Figure 11(b) Finite-Element Vibration Model of
Scorer Mount Frame

Figure 10(b} Pictorial View of Scorer Mount Frame
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Figure 12 Finite~-Element Vibration Model of
Forward Equipment Shelf Assembly
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Figure 13 Finite-Element Vibration Model of
Fhight Control Equipment Assembly

Figure 14 Finite-Element Vibration Model of
Converter/Computer Equipment
Assembly
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The analysis of the equipment vibration
response was performed as if each equipment
and its mounting structure were driven by the
vehicle primary structure at a set of fixed
boundary points. The resulting prediction is
analogous to the solution of a linear, multi-
degree freedom system subjected to a prescribed
base motion (5, 6, 7). The equipment accelers-
tion levels were computed by multiplying the pri-
mary structure vibration levels by the sqr.re of
the transraissibility along each axis and envel-~
oping the resulting curves in the form of straight
line vibration envelopes. Figures 21 a, b, and ¢
illustrate the resulting response envelopes for a
typical equipment mounted inside the aft fuselage
compartment,

SUMMARY OF MEASURED VIBROACQUSTIC
ENVIRONMENTS

The field measurement of the vibroacoustic
environments on the AQM-34T model RPV was
conducted during several flight events and ground
tests. These conditions reflected both normal as
well as extreme operational environments of the
vehicle and its equipment payloads. For data
collection purposes, these operational environ-
ments were grouped into three distinct modes..
These were the ground test stand engine run-up,
the C-130 captive flight, and the free flight.

Acoustic sound pressure levels were re-
corded during each of these modes by means of
two flush mounted micronhones as shown in Fig-
ure 22. The choice of the microphone placement
locations was based on the expected severity of
the acoustic sound pressure levels at the respec-
tive fuselage stations.

The maximum octave band sound pressure
levels were recorded by the aft microphone dur-
ing the ground engine run-up mode at maximum
?ower settings and alsc durinf the low altitude

ree flight mode. These levels are shown in
Figure 23.

The acoustic environment resulting from
the aerodynamic boundary layer turbulence was
recorded by the forward microphone during the
free flight mode at low altitudes and maximum
speed. The octave band sound pressure levels
corresponding to this en/ironment are shown in
Figure 24, Also shown in Figure 24 are the
sound pressure levels experienced at the for-
ward fuselage stations due to the gound engine
run-up which were included to characterize the
worst case acoustic environments generated by
the turbojet engine at these locations.

The C-130 captive flight measured acoustic
sound pressure levels are shown in Figure 25
which were recorded by the forward microphone
under take-off conditions. The high and low
levels represented the right and left pylon mount-
ing configurations, respectively, under the
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b) Forward Equipment Vibration Model

a) Scorer Equipment Vibration Model

¢) Flight Control Equipment Vibration Model
d) Computer/Converter Vibration Model

Figure 15 Geometry View Plots of Various Equipment Assembly Vibration Models
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Figure 16 First Six Vibration Mode Shapes and Corresponding Frequencies of
Scorer Equipment Assembly
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Figure 18(c) Transmissibility Along Vertical Axis of Typical Forward Bay Equipment
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Transmissibility Along Fore-Aft Axis of Typical Flight Control Equipment (C/ Cor = 4%)
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C-130 wing. The first few frequency peaks
noted in Figure 25 represented the propeller
rotational frequencies of the C-130 turboprop
engines,

The vehicle primary structure vibration
levels resulting from the foregoing acoustic en-
vironments were measured by means of accel-
erometers installed at critical location on the
airirame as shown in Figure 22. The sensi
axis of each accelerometer is also shown wit
respect to the vehicle refersnce axes. Time
intervals of recorded vibration data during the
various ground test and flight events were
selected which were sufficiently stationary tn
allow acceleration spectral density analyses
using a "real time" spectrum analyzer and an
ensemble averager. An effective filter band-
width of 6.4 Hz over the frequency range of 10
to 2000 Hz was also used. The results were
given in the form of composite straight line
envelopes established by the acceleration spec-
tral density graphs corresponding to each
measurement axis,

The highest overall vibration levels of the
primary structure were noted in the mid- and
aft-fuselage stations of the vehicle correspond-
ing approximately to the location of the naviga-
tion equipment bay. These levels are shown
in Figures 26 and 27. The severity of the vibra-
tion levels at these locations were attributed to
the turbojet engine acoustic noise levels formed
at the exhaust nozzle and its vicinity at maxi-
mum power settings of the engine during

powered flight and ground test run-up modes.
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Figure 26 Measured Acceleration Power Density

Spectrum at Mid- Fuselage Stations

The vibration levels experienced at th.
forward fuselage stations were attributed pri-
marily to the aerodynamic boundary layer turbu-
lence during low altitude, high speed powered
flight of the RPV. These levels were consider-
ably lower than the aft fuselage structural vi-
brations noted earlier with a distinct shift
towards higher frequencies. Figures 28 and 29
depict the aerodynamically induced vibration
levels at the Forward equipment bay and the
Scorer bay in the forward fuselage sections of
the RPV, respectively.

The vibration measurements at these sta-
tions also showed the presence of discrete
{requency response geaka corresponding to the
C-130 propeller blade passage harmonics dur-
ing captive take-off. These levels were noted
nut to exceed 0.5 ka along any axis,

CORRELATION BETWEEN PREDICTED VS,
MEASURED VIBROACOUSTIC ENVIRONMENTS

The analytical prediction of the vibration
environments on the AQM-34L model RPV
was predicted on tie major assumption that the
primary excitation was random and essentially
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Figure 27 Measured Accelevation Power

Density Spectrum at Navigation
Equipment Bay

acoustic in origin, It was further assumed
that the vibration levels experienced by the
vehicle primary structure in turn resulted in
the random response of the secondary structure
and the u“upmem payloads. A careful review
of the flight and ground test data substantiated
these assumptione.

The analysis indi. ated that the maximum
vibration response levels in the aft juselage
stations downstream from the engine exhaust
nozzle would result {rom the ground engine run-
up at high rpm settinga. Similarly, the maxi-
mum vibration response levels {n the forward
fuselage stations would result {rom the aeru-
dyramic boundary layer turbulence produced
during low altitude, ﬂ\ s;:ed, wered flight,
It was also predicted that the C-130 launch aiy-
crait captive environment did not contribute to
ary significant vibrations of the vehicle strue-
ture in comparison to the foregoing levels. The
presence of certain discrete frequency sinusoids
due to the turbo-prop engine rotational effects
were below these levels on ar overall basis. The
measured vibroacoustic levels on the test vehicle
were in general agreement with these trends.
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Figure 28 Measured Acceleration Power Density
Spectrum at Forward Equipment Bay

In assessing the magnitudes of the vibration
levels predicted by the Maha{fey-Smith technique
and their correlation with the measured levels, it
is useful to start first with the external acoustic
sound pressure levels. Figure 30 illustrates the
correlation between the ?redicted vs. measured
acoustic environments at aft fuselage stations.
The X/D = 0 curve represents the predicted
levels at the nozzle location and X/D = 10 at the
position of the aft microphone, which is roughly
the center of the Navigation equipment bay. The
latter curve gives levels that are within 5 dB of
the measured levels and is considered accept-
able. The predicted acoustic levels at X/D = 10
were utilized in the Mahaffey-Smith prediction of
the primary structure vibration lez&)s at th
Navigation equipment bay. Both 60% and 95
confidence levels were used in these predictions
as shown in Figure 6,

Figure 31 illustrates the correlation
between the predicted levels vs. the narrowband
primary structure response measurement at the
same location. As evidenced by these levels,
the 60% curve predicts too low of a vibration
level, however, the 95% curve yields an accept-
able prediction. Even this curve does not com-
pletely equal the straight line envelope of the
measured levels, A comparison of the predicted
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Figure 28 Measured Acceleration Power
Density Spectrum at Scorer
Equipment Bay

vs. measured levels shows that the predictions
are approximately 10 dB higher in the low fre-
queacy region and about & dB lower in the high
frequency region than the measured levels. This
result agrees well with the loug-held notion that
the Mahalfey-Smith technique, which was based
on the large B-58 aircraft data, predicts too high
a level in the low Irequencies ang too low 2 level
in the higher frequencies for a smaller vehicle.

Figure 32 illustrates the predicted vs.
measured acoustic environments at the forward
fuseluge stations. The forward microphone is
located approximately 4 ft. aft of the vehicle
nose section. The acoustic prediction for
X =4 ft, does not agree well with the measured
levels; in fact, the predicted levels for X = 20 ft.
come closer to the measured data. This indi-
cated that the actual turbulence was greater than
predicted at fuselage stations aft of the nose
section. This was further reinforced by the

resence of the attitude reference indicator at

.5 ft, upstream from the microphone location
which resulted in the mgzxer boundary layer tur-
hulence due to its protuberance into the airflow.

The resulting Mahaffey-Smith prediction of
the primary structure vibration levels at the
Scorer equipment bay was based on the latter
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curve. Both 60% and 95% confidence levels were
used in these predictions as shown in Figure 8.
Figure 33 illustrates the correlation between the
predicted levels vs. the narrowband primary
structure response meac. rement at the Scorer
equipment bay. These lev s show that the
actual vibration response of the forward fuselage
is satisfactorily enveloped by the 95% confidence
level Mahaffey-Smith predictions, while the 60%
confidence level predictions are in closer agree-
ment with the measured levels. The magnitudes
involved are also considerably lower than those
noted in the aft fuselage stations. This reflects
the characteristic difference between boundary
layer noise vs. engine noise excitation and the
attendant primary structure response levels on
the present vehicle.

CORRELATION BETWEEN PREDICTED VS.
MEASURED EQUIPMENT VIBRATION LEVELS

The analytical prediction of the equipment
vibration levels was based on the assumption
that the dynamic coupling between the equipment
payloads and vehicle structure could be approxi-~
mated by a base driven, mass-spring-dashpot
type of analytical model. Such an idealization
also assumed that the mass loading of the vehicle
structure by the equipment weights would not
appreciably alter the response of the primary
structure and hence, allow the Mahaffey-Smith
predictions to be used in lieu of a properly
developed forcing function,

In order to assess the consequences of these
assumptions as well as to ascertain the peak
response levels of selected equipment items, a
limited amount of equipment vibration data was
compiled and processed at the end of the flight
test program. Comparisons of the resultinﬁ
data with the analytically predicted levels, how-
ever, was not carried out on a one-to-one basis;
rather, the vibration levels measured on the
primary structure and the equipment items were
ratioed to establish the corresponding equipment
transmissibilities, which were subsequently used
for correlation purposes.

The reason for this procedure was the diffi-
culty of matching the accelerometer locations
with the nodal network corresponding to each
equipment/structure subassembly, and the poor
correlations observed between the peak response
levels at the various equipment nodes and the
measured levels. Thus, a more plausible
approach for purposes of equipment response
correlations was to envelope the predicted nodal
transmissibility curves into a single omni-
directional curve and compare this curve with its
counterpart obtained from the flight test data.

This was carried out at two separate loca-
tions on the test vehicle, each corresponding to
a representative equipment zone in the forward
and aft sections of the fuselage.

Figure 34 illustrates the transmissibility
envelopes of the Forward equipment shelf struc-

134

P e o Tt g

10~
L
e me——m PREDICTED
le === o= MEASURED a
I
b "
L ,/
/ \| '\
1.0~ [] ,I +
< f YARURY
: Y \ !
E [ v \ /
: L |/
|| :
10l
o
-3 e A ) )il Ao A LA L AdL
“ e 10 10
FREQUENCY, (18}

Figure 34 Predicted vs Measared Trans-
missibility Envelopes at Foroxxzrd
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ture obtained by combining the individual trans-
missibilities along each equipment axis. The
trends exhibited by both curves are simtlar in
terms of the peaks and notches shown. The maxi.
mum measured Q of 4 at 200 Hz compares
favorably with the maximum predicted Q of 3.5
at 250 Hz. Thus the correlation between the two
transmissibility envelopes for this structure was
cor:sidered satisfactory.

Similarly, Figure 35 iliustrates the
measured and predicted envelope transmissi-
bility curves for the Computer/Converter
located in the aft fuselage section. The maxi-
mum Q of 3.5 at 50 Hz also compares favorably
with the maximum predicted Q of 5 at approxi-
mately the same frequency as reile~ted by the
first set of peaks on both curves, The remain-
der of both curves, however, dilfer considerably
from each other. A possible explanation of this
difference may lie in the analytical treatment of
the Computer/Converter as a six-degree-of-
freedom rigid body mounted on a flexible tray
structure. This type of an analylical model does
not account for the local mass and stiffness
Jaracteristics of the equipment box structure
on which the accelerometers were mounted.
Neither are the internal packaging and other vi-
bration characteristics accounted for in the
equipment structure model. Thus, the likeli-
hood of minor discrepancies at higher frequencies
between the measured and predicted levels could
increase, especially for large equipment items,
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Envelopes at Computer/Converter
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based on the coarseness of the analytical model.

In summary, it 18 reasonable to conclude
that the analytical prediction of vehicle vibro-
acoustic environments using the techniques out-
lined and demonstrated here results in the
realistic estimates of equipment vibration levels
experienced in a genera? claas of jet-powered,
air-launched RPV. The opportunity to verify
these environments as well as the equipment
responses on the AQM-4L vehicle through a
successful flight test program justifies this
conclusion,
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AERO-ACOUSTIC ENVIRONMENT OF RECTANGULAR CAVITIES
WITH LENGTH TO DEPTH RATIOS IN THE RANGE OF FOUR TO SEVEN

L. L. Shaw and D; L. Smith

AIR FORCE FLIGHT DYNAMICS LABORATORY
WRIGHT~PATTERSON AIR FORCE BASE, OHIO

This paper presents the results from a flight test where the aero~
acoustic pressure environment was measured in three open rectangular cavi-
ties and one cavity with an ogive cylinder mounted in it. The cavities
tested were 9 inches wide, 40 inches long, and either 10 inches, 8 inches,
or 5.7 inches deep resulting in length to depth (L/D) ratios of 4, 5 and

7 respectively. They were instrumented with both static and dynamic
pressure tranducers as well as an accelerometer and a thermocouple. The
resulting data were correlated with empirical wind tunnel aero-acoustic
predictions and formed the basis for a modifiad prediction method. This
prediction acheme enables aircraft designers to predict the fluctuating
pressure amplitudes for the broadband and three resonant frequencies.

The predictions apply to rectangular cavities with a L/D ratio in the
range of 4 to 7 for the Mach number range of 0.6 to 1.3 which were the

ranges of the flight test.

The prediction scheme considers the longitu-

dinal varfation of the amplitude due to the standing waves that were

observed to occur for ~ach resonant frequency.

An example is included

and compared to results obtained from a prediction scheme presented in

the literature.

INTRODUCTION

The aeco-acoustic phenomenon assoclated
vith pressure oscillariona excited by flow
over open cavities has been studied during
the past twenty years by several fnvestiga-
tors (References {~7). Some knowledge has
been gained about the phenomenun but due to
the complex nature of the problem, it is not
completely understood. Methods to predict
the preasure oscillations occurring in cavi-
ties, as determined from wind tunnel tests,
have been reported in Reference 2 The ob-
Jective of this test program was to verify
and/or modify these prediction methods with
flight data. This paper briefly presents
the flight test results for three rectangu-~
lar cavities with length to depth (L/D)
ratios of &4, 5 and 7 for Mach numbers from
0.6 to 1.3, Also included is a brief dis-
cusaion of the results from the L/D = 7
cavity vith & store mounted in it, A pre-
diction technique for determining the
amplitude and frequency content of the
oscillating pressure is presented and com-
pared to resuits obtained in Reference 2.
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The couplete results from the flight test
of the ./D = 4 cavity are reported in Ref-
erence 8 and the results for the L/D = 5
and 7 are reported in Reference 9,

DESCRIPTION OF TEST ARTICLE

Each carity vas 40 inches long, 9
inches wide, snd either 10 inches, 8 inches
or 5.7 inches deep. They were constructed
of 0,250 t{nch thicxk aluminua (6061-T6) and
were mountad in a modified SUU-41 municions
dispenser pod, The modified pod with a
cavity mounted in it {s shown in Figure 1.
Tha pod was carried on the triple ejection
rack (TER) of the left pylon of a RF-4C
aircraft, The mounting is schematically
tllustrated in Figure 2.

INSTRUMENTATION AND DATA REDUCTION PROCEDURES

The cavities were instrumented with
nine microphones, one accelerometer, one

thermocouple and three static pressure ports.

The location of the instrumentation is shown
in Figure 3. A complete description of the

- AT it
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Fig. 1 - Ten Inch Cavity Mounted in Modified

Pod
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Fig. 2 - Modified SUU-41 Pod Mounted on RF-4C
Test Aircraft

138

data acquisition instrumentation is given in
References 8 and 9. All data were contin-
uously recorded on two fourteen channel tape
recorders. The magnetic tapes recorded in
flight were analyzed on a Hewlett Packard
(5450) Fourier Analyzer. Overall fluctuating
pressure level, one-third octave band, and
narrowband (2 Hz) analyses were performed for
selected microphiones and flight conditions.
Sample lengths for all analyses were eight (8)
seconds or less which insured that non-station-
ary effects were negligible. Further details
of the calibration and data reduction proce-
dures are given in References 8 and 9.

TEST PROCEDURES

Data were obtained at altitudes of 3,000,
20,000, and 30,000 ft. The aircraft, Jhile
saintaining a constant atltude, was slowly
accelerated (for a period of approximately 2
to 3 minutes) over a Mach number range with
datas being recorded continuously. The Mach
number ranges covered were 0,61 to 0.93 for
3,000 ftr and 0.61 to 1,30 for 20,000 ft, and
30,000 ft. The angle of attack of the SUU-41
pod and the aircraft were investigated. It
vas found that the angle of attack of the
SUU~-41 pod was small for all test conditions
and consequently was wot considered during
the analysis of the data. Flights requiring
speeds in excess of M = 0.9 below 30,000 ft
altitude were flown over Lake Huron with the
remaining flights being flown over
Washington Courthouse, Ohio.
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TEST RESUITS
v a. Static Preasures
' X+ WACH OO
. The longitudinal variation of the 9%  L.umw om
static pressure along the floor of the L/D = 4 +ouatn 108 A
cavity is shown in Figure 4 for an altitude of Ry ot &0 WAH 130 //
30,000 ft. The data are presented as the A s’
difference between the cavity static pressure ‘, /8
P. and the free-stream static pressure Pa o1 o /‘é//
normalized with the free-ntream static pres- /":_/,l
" sure,; The static pressure increased tovards N edde b L r{ rur—|
.y the rear ot the cavity as was observed in R 1
s wind tunnel investigations (References 2, $ o -
3 and 7). The static pressure at each locatfon P, 43 pue _CAYITY POSITION, X/L. .
also showed a tendency to increase with Mach
number. This Mach number effect was also
observed in References 2 and 7, however, this Fig. 4 - Longitudinal Varfation of Static
trend did not continue above Mach 2 in the Pressure Along Cavitvy Floor for an
references. Altirude of 30,000 Feet for L/D = &
. 139
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The flight test results from the
cavities with L/D ratios of 5 and 7 displayed
similar trends. Static pressures for all L/D
ratios were compared but no apparent trend
with L/D was observed. The total spread of
all the static pressure data recorded (all
Mach numbers, all L/D ratios and all altitudes)
at each position is shown in Figure 5. The
maximum pressure measured at each location
increased towards the rear of the cavity. The
total spread in the data at each location also
increased towards the rear with the data
spread at the reai reing a factor of 3 greater
than at the center. Also included in Figure
5 are the resultg from the L/D = 7 cavity
with a store. The observed cavity static
pressures with the ogive store were generally
within the range of those obtained in the
empty configuration.

b. Cavity Temperature

Cavity temperatures were measured
with a thermocouple mounted near the center
of the aft wall. The results for the L/D = 7
cavity with a store are shown in Figure 6,
along with wind tunnel results from Reference
2 where the recovery factor is presented ver-
sus the free-stream Mach number, The wind
tunncl data show a trend for the cavity temp~
erature to approach the stagnation temperature
with increasing Mach number., At the lower
Mach numbers the flight test data fell well
above the wind tunnel results but at super=-
sonic speeds the data agreed quite well.

c. Vibration

An accelerometer was installed in
the cavities to insure that the vibration in-
put did not significantly affect the micro-
phone output. The vibration sensitivity of
the Gulton microphones was reported to be 90
d8/1g, i.e. lg acceleration of the micro~
phone would not produce more than a 90 dB

sound pressure level reading. The maximum one-

third octave band acceleration measured at
any flight condition was 30 g's rms. In all
cases the measured fluctuating pressure level
was at least 30 dB greater than the vibration
induced level, thus it was assumed that the
vibration of the cavity walls had no signi-
ficant effect on the microphone outputs.

d. Fluctuating Pressures

The flutruating pressure levela were
obtalned from the nine micruphones for each
cavity configuraticn (L/D ~ 4, 5, 7)., The
overall preasur: levale from the forward end
of the cavitiea for 3,000 and 20,000 ft alti-
tudes are shown in Figure 7. The overall
filuctuating pressure level is seen to increase
with Mach number and at any Mach number the
highest level occurs at the lowest altitude.
This figure is typical of all test results,
However, the results from other longitudinal
locations showed greater differencer between
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Fig. 5 - Total Spread of All the Normalized
Static Pressure Data
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Fig. 6 - Comparison of Flight Test Recovery

Factors for L/D = 7 Cavity with Ogive
Store to Wind Tunnel Results from
Reference 2
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the levels measured at different altitudes
resulting in a lack of free-stream dynamic
pressure (q) scaling., In Reference 2 {t was
assumed that the flow induced cavity oscilla-
tions scaled with free~stream dynamic pres-
sure, however, the flight test data show that
the fluctuating pressure levels do not scale
at certain logitudinal locations as is illus-
trated in Figure 13,

Typical narrowband spectra from the
front of the cavity for the 20,000 ft alti-
tude and a Mach number of 1.30 for each L/D
ratio are shown in Figures 8, 9 and 10. rhe
resonant frequencies are evident and agree
wall with the frequencies determined from the
modified Romsiter 2quation (Reference 2):

S = 5& A - BZ025 Re)
1 1.75
s e ],
(a+ 5%L H2)1/2
am1l, 2,3
K = ratio of specific
heats

vhere the m = 1 frequency 1s referred to as
the mode one frequency, etc. The nondimen-
sional resonant frequencies calculated for all
observed vesonances ara shown in Figure 11}
along with data from Retecence 2 and compared
to the modified Rossiter equation. The agree-
ment {8 quite good.
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Typical longitudinal variation of the
one-third octave band spectra {rom the L/D =
5 configuration are shown {n Figure 12 for an
altitude of 3,000 ft and a Mach number of
0.82. It is evident that fluctuating pressure
levels increase by approximately 10 dB from
the front to the rear of the cavity. The
longitudinal variation is shown in Figure 13
for the mode two frequency at Mach 0.82 for
all altitudes. The weasured one-third octave
band level containing this frequency is nor-
malized with the free-stream dynamic pres-
sure and plotted against the non-dimensional
cavity location. The lack of dynamic pres-
sure scaling is evident at a numbcr of cavity
locations and only scales at X/L = 0 and X/L
= 0.5: The results from the L/D = & and ?
configurations displayed similar trends.

20 log p/q

In Reference 2, mode shapes were
presented for the tirat three modal frequen-
cles and are shown in Figure 14. Theae mode
shapes vere obtained in a wind tunnel from
microphone outputs on an sxis along the long-
itudinal center line of the cavity., It vas
assumed that the flight tert da.a followed
similar variations and ramped sinusoidal equa-
tions were derived to fit the data. The re-
sulting equations describing the variation
{n the normalized sound pressure level
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20 log (Pm/q) with normalized longi-

X/t

tudinal distance X/L as determined from the
3,000 ft altitude data are:

2)

20 log (Pm/q) = 20 log (Pm,q)max

X/L
~10 {1 - cos(un X/L)

+ (0.33L/D~0.6) (1-X/1)}]

vhere: 20 log (Pm/q)uax = the Sound Pressure
level at X/L = 1

ay = 3.5

az = 6.3

«3 = 10,0

T

It should be noted that these equations account
for the changes in level with the L/D ratio.
The flight test data indicated that the in-
crease in the SPL toward the rear of the
cavity is greater for shallow cavities and
must be accounted for im the equations. Fig-~
ure 15 illustrates this variation by present-
ing the mode 2 one-third octave band normal-
1zed fluctuating pressure level at the fore
and aft end of the cavity for each of the
theee L/D ratios. There is about an 8 dB in-
crease for the L/D = 4 cavity but a 17 dB
increase for the L/D = 7 cavity. The above
equativa predicts a 7 dB increase for the L/D
= 4 cavity and a 17 dB increase for the L/D =
7 cavity, The results from these equations
are plotted in Figure 16 for an altitude of
3,000 feet and a Mach number 0.82 for L/D = 5
cavity where the fluctuating pressure has
been normalized with the fre:-stream dynamic
pressure. The flight test cata are also shown
in the figure. The agreemeut is seen to be
quite good. Comparisons to the results from
the other L/D ratios were just as good, ex-
cept at X/L = 0.75 where the microphone was
located on the center of the side wall rather
than the floor, thus indicating variation in
the depth direction.
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The solution of these equations re-
quires the determination of

20 log (Pm/q)max

for each mode frequency. The normalized
expression for the mode 2 maximum level was de-
termined from a second order least square

curve which encompassed all measured data

This curve is shown in Figure 17 and

polnts.
is given by:
20 1og(P2max/q) = 9~3.3L/D 3)
+ 20 log ( -¥2 + 2M~0.7)
Where: szax = mode 2 rms pressure

q = free-stream dynamic pressure

M = Mach number
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Fig. 17 - Prediction Curve for Peak One-Third
Octave Band Level at the Aft End of
the Cavity

The expressions for the normalized fluctuating
pressures corresponding to the other mode fre-
quencles were determined to be

20 log (Pymax/q) = 20 log (,max/q) “

-2(L/2 + 26(L/D) -86

= 20 log (szax/q) -11

20 log (Pamax/q) for L/D<4.5 )

= 20 log (szax/q)

for L/D>4.5

Equations 1 through 5 enable the estimarion

of the amplitude, frequency, and logitudinal
distribution of the fluctuating pressures
associated with cavity resonance for cavities
with L/D ratios in the range of 4 to 7. In
order to predict the complete one-third octave
band spectrum broadband levels are also re-~

quired.

The broadband levels are seen in
Figure 12, for L/D = 5, to increase towards
the aft end of the cavity. This was aloc ob-
served in wind tunnel tests (References 2, 5

and 7).: 1In general, this increase wa< approx-
- ——' - T ey r
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imately 10 dB from the front to the rear of the
cavity for L/D = 4, 13 dB for L/D = 5 and 17
dB for L/D = 7. For prediction purposes
linear variations were assumed. Figure 18
presents one-third octave band spectra from
the front of the L/D = 4 cavity for an alti-
tude of 30,000 ft and for various Mach num-
bers with the data referenced to the free-
stream dynamic pressure. The normalized
broadband levels are seen to increase with
increasing Mach number. Figure 19 presents
one-th.rd octave band spectra from the rear

of each cavity showing the L/D effect on the
spectra. It is evident that at the higher
frequencies the level of the normalized broad-
band spectra are fairly constant with varia-
tions in L/D ratio at the rear of the cavities
and the level of the mode 2 frequency decreases
with increasing L/D ratios For prediction
purposes the shape of the broadband spectrum
was assumed to follow the curve given in
Figure 20 where the frejuency is normalized
by the Strouhal relationship. The maximum
level is established by the mode 2 resonant
frequency peak, the longitudinal position and
the L/D ratio of the cavity, The equation

to predict the maximum broadband level, as
determined from the flight test ’ata, is:

20 log (Pbmax/q) = 20 log (szax/q) (6

+ 3.3 L/D-28
+ 3(1-L/D) (1-X/1)
where P, 1s the rms pressure in the peak one-

third octave band of the broadband spectrum.
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Fig. 18 - One-Third Octave Band Spectra from
rhe Front of the L/D = 4 Cavity at
30,000 Foot Altitude
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Equations 1 through 6 and Figure 20
can now be used to predict the complete one-
third octave band spectrum and distribution
of the fluctuating pressures in open rectan-
gular cavities with L/D ratios from 4 to 7
for a Mach number range of 0.6 to 1.3. For
clarity an example of the application of this
scheme is presented and the results are com-
pared to those obtained using the method pre~
sented in Reference 2.

f. Example

Consider the case of an aircraft
flying at Mach 0.9 near sea level with an open
nearly rectangular cavity 20 ft iong and L/D
ratio of either 5 or /. 1t is desired to
predict the aero-accustic environment at the
rear of the cavity for L/D = 5 and at the
front, center and rear for L/D = 7, The solu-
tion is obtained by entering equations 1
through 6 and Figure 20 with the appropriate
parameters.

Equation 1 yields the first 3 modal
frequencies for both cases considered. Equa-
tions 3, 4 and 5 are used to determine the
maximum normalized amplitude for each mode fre~
quency. Equation 2 18 then used to obtain the
amplitude of each mode frequency at the de-
sired longitudinal location in the cavity.

The maximum one-third octave broadband levels
are determined from equation 6., Finally,
Figure 20 1s used to predict the complete
broadband spectra.

The spectra obtained for the example
cases are shown in Figure 21 along with the
spectrum that would result using the scheme
offered in Reference 2. It {8 seen that the
scheme from Reference 2 is conservative for
all cases prusented with conservatism being
the greateat at the fore end of the cavity.
The current prediction equations account for
the variation of the resonant frequency amp-
litudes and their fong{tudinal distribution
as well as the variation in broadband levels.
The effects of the cavity L/D ratio are also
included in the equations which were not in-
cluded {n the Reference 2 prediction scheme,
The spectrum for the center of the cavity
does not shtiow modes 1 and 3 due to the pre-
dicted longitudinal distributior of the
resoiant amplitudes. Figure 16 showa that
modes 1 and 3 have nodes near the center oi
the cavity and thus the prediction scheme
takes thia into account, and results in the
spectra given in Fipure 21 for thias particular
location.

g+ Effect of Store in Cavity

In order to determine the effect a
store has on the fluctuating pressure environ-
ment in the cavity an ogive cylinder wss mount-
ed in the L/D = 7 cavity. This configuration
was tested for the same flight conditions as
the eapty cavities. Figure 22 presents a com
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parison of the one~third octave band spectra
from the L/D = 7 cavity with and without the
ogive store mounted in it for a Mach number

of 0.82 and an altitude of 3000 feet. The
effects displayed in this figure are typical
of results obtained for all other test con-
ditions. A major effect of the store is seen
to be a reduction in the amplitude of the low
frequencies. This reduction was observed

from the other test data to increase with
altitude for any given Mach number. The effect
of the store on the resonant peaks was diffi-~
cult to distinguish since the peaks for the
empty L/D = 7 cavity were only of the order of
5 to 6 dB. Reductions of 3 or 4 dB were some-
times noted. However, for prediction purposes
it is recommended to predict the fluctuating
pressure environment of cavities with stores
in them with the equations offered in this
paper. Since the flight data reviewed in this
paper indicate that stores almost always re-
duce or have little affect on the fluctuating
pressure in the cavity, utilizing these equa-
tions will result in conservative eatimates.

CONCLUDING REMARKS

The experimental investigation reported
herein indicates the following conclusicns:

1. The cavity resonart frequencies can
be accurately predicted by the modified
Rossiter formula,

2, The amplitude prediction methods in
Reference 2 were conservative in predicting
both the resonant and broadband SPL observed
in actual flight tests.

3. The equations presented are recom-
mended for predicting more realistic SPLs for
cavity L/D ratios in the range of 4 to 7 and
a Mach number in the range of 0.6 to 1.3.

4, The longitudinal variation of the rms
amplitude assoclated with each resonant fre-
quency can be described as ordered modes.

5. At the rear of the cavity the broad-
band spectrum for constant flight conditions
is nearly the same for all cavity L/D ratios.

6. The maximum broadband leveis in-
creased towards the aft end of the cavity by
approximately 10 dB for L/D - 4, 13 dB for
L/D » 5 and 17 for L/D = 7 cavity,

7. Increasing the cavity L/D ratio
reduces the amplitude of the resonant fre-
quencies.
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DISCUSSION

Voice: Why did the second mode have a higher
level than the first mode? Also was the cavity
wall a thick panel or a thin panel?

Mr. Shaw: To answer your first question, there
is still a question throughout the community
vwho are investigating this cavity oscillation
phemonena as to why it perfers one particular
mode over another. Wind tunnel data has shown
possibly that a scale effect controls this
because one wind tunnel result showed that it
prefered the first mode instead of the second
mode., However most wind tunnel data has shown
that the second mode is the peak in most cases
but no explanation has been offered. To
answer your second question, the wall of the
cavity, the side walls and the floor, were
constructed from %" thick aluminum and the
bottom plate was reinforced with angle irom.
The flight vibration data indicatea that it
did not significantly affect the vibration
measurements.

Mr. Reed: (Naval Surface Weapons Center) Did
you mount your pod on a triple ejection rack?
That doesn't seem like an ideal platform for
studying vibration of cavities. It would seem
that the vibrations of the externally mounted
store alone would have a large influence on
your data.: How did you convince yourself that
your data were not heavily influenced by
mounting the pod on a triple ejection rack?

Mr., Shaw: Yes, we were well aware of that and
this was the primary reagson why we found in
mogt cases that lower values were obtained
from the flight test than from wind tunnel
results, We realized thia, but to correlate
the data with actual cavity data, 1 agree
there would be some variation. However there
are similar vibrations in actual eircraft
weapons bays and we feel that pod data would
agree with actual flight data better than wind
tunnel data which are obtained from rigid
mounts. 1 think this is primarily the reason
Why we expect to see lower levels in flight
tests than are seen in the wind tunnel results.
We agree that there are variations, the angle
of attack may not be perfectly zero as
desired,
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PREDICTION OF ACOUSTICALLY INDUCED VIBRATION N TRANSPORT AIRCRAFT *

Harold W, Bartel
Lockheed-Georgia Company, Marietta, Georgia
A method is described for predicting structural vibration during prefiminary design of new
transport category aircraft, The method is based on broad-band random noise and vibration
data measured during development tests and evaluations of two contemporary transport aircraft,
and on data obtained in laboratory tesis of 30 flat and curved skin-frame=stringer panels. The
variation of vibration level with oparating condition, direction of motion, and structural mass
and rigidity is discussed, along with the formulation of vibration prediction charts and graphs.
INTRODUCTION statistically fitted to the data. These correlations
were established with computerized sorting and
Estimates of vibration level are vital to the preliminary plotting techniques for numerous ensembles of data,
design of new aircraft, This requires consideration of each having some common troit. The dato in these
all sources of vibration for representative missions and correlations could then be operated upon to account
flight conditions. The success of the vibration unalyst for various factors and recorrelated, to reveal the
in predicting the vibration environment will, in lorge effects of the operations on data *:atter..
part, hinge on the quality of the methods, data, and The aircraft noise and vibration data were used to des-
information he can assemble to account for each inde- cribe the relation between vibration leve! and sound
pendent source. This investigation was conducted in pressure level, ond to derive the relative difference in
response to the analyst's need for additional and im- vibration intensity between operation on the ground and
proved methods. The objective was to provide a cruise with maximum pressure differentiol, and between
method for estimating transport category aircraft different vibrotory directions. The test panel noise and
structural vibration which is induced by impinging vibration data were used primarily to study the effects
noise, in a manner that permits tailoring the esti- of mass and rigidity on s*ructural response.
mates to a specific structural mass ond rigidity. All
of the work discussed herein wos directed toward Aircraft Data = Airplane No. 1 had a fuseloge diame-er
that end, of about 14 Teet and o maximum takeoff gross weight in
the range of 300,000 pounds. The No, 2 airplane
During the recent development of two large lower fuseloge diameter was cbout 24 feet, with MTGW
contemporary military cargo aircraft, a number in the range of 700,000 pounds, The surface structures
of magnetic tape recordings of noise and vibration of both airplanes were generally similar. The fuselage
level were made for design, development, and woll structure is o conventionol skin-frome-stringer
structure/equipment substantiation purposes, These arrangement, with circumfe antial fromes spaced at
recordings were reassembled for use in this investi- approximately 20" and longitudinal stringers spaced at
gation. Additionally, a total of 30 flot and curved from 5" to 10" depending on location. Skin gage and
structural panels were laboratory tested to obtain the height, width, and thickness »f fromes and stringers
recordings of noise and vibrotion data, The measured are tallored to match locol Jood conditions, and vary
data were available in sufficient quantity and quality considerabiy, The wing, horizontal stabilizer, and
to allow correlation of nolse and vibration levels in vertical stabilizer box structures ore conventional
third~octave frequency bands, with confidence lines skin-rib-spar arrangements, with widely spoced chord-
* This paper is based on Lockheed ressarch and development work funded by the U. S, Air Force Flight Dynamics
Laboratory.
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wise ribs, full depth spars, and integrally stiffened
upper and lower skins,

Noise levels were recorded during engine tunup with
the airplane, parked on an opan runwey, and during
flight a: 3 to 5 different speeds and altitudes. Micro-
phones were attached to the external surface of the
structure at [ocations typified by Figure | for the

No. 1 airplane. Vibration levels were recorded for

 Inatloghs maesuramenny anly
Al othens are graund run-op

No. 1 Aircraft Noisa Measurement
Locations

Figure 1.

the some ground and flight operating conditions as
were the nolse levels, Miniature crystal accelero-
meters were bonded to tha aircraft structures at
locations typical of those shown in Figure 2 for the
No. 1 airplane. The accelerometers always
measured vibration on frames, stringers, beams, or
similar structure; never on skin plates.

’ﬁ\\\ ,.-.'“ WU

T ST

No. 1 Aircraft Vibration Measurement
Locations

R

Figure 2.

In order to correlats vibration level with noise level,
the noise levels measured ot the fixed microphone
positions were corrected by interpolation or sxtrapo~
lation to obtain noise levels on the exterior suriace

at sach accelerometar location. All accelerometens
were positioned in one of the three directions of
normal, loteral, or tangenticl. These directions are
defined relative to the structural component involved,

o A g wt

and have no consistent relation to th.e major airplane
axes or to the earth. "Normal” means perpendiculor
to the exterior surface of the structure, while "lateral®
means perpendiculor to the normal and also perpen-
dicular to the lengthwise axis of the structural element,
"Tangential* means perpendicular to the other two
directions, or the lengthwise direction of the frame or
stringer. These vibratory directions are depicted on
the flat panel structure of Figure 3,

Nero  Videmtory direchian simeys dolingd
Mistive 1 shingivie olament

Definition of Vibratory Direction

Figure 3,

Panel Data - A total of 23 flat, 20" x 30" skin~-
rome=-stringer panels were tested in pairs in o
progressive wave facility os shown in Figure 4, to
determine vibratory response to acoustic excitation,
The vorying panef moterial, skin thicknem, rib
thickness, ond rib spocing were typlcal of aircraft
structure, and provided a vange of mow and rigidity.
Noise leveis were mecsured ot the center of the
panel, Accelerotion levels were meosured ot &
locations on the frames and 6 locations on the
stringers, moking o total of 12 occelerotion
mecsurements on each panel. The accelerometer
locations o the panel structure ware appeoximately
the same in very case; 8 being in the normal dirce-
tion and 4 in the lateral, The noise ond vibration
data at wach measurement location were recorded
ot each of six different sound pressure levals (SPLY).
The brood-band random noise (130 to 2500 Hz) wed
to excite the panels typicall ; ranged from a low of
128 db overall to o high of 133 dB overall, with 4

intermediate levels.
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(o) Left Side of Progressive
Wave Chomber

() Right Side - Test
Panels in Place

Figure 4. Small Ponel Test Facillty

A group of 6 curved 48" x 72" fuselage wall panels
were alto tested to determine vibratory rasponse to
acoustic excitation. The test facility, shown in
the conceptual rendition of Figure 5, comsists of a
reverberation room and an onecholc room with pro-
visions for installing curved structural panels in the
wall dividing the twe rooms. Five of the ponels
had a curvature radius of 7 feet; the sixth ponel
rodius wos 12 feet.

The broad=band (150 to 2500 Hz) rondom acoustic
excitotion level ronged from 107 d8 to 132 d8 overail.

{o) Noise Tranemision Loss Tert Facility

Vibrotion levels were measured ot six points on the
frames and six points on the stringers for a total of 12
locatiors; 8 being in the norma’ direction ond 4 in the
loteral. The noise and acceleration datc were re~
corded on magnetic tape ot the maximum and minimum
SPL's as well o3 three intermediate levels.

&) Test Ponel Instalted

Figure 5. Lorge Pone! Test Facility
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Data Processing ~ All recorded noise and vibration
data, including calibration signal, were first passed
through an off-line third-octave band analyzer/
digitizer, The third=octave band levels were con-
verted to a serial format by a coupler, coded, and
recorded on an incremental digital tape recorder.
Following the off-line data processing, the digitized
data were fed to a digital computer where the data
were corrected for the calibration value and gain/
attenuator setting to obtain noise and vibration
levels in both dB and Gpe The aircratt noise
data were further corrected (by interpolation or
extrapolation) to obtain noise levels on the skin
surface at the same locations as the accelero-
meters. The noise and vibration data were then
coordinated, and re-stored on digital tape. These
digital topes served as the data source each time a
specific operation on the data was perfermed with
the digital computer.

DATA CORRELATION

The measured vibration levels and companion
noise levels were cross plotted in the style of
the well known noise-vibration correlation to
reveal the manner in which different types of
structure responded to noise. The correlations
were also a useful tool for statistically quanti-
fying the effects of flight condition, vibrotory
direction, moss, and rigidity on vibration level.
To obtain these correlations, vibration levels and
corresponding nolse levels for ony detired dato
source and frequency bond were collected into
an ensemble in the computer memory. The
ensemble was in the form of common log vibra-
tion level (log)oGems) 98 © function of sound
pressure level in deciblls (SPL-dB). In essence
then, a noise-vibration comelation plot of log
Gy vorsus SPL=dB, typified by Figure 6, wos
asembled in the computer memory; with the

pabllity to cutomatically produce this plot
when desired. The significont statistical
properties of the doto points ossembled in the format
of Figure 4 were computed in every case. This in-
cluded mean SPL (R); mean acceleration level (Y);
the coordinates of the regression line and various con-
fidence interval lines; the siope of the regression line
{m} the total number of data points In the ensemble (n);
the correlation coefficient (r); the standard deviation
(0); ond the scotter factor, The moan SPL {X) and the
meon acceleration level (Y) define the centroid of the
doto plot (see Figure 6), ond a set of coordinates for
the regression line. The siope of the regression line
was defined using the method of lecst squares. The
standard deviation of the accelerotion levels (logq
G ) W8 computed of the dato centroid (R, )
The coordinates of the confidence interval lines were
defined by increasing or decreating (Y) by the multiple
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Figure 6. Definition of Statistical Properties

of the standard deviation corresponding to the normal
distribution percentiles for the various confidence
intervals. The confidence interval lines were located
through these coordinotes, porallel to the regression
line. The scatter foctor was defined os the ratio of the
vibration leve! at one standord devigtion to the mean
level, i.e. (Y + )/ Y. it is also the ratio of the level
ot the 68.27% confidence interval to the level ot the
vegression line, ot any SPL.

The aforsmertioned porometers were always derived
for a group of dato points on a linear=iinear plot of
the form SPL=d8 versus log oG For cor.venience,
however, such ensembles were always displayed on o
log=linear plot, 30 that vibration level, and the
various porometers involving level, could be shown
and stated in terms of Gy, |llusivative exomples
of actua! data are shown In Tigure 7. All measured
olrcroft doto are included in this correlotion, for

all directions, oll flight conditions, ond all struc-
ture and equipment focations. Figure 8 shows o
similor correlation for ine ponel data, This correla-
tion plot contaire the data from all panels (flot ond
cuived) for both the normol ond lateral directions.
Bsing all inclusive, these dota ensembles are too
general for prediction purposes, ond are presented
primarily to show the oversll ronge, quontity,
quality ond trends of the data.
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Figure 7. Noise-Vitration Correlations - All
Directions and Flight Conait »ns for
Aircroft Shell and Box Structure

A comparison of the vibration lavels in Figures 7 and
8 for like frequency bonds ond confidence levels
shows the pane! dato to be consistently higher. This
should not be construed os discrediting either of the
dato ensembles. Soma of the aircraft datc in Figure 7
include measurements near equipment items, measure~
ments in the tangential or longitudinal direction, and
measuremenis in presscrized cruise flight. All of these
factors contribute to ‘ower levels. Conversely, the
pane! dotc were measured under ideal conditions of
sound pressure incidence, in normal ond lateral
directions only, ond with no other load or strain
opplied. Lastly, two foctors which are suspected

to be significont in the aircroft daia have not been
dealt with in this study: one Is the mass and domping
effect of the fusl in the wing box; the ather is the
mass/domping/decoupling effect of the soundproof-
ing, wiring, and plumbing attoched to the fuseloge
shell shucture. The net result of all of the afore-
mentioned factors Is for the aircraft vibration levels
in Figure 7 1o be lower than ponel levels in Figure 8,
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Figure B. Noise-Vibration Correlations - Normal
and Loteral Vibration - All Flat and
Curved Test Ponels

for the same sound pressure level. In investigations
to reveal the effects of pressrized cruise flight,
vibratory direction, and mass aud rigidity, the
influence of the aforementioned factors was mini-
mized or eliminated by exercising selectivity in
compiling the data entemblos.

FLIGHT AND PRESSURIZATION EFFECTS

Vibration in the fuselage structure changes when the
airplone becomes airborne ot cruise spe~d, and pres-
surized. To determine this chonge in vi wation level,
noise-vibration correlations were prepan d for en~
sembles of measured aircraft dota for ground and
flight operation, Vibration measurements from

52 locations were obtained, for 3 ground operating
conditions ond 4 flight operating conditions, on
aircraft fuselage shell structure or on components
attached to it. These vibration dota were collected
into two separate ensembles; one for on-ground
engine run-up; the other for pressurized cruise
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flight. For each ensemble the mean vibration level
and the levels at higher confidence intervals were
defined at a common sound pressure level in each
third-octave frequency band, as exemplified by
Figure 9 for the 50% confidence !evel, The chart
of Figure 10 was then derived by plotting the ratio
of flight=to-ground vibration level for various
confidence fevels,

It would be risky to generalize that the difference in
vibration response between the two operating regimes
is due solely to pressurization of the fuseloge; other
factors could have similar effects, For example, the
fuselage structure is loaded and stressed differently
for each condition, being supported by the landing
gear in the one case, and primorily by the wings in
the other case. Also, the character of the noise
excitation is different; the principal source in some
frequency bands changing from engine noise to
boundary layer turbulence with attendant differences
in incidence angle, and space~time correlation.
However, for preliminary estimation of vibration
response in other transport category aircroft of
similar configuration and mission, these data are
considered to be a useful indicator of the relative
difference between vibration on the ground and in
pressurized flight. Obviously the chart in Figure

10 is not applicable to structure in the wings,
empennage, whee!| wells, or similar areas where
there is no pressurization, and where the environ-
mental factors do not exist in the some combination.

VIBRATORY DIRECTION EFFECTS

In both of the aircraft ond all of the test panels,
vibration data were measured and identified in

two or three directions of motion. These directiors
were consistently defined os sither normol, loteral,
or tangantial, relative to the particulor structural
component involved, as shown previoutly in Figure
3. 1t is cleorly preferable to have a vibration
predic..on method for sach direction, if the level
is knowr to vory with direction. If vibrotion data
from all directions are combined into a common
noise~vibration correlation, the dato from the
direction of lowest level will tend to suppress the
meon value. In some vibration prediction irstances,
(porticulorly for squipment where the instolied
orientation s not known) it is advantageous to pre=~
dict vibration levels separately ror each direction
ond envelope the results to obtain the worst case
fe. any direction. Therefore, o meom wos derived
to relate (oterol and tangentiof vibration leve| to
the level in tha normol direction.

Measured alrcraft vibrotion data (ond corresponding
nolse levels) ware asembled into seporote ensembles
for each coardinate direction. Only data from ground
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run-ups were used in order to eliminate other extro-
neous environmenvol Influences, The ensembles con=
sisted of doto from 56 alrcroft structural locations in
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the normal direction, 18 locations in the lateral "
direction and 13 locations in the tangential direction.

: The data in each ensemble were correlated in the usual
form of G vs. SPL=dB, and the statistical properties
calculated for each third-octave band. Vibration
levels ot a reference noise fevel were compared, os
shown in Figure 11 for the 50% confidence level. All
directions show a tendency to maximize in the 300 to
400 Hz frequency range, indicating that the most

2 responsive structural resonance modes are influencing
! vibration in all directions. Tangential vibration levels

N are consistently lower than normal or lateral, os ex-

) pected. The test pane! vibration in the normal ond
loteral directions was quantified in an identical
manner to independentiy check the trends observed
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: in the aircraft data. These panel results generally ! 1 [
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MASS AND RIGIDITY EFFECTS

An empirical vibration prediction method devised
from measured aircraft data would suffice for pre-
dicting the vibration environment on a new airplane
thot is similar in size and structural configuration.
However, if the new airplane structure differs
significantly from these airplanes, the prediction
method becomes {ess applicable. The applicability
can be maintained, however, by incorporating a
means for correcting the predicted vibration levels
to account for the effects of changing structural
mass and rigidity. Such was the intent herein.

Analytical Development = In transport aircraft the air-
trome bending modes are well below 100 Hz, The
modes in the range above 100 Hz tend to have wave
lengths which are short in comparison to the diometer A
or thickness of the body component, and are, there~
fore, not readily excited by fluctuating pressures. - T
However, the surface structure tends to be relotively
thin, flexible, and free to respond at resonance to
acoustic excitation at frequencies up to 2000 or

3000 Hz. This shell type of vibratory response tends
to be localized, and independent of similar resononce . . /
tesponses which are a few wavelengths removed. Mony _ l

resonance modes can be excited in the vicinity of any

point on the shell surface, making the rms level in any / <. e
given fraquency band the summation of the contribu~ :“‘:‘G'“ At
1 tions of all modes in that band. Thete rescnonce res- v *

ponses ore usually linear, whereby the majority of ) SHELL STRUCTUAE

the modes in a given band will vary with sound pres-

sure level in similor proportions. Figura 14. Coordinate System for Shell ond Box
Structure

Thus, it moy be recsoned that acoustically excited

structural vibration levels are approximately pro-

1 portional to the resporse of on arbitrary single shell

] mode. Spoce does not permit o presentation of the

derivation, but it con be shown thot with simplify~

ing assumption”, this proportionality is opproximately

given by
25
1 (3] dfr)
xx
C ™ [x‘(:.._)* Y‘( 3 § T m
pA pA
XY[p h ¢t ‘Jt%
) °
where the bracketed quontity with the exponent of known variation in mass and rigidity are normal-
.25 13 rigidity, ond the brocketed quantity with ized to 0 common mass and rigidity. The reduction
the exponent 1,25 is mass of the structure. The in scatter of the doto {on o nolse=vibrotion corre=
nomencloture are defined In Figure 14 ond in the lation plot) would be o meosure of the ablilty of
list of symbols. the reiation to detect the effect of mam ond
"o'd"’-
This relation can be used to investigate the effects
of moss and rigidity in the measurid vibration dota Letting the baseline or “normal® structure be denoted
by employing o normclizing techuique. In this by the subscript 'n’, and the structure on which the
technique, vibration data from structural locations data wers mecsured be denoted by the swhscript ‘m',
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the ratio of the baseline structure acceleration to the
measured acceleration level at a given sound pressure
is then given by:

W T A e LT SR e

oA pAN]MD
X ph+ +
p o
m

For convenience, let

El E 2
D=x{2% + bin® (3

a

and

M= X(pph + 08 +f,;‘1) ib/in. (4
a

Then the normalization squation can be simplified to:

Dn .25 Mm 1.25
Gn = Gm [N M ®
m n

The mass ond rigidity of the structure of sach test
panel was computed, using Equations 3 and 4 with

a surface area of 40" by 40", which wos the
minimum square area thot would encompass ot least
two frames and two stringers in all coses, The
vibration data from ofl of the flot and curved panels
were then normolized to o common mass and rigidity
using Equation 5. The data normalized were limited
to vibration in the normal direction only, since the
analytical development and quantifications of moss
and rigidity ore only valld for the normal direction
of structural motion. The mass ond rigidity effects
on {ateral and tongentiocf vibration are not consid-
ered herein, so until such time os mass and sigidity
effects on lateral and tongential vibration are
investigated, predictions for these directions con

be based on moss and rigidity corrected predictions
for the normal direction. In essence, this assumes
that mass and rigidity effects ore the same in all
directions.

After normalization, the noise and vibration

levels were correloted in the form typified by
Figure 6, ond the statisticol properties of the corre-
lotion were derived. A comparison of the scotter
factors for the normalized ond nonnormolized date
correlotions, is given in Figure 15. The comporiion
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DATA ENSEMMLE: ALL FLAT AND CURVED PANELS
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Figure 15. Effect of Nomalizing Ponel Date With
Theoreticol Equation

variable; wherein
o, \ M
o St | | ©
™ n

In this form, o ond § are undetermined exponents to
be empiricotly derived from the measured data.
Subsequent correlations then revealed thot & ond 8

w
shaws that this narmalization increated the date were interdependent; thot minimum doto scotter was
" scatter rather thon reducing it. Indications were cbtained when a single optimum combination of
that the actual effects of mass ond rigidity were not values for a ond B was used with Equation 6 to
being corractly described by the theorstical expo~ normolize the data. A three~dimensional plotting
nents on the mass and rigidity terms. Equation m:dwm‘:“':' the ”"Mbmd
¢ ™ sach frequency
was subsequently oltered Yo moke the exponents powrpiayrind o
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Normalization Results ~ Optimum exponents were
derived for several ditferent ansembles of panel

and aircraft data, The results of only the most
significant ensembles ore summarized here. Figure 16
shows the variation in the optimum exponents with
frequency for an ensemble which included all flat
panels and all but two of the curved panels. The

DATA ENSEMBLE - FLAT AND CURVED PANELS
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Figure 16, Voriction of Optimized Mass and
Rigidity Exponents with Frequency

optimum exponents are consistently lower than the
theoretical values ond exhibit some variation with
frequency, whereas the theoretical exponents were
independent of frequency. The average exponent
volues (for all frequency bands) ore approximately
one=fourth of the theoretical voluss. Thess
optimum exponents provide some degree of reduc-
tion in the dato scatter in every bond when com-
pared to the unnormalized case, as shown in Figure
17; wheteas in Figure 15 the theoretical axponents
increased the scatter foctor in ol frequency bands.

Simitar resuits were obtoined with the other data
ensembles used. In these investigations it becoms
evident that a3 the quality of the dato ensemble
approoched the ideal, the & and § exponents
opproached the theoretical value. By quality Is
maant the lack of extraneowus factors which scotter
the data and ore not detected In the nommalizing
process, However, for the best ensemble of doto
(a group of nine ponels which had the most uni-
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Figure 17, Effect of Normalizing with Optimum
Mass and Rigidity Exponents

formity of panel aspect ratio, material, ond fabri-
cation methods, and o good range of mass and
tigidity variation) the optimum o ond 8 values were
still less than the theoretical values, as con be ssen
in Figure 18, The optimum exponents for this
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ensemble exhibit less variation with frequency than
the other ensembles and also show a reasonable
reduction in data scatter, os evidenced by Figure 19,

28 BEST ENSEMBLE = NINE FLAT PANELS
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Figure 19. Effect of Normalizing Ponel Data
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Exponents

Accounting for moss ond rigidity effects in vibration
predictions would be much simpler if the exponents
a ond 8 were not frequency dependent. Toword this
end, single vajues were derived, and comporisors
were made to determine the difference in vibration
level due to normalizing with single values of &
and 8 o opposed to using o separate o ond B for
each frequency band. The a and A values in the
frequancy bands in which reatonable quantities

hod been obtained were weighted according to

thair effectivensss in reducing dote scatter, ond
then averaged, resviting in

%avg =0,15; ’°V9

These exponents were incorpocated into Equation (6)
to give the empirical equation

o \ 15 M .86
6, Gm(ul o ”
m n

The oircraft shell and box structure vibration levels,

‘o.“
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excited by a noise level of 120 dB, were then normal-
ized to a common mass and rigidity, using:

o Optimum exponents based on panel ensembles;
opp Bopf variable with frequency

(Equation 6)

o Average exponents; o= 0.15; 8=0.86
(Equation 7)

The results of these comparisons showed that the
difference in vibration level between the two nor-
malizations was minimal, both cases giving similor
levels. This is not surprising since even with the
optimum exponents (minimum dota scatter) the
maximum reduction in scatter factor was only about
25%.

Additional investigotions yielded similar results.

It was concluded that the elimination of frequency
dependence, by using o weighted averoge for &
ond B in the mats and rigidity relations, justified
the small sacrifice of accuracy in accounting for
moss and rigidity, Thus, Equation 7 became the
preferred means for accounting for mass and rigidity
offects in the vibration prediction method.

VIBRATION PREDICTION METHOD

in establishing the noise-vibration correlation
charts to be used for vibeation prediction purpotes,
the aircraft vibration dato were subdivided into
two broad structural types == shell ond box struce
ture. The vibration data in these two sets were
normalized to two reference mass ond rigidity
values uting Equation 7. For the sholl mucmn,
the reference mom was 0. 59 (b/ip,

reference rigidity wos 4,38 x | Ib ln . Fof the
box structure, the reference mas wos 21%‘ Ib/ln,
and the reference rigidity was 1.7 x 10™% b ln
These quontities are bosed on a structurol surface
size of 40" by 40", ond are approximately the
maeon of the values computed for all of the air-
craft shell and box structure from which dete

are U‘.da

The complete set of normalized nolse~vibration
prediction charts are included in Figures 20 and
21 for shell and bax structure, respectively.

To avold excessive clutter the data points in
thess correlotions have been omitted. Further,
the stotisticol scatter is described by “confi-
dence level® {ines os opposed to “confidence
interval” lines. Confidence level s the like-
lihood that any data point will fall below the
line. Thus the 50% confidence leve! is the
meon line the dota; the 80% confldence
level is the line below which 80% of the dota
"'} efc,
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Vibration levels derived from Figures 20 or 21 may be
corrected for values of structural mass or rigidity other
than the reference value by using Equation 7, re-~
stated below for convenience:

D, \. 15 MR .86
- P
=% (5] (w )

R Mo

The subscript P! refers to the new aircraft structure, on
which the vibration levels are fo be predicted, while
the subscript 'R’ refers to the reference structure and
vibration level of the prediction charts, The values of
GRe DR, and Mg are thus obtained from Figurcs 20

or 21,

For convenience, Equation 7 was formulated into @
nomograph for graphical sofution, and is presented
as Figure 22.
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Figure 22, Mass and Rigidity Correction Nomograph

The values of rigidity, Dp, and moss, Mp, for the new
alrcraft structure con be estimoated from the following:

’a“ El 9
Dp = 40(—;—- + -gi- tb-in ®

prx +

/ oA
MP=40\,,P». ‘= JEL) bAin (9

In these equations, the characteristic surface area
width and length X has been taken as 40 inches.

The application of the vibration prediction charts
can thus be summarized in the following procedure:

1. Estimate the third-octave band noise levels
for the new structure,

2. Determine which of the two sets of predic-
tion charts (shell or box structure) is more
applicable to the new structure,

3. Select a confidence level for design of the
new structure.

4, Enter the selected prediction chorts with
the third~octave band noise levels for the
appropriate frequency band, and read the
third-octave band vibration level directly
at the selected confidence leval.

5, A vibration spectsum con then be plotteci ==
vibration amplitude versus frequency =~ that
is valid for on-ground, normal-direction
vibration of the new structure, if its moss end
tigidity approximate the values from ‘he
prediction charts,

6. If a mass and rigidity correction is desired,
or requived, compute the rigidity and mass
by Equations 8 and 9. The corracted vibra~

ton level can then be computed by Equation 7.

(The mass-rigidity correction can clso be
obtained directly from the nomograph of
Figure 22.)

7. Determine vibration levels in the {ateral
and tengeniial directions by uting the
nomographs of Figures 12 and 13 ond the
above computed nommat vibration levels.

8. Obtain vibration levels in premurized crulse
flight from the nomagraph of Figure 10 using

the above computed normw! vibratlon levels.

OBSERVATIONS AND CONCLUSIONS

{t hos been found that o given noise level excites
consistently higher vibration levels in loboratory
test panels thon it does in alrcroft structure of
similor mcw, rigidity, and configuration,

it has baen shown that In tronsport alrcraf? shell
type situchure, vibeation lavels on the framas,
stringers, etc., are of timilar mognitude in the
notmal ond latetal divections. Vibrotion in the
tengenticl direction it comlistently lower,

Vibration on structure and squipment in the
oressurized fuselage of two trorsport atrerafr
wos found to be genarally lower, st any glven
noise lavel, during pressurized cruise fight
than dusing engine run~up on the ground,
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It was found that there was considerable scatter
in the data which the normalizing equation,
being limited to mass and rigidity effects, does
not detect. Variation in other foctors such as
damping, accele ometer positioning on the
structure, unconrentional vibratory response,
space=-time corre!ation, and sound incidence,
could account for much of the scatter, The
normalization expressions could be much im-
proved by including a maans for accounting for
such other factors,

It was found that mass ond rigidity effects were in
opposite directions ~ increasing mass decreased response
while increasing rigidity increased response. Thus,
they tend to be offsetting. The vibration data scatter
ctiributable to mass and rigidity were therefore rela-
tively smoll. The mass ond rigidity of the structure
used herein is thought to be typical of most conven-
tional transport aircraft structure, wheraby the net
offect of mass ond rigidity or, vibeation would typically
be small. Exceptions are not uncommon, however, ond
many Instances ore conceivable whers moss and rigidity
could deviate greatly frnm the trend found here (3.g.,
ir, high strength=to~waight structure such os honeycomb
ond compasites, and in fow strength-to-weigh’ structure
tuch os used in high temperature environments;. ‘n
such Imtaoncas the offect of moss and rigidity on vibra-
tion level could be substantial.

SYMBOLS, ABBREVIATIONS, AND SUBSCRIPTS

Symbols

Dimension of parel bay in the x - direction; in.

Cross=sectior al oreq; surfoce orea = ’1\2
Dimersion of ponel buy in the y=direction = in.
Correction foctor

Rigidity - Ib-in2

Modulus of elasticity - Ib/in?

Resononce Frequency = Hz

m O N o » 0

Q<

Accelurgtion (n multiples of gravitotional
accelerotion; G = A/g; A is item oscclonﬂon
in incbu/ucz; g Is 384 inches/sec’,

Ponel skin thicknuss = in,

Cros-sectional orea momunt of inertia - ln‘
Siope of lecst squares regresion fine

Mass - b /in

Number of points in dota ersamble for
stotisticol onalysis

T 3=

3
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Cms mer s egm e end cerean e .

x  Coordinate direction

X Length of ponel in x~direction = in.
X Meon value of abscissa

y Coordinate direction

Y  Length of panel in y~direction - in.
Y  Mean value of ordinate

a  Exponent of rigidity ratio

B Exponent of mass ratio

p Weight density - Ib/ln3

o Standord deviation from the mean
¢ Acoustic pressure density - (lb/lnz)/'x/ﬁ
Abbreviations

d8 Dacibel Re: 0.0002 microbor)
rms Root-mean-iquore
SPL Sound Pressure Lavel ~ db

Subscripts

Corrected quantity
Flight Quontity
Leteral direction
Measured quantity
Normalized quantity

3 ~ N

Normal direction
Predicted volue

Keference volve

-~ ™ v Z 3

Tangential direction
x, 1z Value referenced to axis in x direction
v:yy Valve referenced io axis in y direction
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DISCUSSION

Mr. Zurnaciyan: (Northrop Corporation) You
indicated that the critical measurements
were normal, lateral, and tangential, how do
these relate to the vehicle axes?

Mr. Bartel: There is no relation between the
direction noted and the vehicle axis. Normal,
later»]l, and tangential are all defined relat-
ive to the sub-structure. Normal is always
perpendicular to the surface of the structure.
Lateral is always lateral relative to the
longitudinal frame, stringer, beam, or spar.
Tangential is always tangentixl to the curv-
ature of the surface of the structure.

Mr. Zurnaciyan: What was your conclusion in
your test involving the panel versus the
vehicle structure?

Mr. Bactel: The panel tests were conducted
primarily to sort out the effects of mass and
stiffness; there was no intent to establish

a correlation between the panel data and
sircraft data, but it came as a secondary
effect and it was generally cleasr that panal
teats, or laboratory cests of panel structures,
alvays give higher vibration levels for a
given noise level than would be obtained on
aivcraft structures. And there are a number
of reasons for that, the correlation of the
sound presidures ace different, and ! am sure
you realize rhat the damping in the structure
is different.

Mr, Sen Gupta: (Boeing Company) Why did the
scatter factor reach a peak of 2.4 between
800 Hz or 1000 Hx?

Mr. Bartal: It is thought that the type of
resonance that exists in the structure in

that general frequency range is of the basic
skin-boy-frame bending typs, or beam-bending
type, which i, formulated by rather simple
equations, It was adapted from a single
degree of freedom response beam typs resonance;
at the higher frequencies I think there are
othar resonances such as rolling, warping,

and twisting of the frames and stringers; and
there are coincidence type reasonances at those
frequencies and ovr expressions dc¢ not account
for those,

Mr. Moskal: (Rockwell International Corporation)

Have you made any comparison between other well
known prediciion techniques such aa Msheffey-
Smith cr Condos-Butler?

M1, Bartel: No.
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SIMPLIFIED TECHNIQUES FOR PREDICTING
VIBRO~-ACOUSTIC ENVIRONMENTS

K. Y. Chang and G. C. Koo
Wyle Laboratories
Huntsville, Aloboma 35807

ABSTRACT

A simplified method has been developed to predict broad frequency range
vibration criteria which account for both primary and comronent load
impedance for structures excited by random acoustic excitations. The vibro-
acouttic environments were predicted by o one-dimemsional squation which
utilizes four types of parameters at equipment mou: ting locations, These
parameters consist of input impedance of support structure, acoustic mobility
of structural system, input impedance of component package, and blocked
pressure spectrum. A set of nomograms ond design charts wos developed to
evaluate the force respore graphically with minimum omount of manuai
computation. The accuracy of the equation in predicting force responses hos
been verified satisfactorily and the method f.os proved to be a practical ond
useful preliminary design tool for aerospace vehicles. Two exomple problems
with different structural configurations were wsed to demonstrate computation
procedures. Sotlsfoctory ogresments between analytical predictions and
expe-'mental meosurements were observed,

INTRODUCTION

The prediction of localized vibratory criteria for space
vehicle components due to acoustic excitation hos been
accomplithed bosed on the empiricol techniques o3
described in Reference 1., These techniques provide
stondardized approaches to predict vibro-acoustic
environments with sufficient concervatism to satisfy
design ond test requirements for unlooded primary
structures. The testing of components to such criteria
is volid only when the impadonce of a primary structure
is sufficiently higher thon that of the ottached com-~
ponent, Otherwise, there is o strong possibility that
the specimen would be overtasted.

A complementary technique by which the vibrotory
criteria are to be specified In terms of actual forces
octing on components has been considered [2]. Test
specifications ore given in terms of the power spactral
demity of o force environment which account for the
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effccts of component-primary structure coupling and the
approach is designated as the "Force-Spectrum” method.
This opproach requires sophisticated measurement
techniques to define the dynomic porometers required
for the prediction equotion. The objective of this poper
is to presant a simplified computation procedurs to
ollow performance of quick estimates on force spectra,
it is recognized that several analytical methods, such

os the direct integrotion method and other numerical
methods, con be used for the prediction of loads on
finite cylindrical structures, Nevertheles, the result-
ing equations are either too sophisticated or too generol
and are not proctical for performing quick estimotes
with odequate occuracies, Considering the foct that an
averoge engineer does not have ample time to thorough-
ly analyze each individuo! problem; therefore,
simplified methods are needed to solve complex problems
with a minimum omount of caleulationt and yet provide
adequate accuracy. This is accomplished by the ue of
charts ond nomograms to reduce complex computations.,
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FORCE-SPECTRA EQUATIONS

The force-spectra equation is derived based on a one—
dimensional structural impedance model [2]. By
applying Thevenins' and Norton's theorems to this
model, the eouation which relates the force-spectra to
external excitation forces, component impedance and
dynamic properties of support structures, such os struc-
tural impedunces and acoustic mobilities, is established.,
The final equation is outained as follows:

ZLZS ‘ 2
OL(u) = Yk afw)|® . ¢P(U) )
LS
where ¢L(u) = Predicted driving force spectrum
Zs(u5 = Input impedance of primary structures

Z (v) = Input impedance of component

ofw) = Acoustic mobility of primary structure

Qp(u) = Blocked sound pressure spectrum

Due to structural complexities of space vehicles, precise
analytical approaches to obtain the parameters defined
above are not practical, Therefore, in order to
validote Equation (1), approximate equations along

with measured data were used to predict the force
spectra quantitatively,

An alternate approach to compute the driving force
spectrum could be achieved by replacing the produce of

|afw)|? + @y(w) by Bglu) , which is defined as the

velocity response spectrum at the component mounting
points of the unloaded primary structure, Thus,
Equation (1) can be written as follows:

Z, % |2
OL(u) |l '¢R(U) (2)

ard this spectrum may be acquired from the available
experiments on the selected test specimens, A flow
chart indicating the computation sequence to determing
the force spectra is explained in Figure 1.

Estimate Dynomic Evaluate
Envirgnment Slocked Sound
(Acoustic Mressure Lave!) Pressure Level Determination
of Rpoms |
Spactrum
Prediction b
of Acoustic
Mob i1ty
Mediction of

Inpodonce || wosirionet | _
of She Force Spocka |
Determine ond Define !
the Overa!) Vah.cle —— !
r =t Structurc! Conliguration v Impadence !
1 of Ring of Structure '
: (i.0,, Go —etricel and |
\ Material Propertion ) Impedont e Combinetion :
: o'YSnu‘.v of lmpodorce F_ }
1 }
] ‘ L}
\ impodence of 1
| ] Define Paylasd Strucrore Compe '
' Pockege :
: )
] [
: ;—-—--u-—-—---' :
! Detign Medificotion 1 3

R e bt bbb bbbl - ond Verificetion ‘.. -------------------------

bommemrecene=ed

Figure 1, Flow Chort for Predicting the Forre Spectra of Structures
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TABLE 1. SUMMARY OF INPUT-IMPEDANCE EQUATIONS OF BEAMS, RINGS AND SHELLS

Structure .
Beom Ring Shell shsl'::lﬁ.d
Frequency
=K, *
Low Frequency o 125 K=Kg % Kg
Ronge K, = ABE Ke=—Hr | K =2.56h (-% ) (—:— (or + I Kg)
(f5h) g 0,158 B
L Iz} = kf
Fundamental ! ( A )? [‘g_ 0.427 f € 0.375 ' o
Frequency, ‘L I \7 pA R pA 1 p R
) . o -4 ? {_E___ =7 +3 2
Intermediate ZB 2V HreA ZR i2 J—2_ ph Zs‘ w oW pR S 2‘ B
Frequency Range . . .
7/,
IREXY K Bl Ey ¢ 1
( L R) . [Fx] F . -97 F . ( -'-,- ) J_: + E ZR
Ring 1 _E_
Frequency, f Tnk y
z= Zs
High Frequency .
Range Some oy Some oy = 2=2
>t Intermediote {ntermediote ZS W W JEP s
( R) Z “ZR

Input impedances in the force-spectra equation are
specified in terms of the “force/velocity " format,

The cylindrical type structures considered herein are
stiffened by stringers in the axial direction, and ring
fromas are attached inside the shell wall, The direc-
tion of vibratory response under consideration is referred
Yo us thot normo) to the skin which is excited by imping-
ing acoustic pressures, The approximate equations for
predicting the input impedance of the above structural
components are given in Table | in three different
frequency ranges o3 defined balow {3 ):

o Llow frequency range or frequencies below
the fundomental frequency of the shell,

o Intermediote fraquency range, and

e High frequency range or frequencies
above the ring frequency of the shell.

Therefare, the evaluation of the stiffened shell imped-
onces is obtained for these three frequency ranges os
follows:

Low Frequency Impedances —~ The static stiff-
ness is the predominant factor which influences the
input impeaance, Due to the lack of theoretical
expressions for input impedonces of stiffened cylindrical
shells, it is ossumed thot at low frequencies the input

impedonce at any location follows the stiffness line,
this stiffness being equal to the summation of the stiff-
ness of the individual structural elemants that are
present in that location. Two coses are considered In
this frequency range, nomely:

o 1f the stiffness of the ring is small in
comparison to the stiffness of the stringer
or the unstiffened shell, the overall stiff-
ness can be computed by adding the stift-
ness of the properly modeled structural
elements that are prasent ot the input
focation, os follows:

K=K+ K+ LK @3)

where K‘ = static stiffness of shells

KB = statlc stiffness of stringers
or beams
KR = static stiffnass of rings

Thus the input impedance of a stiffenad
cylindrical shell at low frequency follows

a stiffness line whose value can be computed
from the sum of stiffnesses of structural
elements ot that point.
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e For astiffened cylindrical shell, if rings are
sufficiently stiff in comparisan with the
entire shell, these rings act like the
boundary of structure panels, Then the
characteristic impedance of the shell can be
determined from the length of the spacing
between twe adjacent rings.

K=K‘+ZKB 4

The characteristic impedance represents the
impedance of a structure of such a length
thot reflections from the boundaries are
negligible. In other words, the resonance
modes of a structure with any non~dissipative
boundary conditions are identical to the
resonance modes of a supported structure
whose length is equal to the distarce
between the node lines,

Intermediate Frequency Impedances ~ Within
the intermediate frequency range, which extends from
the fundomental frequency to the ring frequency, the
input impedonces of the tes? specimnens can be evaluated
as the combination of the characteristic impedances of
the primory structural components. The equation is
written as:

2=2+22,+ L 2, 6
where Z . characteristic impedance of shells

ZB = charocteristic impedance of stringers

ZR = charocteristic impedance of rings

High Frequency Impedonces — The irput
impadonce of a shiflened io" ot high frequencies
depends on the location of o meosurement point and is
evaluated by the following rules:

o Unstiffened (skin) Point — The input
impedance approaches that of an infinite
plate of the some thickness.

o Stiffenad Point ~ The skin and the
stiffener(s) decouple dynamically at high
frequencies, therefore, the input imped-
ance approoches that of the stiffener(s),

o Stiffened Intersection Point — The “iput
impedance at the centers of short stiffeners
segments ore generally higher thon those of
longer stiffener segments; ond the imped-
ance at an intersection of the stiffeners is
approximately equal to the sum of the

1 P AN S DIAIIE
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individual impedances of the two stiffeners
~— the ring impedance and stringer
impedance.

Acoustic mobility, ofw), is defined as the ratio of the
mean-square spectral density of the velocity of the
mean-square spectral density of the fluctuating pressure {
driving the structure. This quantity is expressed by )
Equation (6) as follows:

S. ()

ow) = s—“w 6)

P

where SO () has units of (in./secf /Hz, and sp(o) is

the blocked pressure spectral density having units of
(psi)?/Hz. The blocked pressure includes the effects
of reflection and thus accounts for the pressure doubling
effect when an object is immersed in a random pressure
field,

Generally, the acoustic mobility for a given structure
would be calculated based upon modal analysis or
stotistical energy onolysis. However, for the purposes
of presenting simplified design curves for acoustic
mobility derived from acceleration data of o wide ronge
of vibro-acoustic measurements are shown in Figure 2
for two values of domping: @ =20 and Q =200 [3).

Dased on the empirical curves of Figure 2, the a~term
is dependent on the structural domping, Q, the
diometer of the cylinder, D, and the unit surface
weight, m, where f is the frequency in Hz, For
structural domping volues othar than those shown in
Figure 2, the acoustic mobility term may be interpo-
lated since an increase in Q by o factor of 10 resuits in
on increase in the acoustic mobility term of one decads.

The blocked pressure spectrum, QP(u), 1s defined os the

effective acoustic pressure acting on a primary structure.
The pressure is equivalent to that acting on a rigid
cylinder which has the identical geometrical dimensions
as the primary structure. This pressure can be deter-
mined from the far-fisld sound pressure mecsurement
and is given by [4]:

P lock d 2
3= L2 = ymir)? 2 ‘. IH:" &R) 4
m=0

[t ]

where [ P&"] = measured sound pressure levels
without the presence of
flexible structures

k = wave number = 27f/c
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c = speed of sound in acoustic medium;
for air ¢ = 13,400 in. /sec

R = radius of cylinder

€m = Neumann facter =1 for m =0,
2frm 0

H:n(kR) = derivative of Hankel function

of order, m

The foregoing equation is derived for an infinite panel
and does not account for diffraction effects of structures
with finite length, However, the error due to diffrac-
tion effects is considered as insignificant and will not
influence the final results, In the frequency range of
interest, the RMS blocked sound pressure is approxi-
mately 40 percent higher thon the measured sound
pressure ond such a conversion factor generally leads

to conservative estimates of the force spectra,

“OMPUTATION CHARTS AND GUIDELINES

In order to minimize manual efforts in performing force-
spectrum computations, it is necessary to raduce the
derived equations into the forms of nomograms or charts
so that lengthly computations can be avoided.

a - Acoustic mobility in ssec/psi)
m Surfoce weight denuity (Ib,ind)

R RRII AT T

All equations listed in Toble 1 contain a frequency
dependent and o frequency independent term. There-
fore, by evaluating the frequency independent terms,
and later, combining with the frequency dependent
term, the impedance curve can be easily constructed.
The approaches, which are based on the separation of
the frequency dependency to simplify the impedance
prediction, are presented below.

Nomographic Charts — A nomograph, in ifs
simplest and most common form, is a chart on which
one can draw a straight line that will intersect three
or more scales in values that satisfy an equation or @
given set of conditions, The equations summarized in
Table 1 were converted into nomographic forms, and
are shown in Figures 3 through 8, Figure 3 evaluctes
the static stiffness of the ring frame. By knowing the
values of radius, R, and the flexibility, EI, of the
ring, and connecting these two values on the R scale
and the El scole with a straight line, the intersection
point in the K scale represents the computational result
of the given equation.

Figures 4 and 5 perform similar computations for static
stiffness of beoms and the frequency independent part
of rings, respectively.
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Figure 2, Velocity Acoustic Mobility Levels for Cylindrical Structures
(Bosed on Blocked Pressures) .
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Figure 7. Nomograph for Determining
Zf of Unstiffened Cylinders

Figures &, 7 and 8 are four-variable type nomograms
for evaluating the frequency independent part of the
remaining equations shown in Table 1, For exomple,
in Figure 6, by using one odditional axis, T, which
lies between the / and R axes and need not be
groduated, the four-varioble equation was broken into
two three-variable equations and are handled os the
proceeding way, i.e., connecting the [ scale ond the
R scale with a straight line, then joining the intersec~
tion point on the T axis and the h scoles with another
straight line, the intersection point on the K scale is
the resulting value,

Charts for Computing Structural Impedance —
The impedance of an ideal domping, spring and moss
system may be represented by three intersection lines.
By using this approach, the driving-point impedance
for beams and rings based on the equations of Table 1
can be represented by two sets of intersection lines
varying with the frequency as shown in Figure 9. In
this figure, the line representing the proper stiffness
valye is obtained either from the result of Figures 3 or
4 for rings and beams, respectively, and the line defin-
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Figure 8, Nomograph for Evaluating
Impedance of Infinite Plate

ing the proper Zr value of the structure is determined

from Figure 5. The stiffness lines represent the imped-
ance at low frequencies and the Zr lines represent the

impedance at high frequencies. The intersection of
these two lines determines the fundomental resonant
frequency of the structural system, In this figure and
the following figures, a scale factor is used to obtain
correct scale values for the stondord diograms,

The driving=point impedance for unstiffened cylindrical
shells is shown in Figure 10, where the Z' lines are

replaced by the Zf lines. The lines represented the
proper stiffness, Zf, and infinite-plate impedance are

obtained from Figures 6, 7 and 8, respectively, At low
frequencies, the impedance of cylinders follows o
stiffness line and at high frequencies the impedv.ce is
equal to the impedance of an infinite plate which has a
constant value. Within the Intermediote frequency
ronge, the input impedance moy be represented by the
Zf line.
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Figure 9. Impedances of Stiffeners

Logarithmic Summation Chort
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The fundamental frequency and the ring frequency »f
cylinders are determined by the intersection of these
three characteristic lines.

Figure 11 represents the impedance curves for the com-
ponent package which are defined as un idea! damping,
spring and mass system. The graph shown on the upper
portion of these two charts will be used to compute

the logorithmic sums of two impedance curves. The
application of the logarithmic summation chart is
explained in example problems,

Charts for Computing Blocked Pressure
Spectrum — The conversion of o far-Tield sound
pressure spectrum into a corresponding blocked pressure
spectrum is achieved by multiplying the for-field spec-
trum by the correction coefficient, 3, os described in
Equation (7). To facilitate graphical computation,
Equation (7) is converted to Figure 12, in which the
abscissas scale is expressed in terms of fD; where f is
the frequency in Hz, and D_is the cylinder diameter
in inches. To obtain the F - cosfficient for a

particular cylinder in the frequency scale, it is accom-
plished by shifting the fD scale in Figure 12 to the
left for the omount corresponding to the cylinder
diameter, D. Ffor exomple, if the diameter of o
cylinder is 36 inches, the {3— - coefficient for that

cylinder is obtained by shifting the fD scale by a factor
of 36 1o the left, as shown by the \' 3 -curve in

Figure 13, The blocked pressure spectrum of the for—
field pressure spectrum is then obtained by adding the

\’ 3 vulues ct each frequency point to the far-field

pressure spectrum,

Charts for Computing Response Spectrum — The
velocity rasponse spectrum is obtained by the product
of the blocked pressure spactrum and the velocity
acoustic mobility, The normalized acoustic mobility
curves os shown in Figure Z must be converted to

l « ,z versus frequency format for use in response

computation, The conversion con be accrwpiished
graphicolly by shifting the abscissos scale to the left
corresponding to the diameter of o cylinder, D; and
shifting the ordinate scale downward corresponding to
the quantity (m/D)?. For exomple, by applying the
above procedures to an aluminum cylinder with

D = 36 inches, Q =20, and (m/D)? - 10°¢ Ib/in?,
the velocity mobility for the cylinder curve is obtained
os shown in Sigure 14, The velocity response spectrum
is obtained by summing up logarithmicolly the velocity
acowtic mobility curve and the blocked pressure spec-
trum curve, The response spectrum is indicated by the
doshed-line.

Chort for Computing Force Spectrem — The
response spectro and the structural impedonce obtained
from Figures 14 and 11, respactively, ore ogain plotted
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on Figure 15 for final computation. The curve repre-
senting the sum of these two curves is the resulting force
spectrum for the design structural system. Note that all
charts developed are in some length scale and the trans-
fer of data curves from one chart to next chart can be
easily done by overlay technique.

EXAMPLE PROBLEMS

To aid in understanding the computation procedure, two
exomples are illustrated. The first example is used to
demonstrote the procedures used to predict structural
impedances of a stiffened cylinder, The predicted
results were then compared with the measured data [5]
to evaiuate the accuracy of impedance predi :tion
equations. The second example is used to illustrate the
procedures in computing a force spectrum based on the
structural configurations and the loading criteria used
in Reference 2. The measured force response data was
wed to evaluate the accuracy and conservatism of the
predicted force spectrum,

Example of Prediction of Structural Impedance

The specimen used in the prediction contists of a basic
cylindrical shell, four longitudinal stringers and two
ring frames, The basic cylindrical shell hos overall
dimensions of 96.0 in, (length) x 48.0 in. (diometer)
x 0,08 in, (wall thickness). All structural elements
were made of aluminum. The ring frames are built-up
channel sections which are attached to the inside sur-
fuce of the shell woll by means of rivets; ond, the
stringers are angle sections which are similorly
attached to the outside surfoce of the shell woll, Two
heavy end rings comisting of angle sections were weld-~
ed to the irside surface ot the two ends of the shell
woll; and, thick circular plywood bulkheads were
bolted to the end rings, and ore wsed to provide radinl
constraint at the ends of the shell wall, Overall
dimensions of the specimen are listed in Table 2.

The computations of static stiffness, Zr ond Z, for

the primary structure components have been demon-
stroted previously as shown in Figures 3 through 8. The
impedance computations for the configuration with two
ting frames and four stringers are iliustrated in Figures
9 and 10, In these two figures, the plotting scale is
10 times the trus value os denoted by Facter = 0,1,

In the computaticn, it wos ossumed thot these two

rings act like end bulkheads with high structyral rigidity
so that the effective length of cylinder becomes the
length of the middle segment which is equal to

32 inches, In Figure 9, the impedance for one stringer
and four stringers are plotted based on the values
obtained from Figures 4 and 5, Similorly, the imped-
ance curve representing the unstiffened cylindrical
shell is plotted in Figure 10, in which the impedance
representing the sum of four stringers is also shown,
except that ot high frequencies where the structural
system decouples dynomicolly, and the impedance
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¥
TABLE 2. SUMMARY OF DIMENSIONS, STIFFNESS AND MASS PROPERTIES
1 OF CYLINDER ANU ITS COMPONENTS
3 Structural Ttems
Property Dimersion Ring Stringer Shell
3 Mean Raodius, R (in.) 2.0 - 24,0
Overoll Length, / (in.) 14,5 96.0 96.0
. Shell Skin Thickness, h (in.) -—- ——- 0,08
Cross-saction Area, A (in2) 0.215 0.123 .-
] Moment of Inertia, | (in#) 0.135 | 0,012
K Waeight pee Unit Volume, pg (Ib/ind) 0. 0.1 0.1
' Modulus of Elasticity, E (Ib/in?) 10’ 10’ 10’
Waight par Stiffener * (Ib) 3.0 1.18 116.0
]
3
”
i.\
$ e *  Two rings spaced at 32" in the longitudinal direction ond four longitudinal
stringens spaced at 37.7% in the circumferential direction,
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approaches that of one stiffenar only. The impedance
of the stiffened shell as shown in Figura 10, is equal to
the linear summation cf these two component impedance
curves and it is obtained in the following way:

e At any frequency point, measure the
difference of two impedance values ond
use this length as the abscissos value in the
logarithmic summation chart (LSC),

o The ordinate corresponding to the cbscissas
in the LSC is the resulting value for these
two curves in lngorithmic summotion,

o Add the length of tne ordinate to the upper
impsdance curve, the resulting curve
denctes the linear combinotion of thase two
impedonces,

Figure 16 shows the experiments| impedonce doto
obtained from Reference 5 along with the predicted
impedonce for comporison. Generolly spacking, the
comporison Is comsidered quite satisfactory both In low
frequency ond high frequency ranges. Fair agreemunt
is also observed for frequencies just below the ring
frequency. Some ois:repancies are cbserved in the
intermedinte frequency region. Such discrepancies
Jre ottributed to the errors incurred in summing the
impadances of the stringers. However, it may be con-
cluded that the equation and guidelines presented ore
odequate for determining the structural impedonces for
design purposes.

Exomple for Prediction of Force Spectro

The structure used in the second exomple was o stiffen-
od aluminum cylinder whose dimensions were 36.0 in,
(diometer) x 36,0 in, (length) « 0.02 in. (thiek).
The cylinder consisted of five aluminum rings spoced ot
6 inches in the longitudina! direction, ond 24 longity-
dinol stringers spaced ot 4.7 inches in the circumferen-
tial direction, All stiffeners wers mounted to the
cylinder wo!l by rivets. The dimensions of the curved
ponels formed by the stiffeners were 6 inches ond

4.75 inches. Two steel rings of angle sections were
rivetted ot both ends ond two circular sondwich plates
were bolted to the end rings,

The simulated component packoge comsisted of 0 1/2 in,
aluminum plate with loteral dimenslons of 8.0 in, x
8.0 in, The plate wos supported by four sets of leof
1prings at its comars. The bottom of each spring wos
fitted with o load washer assembly. The total weight
of the comnonent packoge wos 3,01 pounds; the
resonant frequency of the pockage was measured of

i e,
In order to estimate the force spectra, the anolytic
procadures used to predict the impadoncs of the
stiffened cyiinder are essentially the some os that
described in the preceding exomple. Hence, no
analytical prediction wor made ond the impedance

Mooma b ey sy —

wos obtained from the experimental testing. The
impedance of the comoonent package is estimated and
is shown in Figure 11, The measured impedunce for the
stiffenad cylinder is also presented in the same figure,
which is approximated by two inclined straight lines os
shown, In this figure, the plotting scale is 100 times
the true value as denoted by Factor = 0,01, These two
impedance curves are then combined according to the
logorithmic summation technique as described for the
impedance of the stitfened shell except that the resul-
tant curve is obtained by subtracting the length of the
ordinate coordinate from the lower impedance curve,
i.e., by summing the two individual mobility curves.
The summed curve given is the impedonce term in the
computation of the force-spectra equation.

The meosured sound pressure and the blocked pressure
spectro for this exomple have been obtained according
to the procedure as described previously and the results
are shown in Figure 13, The response spectrum is then
obtained by summing the acoustic mobility curve ond
the blocked pressure curve as shown in Figure 14, The
rasulting curve as shown in Figure 15 Is the computed
force spactrum, In Figures 14 anc' 15, the plotting scol
scale is 10,000 times the correct volus as denoted by
Factor = 0.0001, The memured force response spec-
trum obtained from Reference 2 is shown in Figyre 17
along with the computed force spactrum. The predicted
force spectrum wos slightly high, but wes judged to be
acceptoble, since the computed results provide the
mote conservative estimote for design evaluation,

CONCLUSICNS

A simplified procadure hos been developed to predict
the interacion force between o component and it
support structure (spaca vehicle) which is subjected to
broadbond random ocoustic excitotions. This methed
wos derived from a one~dimemionol impedance model!
ond the computation was performed by ways of nomo-
groms ond design chorts, The conclusions resulting
from this study ore:

o The force-spectrum equotion provides
satisfoctory results on the predicted force
environments of components mountad on
spoce vehicles. This eavotion is valid for
the prediction of forces in the radiol direc~
tion of the suppert structure, However, the
1ome concept con be exponded to include
tha coupling effachs induced from the longi-
tudinal ond tongential directions so that the
complete description of fozces in ail three
directions is feasible .

e The simplified computotion method os pre-
sented hos been shown to be occurote ond
conservative within current occeptabla
toleronce limits, The computation process
requires minimum monual effort ond no
computer assistonce is required,
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USE OF A SEMI~PERIODIC STRUCTURAL CONFIGURATION
FOR IMPROVING THE SONIC FATIGUE LIFE OF STIFFENED STRUCTURES

- e

G. SENGUPTA
Boeing Commercial Airplane Company
‘ Seattle, Washington 98124

‘ A light weight pane) stiffened by a set of stiffeners at regular intervals is used

N in many structural configurations. Such pansls are often subjected to various dy-

. namic disturbances, e.g., random pressure fluctuations due to boundary layer turbu-

: lence, noise from jet engines, etc. A wave propagation method applicable to such

: spatially periodic structures has been deveioped during recent years. The purpose
l of this paper is to study the effect of any deviation from periodicity of stiffen-

X

er locations on the panel response and sonic fatigue life. For this reason, the
existing wave propagation method has been combined with the transfer matrix method
to generate a solution which 1s applicable to semi-perfodic structural configura-
tions. Such a configuration consists of repetition of a basic unit which contains
sections of unequal length and/or stiffness properties. In this strdy, such a
method has been applied to predict the response of a semi-periodically supported
beam in which the basic unit is made up of two sections of unequa‘ lengths, The
excitatfon considered {s band-limiied white noise at normal incidence. The re-
sponse of the semi-periodic structure has been compared with that of a periodic
structure of equal weight. The low frequency response of the semi-perfodiczily
supported beam is controlled by two modes of the basic two-span unit. When the
span lengths are equal (i.e., the structure is periodic), the higher mode is sym-
metric and is very strongly excited by white noise at normal incidence. The lower
mode is antisymmetric and is not excited. But as the span lengths are changed,
the contribution of lower mode increases and that ot the higher mode decreases.
Because of the combination of these two opposing trends, the total response jasses
through a minimum for a particular semi-periodic configuration, for which on2 span
Tength 1s about 33% shorter than the other (i.e., for a span ratio of about 2/3).
For this configuraticn, the maximum r.m.s. stress {5 reduced by about 18% compared
to that of a periodic structure of equal weight. The sonic fatigue life is cor-
raspondingly increased by a factor of threz to five. Alternatively, the skin
thickness and the panel weight may be reduced by aoout 14%, for the same stress
level and sonic fatigue 1ife. This work, therefore, shows that there is a pos-

e sibility of increasing the sonic fatigue 1ife and/or reducing the skin panel
weight by arranging the stringers in a particular semi-periodic configuration. As
a corollary to this work, one would also expect that a variation in stringer spac-
tng, by as much as 10%, would not cause any noticeable increase in the r.m.s.

B e S—

o, stress level in the skin.
INTRODUCTION large “coincidence” peaks appear at that fre-
quency in the structura) response and radiated
practical structures consist of a large noise spectra. In high speed afrcraft, such a
pane ’fened by a set of stiffeners at regu- large structural stress response causes struc-

lar intervals. The aircraft fuselage, the tural failure from sonic fatigue, when the

upper surface blown (USB) wing or the extern-

ally blown flap (EBF), the engine nacelle, and
L also the submarine hull are typical examples.
& During takeoff, the aft fuselage is subjected
t> intense noise levels from the jet engine op-
erating at maximum power. Ouring cruise, pres-
sure fluctuations due to boundary layer turbu-
lence also excite the fuselage skin and support-
ing structure. When the convection or the
N trace velocity of the pressure field coincides
' with the natural flexural wave speed in the
stiffened skin at a particular frequer y,

structure {s excited under coincidence condi-
tions over a prolonged period. Since r.m.s.
skin stress is generally maximum near the
stringer locations, fatigue cracks on the skin
develop near the stringers. In addition, the
rivet holes cause stress concentration, aggra-
vating the sfituation even further.

Many attempts have so far been made to pre-
dict the response of such structures to
noise. The theories range from simple )
single degree of freedom approximations to
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mor? 3ophisticated stat1§tica1 energy analy-
?13 2), finite element!3) and transfer matrix
4) methods and nge propagation and periodic
structure theory\v/, Attempts have also been
made to evolve simplified sonic fatigue design
procedures t?gs can be used at the preliminary
design stage\®/, At Boeing, many carefully
planned flight tests have been performed for
obtaining a better understanding of the res-
ponse of complex, practical structures so that
the existing design methodology can be improved
and the structure can be optimized from cabin
noise and sonic fatigue point of viewl7). It
is indeed hoped that all these diversified ef-
forts will eventually give rise to a superior
technology in the near future.

Returning to the analytical approaches, a
significant development has taken place in
utilizing the theory of wave propagation in
periodic structures to predict structural re-
sponse to no}ge g?d convected boundary layer
fluctuations\8-12) . In these studies, the
structure was considered to be perfectly peri-
odic, i.e., no variation in stiffener location
or spacing was allowed. In real life, of
course, the structure is nominally periodic.
The effect of any non-periodicity 4? itiffener
location was first studied by Ford( 3) who con-
sidered the response of a two spanned beam on
three simple supports. Since, in the case of
fuselage structure excited by jet noise, more
than two panels as well as stringers and frames
participate in the response, the conclusions
drawn by Ford from his simple two-span model
need to be re-examined.

The free vibration of a multi-spanned struc-
ture with l{r&gular stringer spacing was stu?-
fed by Lin{13), More recently, Lin and Yang{15)
have presented an elegant theory for predicting
the free vibration characteristics of a multi-
spanned structure in which the stiffnesses and
spacings fluctuate in a random manner. It will
be interesting *o know how the panel response
{s affected by such irregularities.

It is difficult to fabricate an absolutely
perfect periodic structure and it is also not
known whether it is essential to have an ex-
actly periodir structure from sonic fatigue
coint of view. The purpose of the present
Japer is to examine this problem by comparing
the response of a periodic structure with that
of a semi-periodic structure of equal weight
(Fig. 1). The semi-periodic configuration con-
sists of repetition of a basic unit which con-
tains sections of unequal length and/or stiff-
ness properties. The results of this study in-
dicate that the sonic fatigue life of a stif-
fened structure can be prolonged, merely by
arranging the stringers in a particular semi-
perfodic configuration.

FREE VIBRATION CHARACTERISTICS OF PERIODIC AND
SEMI-PERIODIC STRUCTURES

Before looking into the problem of deter-

mining the response of semi-periodic structures
it is helpful to be familiar with the free vi-
bration characteristics of such structures. The
response spectrum is easier to diagnose, once
the variation in natural frequencies with vari-
ous parameters is fully understood.

The free vibration characteristics and the
wave propagation properties of periodic struc-
tures are well known. In an infinitely long
periodic structure, free flexural waves can be
propagated in certain frequency bands called
"free propagation zones." The free vibration
modes of an N-bay periodic structure have
groups of closely spaced natural frequencies.
The varinus modes and natural frequencies
1ie within various free propagation zones. As
the number of panels is increased, the number
of natural frequencies in each group increases
and in the 1imit when the number of panels is
infinity, the natura)l frequency groups are re-
placed by frequency bands identical with the
free pronagation zones of the flexural waves.
A more detailed discussion on this subject can
be found in Reference 16.

In the present work we are interested in the
natural frequency bands and free propagation
zones of a semi-periodic structure. This is
done by solving the free vibration problem in
absence of any external loading. The detail:
of the theory for predicting the response are
given in the Appendix. The free vibration
problem is analyzed by equating the right hand
side of equation (A17) to zero. A non-trivial
solution exists provided

- 1
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This equation can be solved for the wave
number k which, in the context of free vibration
problem, corresponds to the wave-number of the
freely propagating structural waves at a par-
ticular frequency w . Since the above deter-
minant is of the order 4 x 4, four different
complex values of k can be found at a given
frequency. Two of these are equal and opposite
of the other two. Physically, the two unique
values of k represent the wave-numbers of two
orthogonal bending wavas. The two negative
values of k correspond to the same waves prop-
agating in the opposite direction, along the
structure. Further discussion on this aspect
of the prublem can be found in Reference 10.

It 15 much easier to visualize the wave
propagation mechanism and identivy the modes
and the natural frequencies bounding the free
propagation zones when the stringsrs are con-
sidered to be rigid in bending but flexible in
torsion. One ca~ then identify only one unique
value of k at a particular frequency. MWithin
the free propagation zones, the imaginary part
of k is zero, and the real part varies with
frequency.
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At the frequencies bounding the free propa-
gation zones, k is either £ 7 or zero. Uti-
Tizing this relatijonship between the bounding
frequencies and the 1imiting values of k, the
various free propagation zones or the natural
frequency bands can be found from equation (1),
for any combination of £7 and 2. This was
done for a semi-periodically supported beam and
the results a,e shown in Fig, 2. The stringers
were replaced by simple supports (Kg = 0,

KT = %) so that the mode Shapes at the various
bounding frequencies could be easily identified
The shaded areas represent the frequency bands
within which the natural frequencies 1ie and
free wave propagation cén take place. If the
structure is excited at a frequency falling
outside any of the shadad areas, the structural
waves decay rapidly with distance. Only the
first three natural frequency bands are shown
in Fig. 2 since in most sonic fatigue problems
the coincidence response at low frequencies 1is
the most severe and is of major concern. (A
similar variation of the natural frequency bands
with the span ratio is expected at higher fre-
quencies.)

The frequencies in Fig. 2 have been non-
dimensionalized with respect to the fundamental
frequency (fs) of a beam of length £ on simple
supports, It is interesting to observe the
variation of the natural frequency bands with
the span ratio 2 = £7/82. When the ratio & =
1, 1.e., the spans are of equal length, the
structure is periodic and the bounding frequen-
cies are readily identified with the natural
frequencies of a beam of length £, with vari-
ous boundary conditfons., As 2 is reduced from
1.0, 1.e., the intermediate support in each two-
span unit s moved from the center, tho width
of each natural frequency band changes and ul-
timately as 2 tends to zero, the bands narrow
down and converge to the natu,2! frequancies of
a beam of length 28 , clamped at botn ends. How-
ever, at ¢ = 0, the structure becomes periodic
once again, being supported on simple supports
at an interval of 28. The lower boundary fre-
quencies of the free propagation zones of this
structure correspond to the natural frequencies
of a beam of length 2%, simply-supported at
both ends, and these are m&ed by soTid tri-
angles along the ordinate in Fig. 2.

ANALYSIS OF RESPONSE TO NOISE

The response of a semi-periodically stiffened
panel to a random pressure field convected at a
given speed along the length of the structure
can be calculated from equation (A18) developed
in the Appendix.

Hcad(s) has shown that the ©.m.S. 3tress re-
sponse of a flat stiffened structure reaches a
maximum for a convection speed that excites the
"stringer-torsion mode" of the panel under co-
incidence conditions. For typical .04" thick
panels stiffened at 9" intervals by stringers,
this velocity corresponds to about 90 to 100
ft/sec and is much below the usual trace-
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velocity of sound waves on the structures,
which is about three to five times the speed of
sound, Mead's work was later extended by the
author and it was observed (see Fig. 3) that
beyond an excitation wave-speed of about 150
ft/sec, the r.m.s. response was insensitive to
variations in either the speed of convection of
excitation or the rate of decay of correlation.
An excitation with an infinite trace-velocity
(1.e., an excitation at normal incidence) and
zero decay rate is therefore generally adequate
for sonic fatigue design. In this work, such
an excitation was therefore used for computing
the response.

In the theory, variation in stringer spacing
as well as stringer stiffness are allowed with-
in each semi-perfodic unit. For the sake of
simplicity, only the stringer spacing was vari-
ed and the effect on the response was observed.
A structural mode! consisting of a beam on
simple supports was used, so that the frequen-
cles of peak response and the corresponding
mode shapes could be related to the results
shown in Fig. 2.

In designing structures for sonic fatigue,
usually the root mean square (rms) stress {is
calcuiated first, With the help of an S-N
curve applicable under random loading, the
sonic fatigue 1ife for the ca\?u}ated rms
stres: level is then predicted(6). For this
reascn, the r.m.s. stresses at varfous points
on the supported beam were computed, for many
different values of the span ratio e. The maxi-
mum r.m.5. skin stress was then calculated for
each span ratio. The results are plotted in
Fig. 4. The r.m.s. stresses are non-dimension-
alized with respect to the maximum r.m.s. stress
that occurs when the structure is perfodic and
the two spans are equal (¢ = 1),

As the span vatfo 2(sLy/82) 1s reduced from
1,0, the maximum r.m.S. stress drops. At e =
2/3, the maximum r.m.s. stress reaches the
smallest value which is about 18% less than the
level corresponding to & = 1, This, therefore,
represents the most prefergble semi-perfodic
con,’i?umtion. In Fig, 4, the r.m.s. stress
di- ribution alon; the beam iength for this
semi-pariodic configuration is also compared to
that of the periodic configuration.

Reduztion of r.m.s. skin stress by 18X in-
creases the sonic fatigue u’e by a factor of
the order of three to fivel®), Alternatively,
using this configuration one can reduce the
skin thickness and therefore the panel weight,
by about 145 and still have the same skin stress
tevel, A span ratio of .67 corresponds to about
20% deviation in stringer location from the
periodic structure. Therefare, this work shows
that, within the limitations of the assumption
used, a variation of up to 20% in support loca-
tion {s allowable and in fact, is likely to be
beneficial, and the flatness of the curve
around the minimum suggests that siight varia-
tions from the most preferable semi-periodic
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configuration would not cause any major prob-
Tem.

As the span ratio is reduced beyond 2/3, the
maximum r.m.s. stress increases and finally, as
2 tends to zero, the maximum stress reaches a
value twice as high as that at z = 1, and this
is to be expected.

dext, the computations were extended to see
if the effect predicted in Fig. 4 was any dif-
ferent if the excitation spectrum was wider
than what was originally used in the calcula-
tion. It was found that excitation with a
wider band caused only a slight change in the
r.m.s. stress levels and the level at z = 2/3
relative to that at z = 1.0 remained virtually
unchanged .

Similarly, increasing the beam or skin loss
factor also had no effect on the percentage
difference between the levels at 2 = 1 and 2 =
2/3.

In order to understand the reason for the
existence of the preferable semi-periodic con-
figuration, one needs to look at the response
spectra. The response spectra were plotted and
analyzed for various span ratios. It was found
that for all the semi-periodic configurations
considered, the response spectra were dominated
by two peaks. As the span ratio wac varied,
the relative peak levels as well as the fre-
quency separation of the two peaks varied, as
one would expect from Fig. 2. Comparison of
the spectra with the natural frequency diagram
of Fig. 2 showed that the frequencies of the
Jower modes for various semi-periodic config-
urations fell on the curve marked L. On the
other hand, the frequencies of the higher modes
fell on the curve marked H. Generally, the
modes associated with these two curves are
symmetric and only these modes are therefore
excited by white nolse at normal incidence.

When the structure is periodic and 2 = 1.0,
the higher mode is strongly excited since it is
symmetric. The lower mode s antisymmetric and
the work done by the excitation pressure field
at normal incidence, for deflecting one span,
is equal and opposite to that on the adjacent
span and they cance) each other. The lower mode
therefore does not contribute to the total re-
spcnse when the structure is periodic and there
is only ¢ single peak in the spectrum for g =
1.0. When 2 = 1/3, the higher mode is anti-
symmetric and does not contribute to the re-
sponse. As 2 tends to zero the contribution
from the higher mode becomes less and less sig-
nificant but the contribution from the lower
mode increases steadily. To summarize, as 2
varies from 1.0 to O, the contribution from the
highe: mode drops from a maximum to a very small
value (zero at & = 1/3) and that from the lower
mode increases steadily from zero to a much
higher value. The total response therefore
passes through a minimum around 2 = 2/3 due to
the cembinatior of these two opposing trends. A
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similar effect was observed by Ford(13) ia his
work on the response of a beam pinned at three
points.,

CONCLUSIONS

This work shows that there is a possibility
of increasing the sonic fatigue 1ife and/or re-
ducing the skin stress level and weight merely
by arranging the stringers or the stiffeners in
a particular semi-periodic configuration. This
has potential application in areas where panel
buckling is not the main problem, The aft sec-
tion of the fuselage is a good example, since,
generally, the skins remain unbuckled during
takeoff when this portion of the aircraft's
structure is subjected to intense noise levels.
There is also application potential to wing and
nacelle st.ucture since these skins are usually
buckling resistant and are also subjected to
high intensity noise. Aircraft which utilize
upper surface blowing should have greater areas
of application for the technique since sonic
fatigue requirements usually design a larger
portion of the total structure.

The theory presented in this paper is applic-
able to flat, stiffened panels. The conclu-
sions were derived from a study of stiffened
bean: models and it is hoped to extend the comp-
utation, using a range of structural data typi-
cal of skin-stringer panels used in various
aircraft. Gererally, takeoff conditions are
most severe from sonic fatigue point of view
and therefore the effect of fuselage pressuri-
zatior need not be considered. This work is
concer..ed with the percentage df fference (rather
than absolute valuas) in response of a periodic
and a semi-periodic structure and the typically
large radius of curvature of fuselage structures
would probably have a secondary effect on that
difference.
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APPENDIX I: ANALYTICS
INTRODUCTION

The analysis uses the simplified model shown
in Fig. 1. In this model the skin edges along
the frames are considered to be simply support-
ed. The stringers are placed at distances of
L) and 17 as shown in the figure. The whole

lru..ture therefore consists of an assembly of
tuo‘panels of unequal length repeated indefin-
itely.

OUTLINE OF THE RANOOM RESPONSE ANALYSIS

In this paper, we consider the response of
this structure to random acoustic plane waves
simlating jet noise, traveling with a trace-
velucity Ce.  The spectral density of the
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acoustic pressure at any point on the structure
is denoted by Sp(w). The cross-spectral dens-
ity of the pressure at twe points on the struc-
ture, separated in the x-direction by £ , is

Sp(Ew) = 5, we'G s

where W is the frequency.

The power spectral density (PSD) of skin
stress response Sg{ w) is related to that of
the excitation Sp{w), in the following manner:

2
s, @ = [ Y| sy (A1)

where, Yo(w) is the stress response admittance
function, i.e., stress response of the skin due
to a trav 1ing sinusoidal pressure field

it x) of unit amplitude. The next
séction describes how Yg(w) is determined. It
is assumed (for simplicity in this presentation)
that the pressure and associated responses vary
across the plate in proportfon to Sin !,,1)‘
The analysis is then carried out in terms of
the “chordwise® amplitudes of the pressure and
responses,

RESPONSE TO AN ACOUSTIC PLANE WAVE

A harmonic pressure field of frequency W and
wave number k = @t- convected along the
structure, exerts pressures of equal ragnitude
at all points but at points separated by “2#& "
(the periodic length) in the x-direction, the
pressures have the phase difference k - 22
The responses of the skin-stringer Structure
at these two points are also equal in magnitude
and also have the same phase difference 1f the
structure is infinitely lon? It follows,
therefore, that the deflections (w), slopes(8),
bending moments (M) and shear forces (S) at the
points 1 and 5 must be related by

ws - w e-ol\ L
8 = 0 e-‘k 139
RIReNt 1)
SS . s !-“ 28

1
Let us row consider the equation of motion
of the skin panel

v‘w¢—o‘-)‘}iw a Mryt) {A3)
s O%

Since the skin edges at the frames are sim-
ply supported, the solution of this equation is
given by

Ays 1 YY) . c.nhl

ws Ae'l ¢ Be !
it

e
L PIIEY D.
+0e D (T ADTAT) (M)




s

From this equation for the deflection, the
equations for the slope, bending moment, and
shear force at any point in the panel can be
derived. Expressed in a matrix form,

{zw} = [g,00] (A} + ¢ e7** (k) (as)
tet us choose the location of stringer 1 as

the origin of the x-co-ordinate. Then for
panel 1

(z,) = (v} =[e,e-0p] () + pe* 1) o)

{z2)= (zo)=[erc@] (a,} + P {¥) (#7)

and for pane} 2

(2;)= (20) = (e, @] {n,} + P {K) (A8)

d=(zrpd=[erp){n)ere 20 9)

Now considering continuity of deflection and
slope at the stringer 1

w x W
3 2 (A10)
93 = 92

And concidering the equilibrium of the stringer,
Hy - ¥ = K, &

53 -3, "KT] L)

(an)

Exoressing in matrix form,

(2} = [5,] (23} (R12)
{z } = [5,] {2, 1)

Substituting for flz) and f ) from equa-
tions (A7) and (A8) “in equat oft (A12)

[ olfn, )+ = s, JEao) {Al)"[s,](x)

Therefore
()= (200 [5,] [E20] {a,)
+ e[exo] ([s,] -[1]){x)

Similarly,

(A19)
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substituting for { Ay} in equation (A9)
(@)= [exty] ol [sl;j (e0] {a)}
+ P{[s,(bz)] [eq@) (s, -[]) s

)i
Therefore, from equations (A13) and (A15)
{25} =[5,) [Eaet) [e wol s, ] o) {»}
+o[s,) {[sx(zz,] o ([s,] ™9
L0 )iy

From equation (A2)

(z) = e (z)

Therefore from equations (A6) and (A16)

[s2) [Ea22)) [E*“”]—l[sl] b o) (a0}
+#[sy] [[w'l )] (,]-(1)+ ‘“‘]&}
- e o (d

o, {[Sz] [Ext,) [el(o)]-l[sl] (e,0]
- .""'"[sl(-ll)]] {x)

i [ M,([s] []) [s:) [exctp)
[‘x‘°’] [s )] K} (A17)

Equation (A17) can now be solved for A\) ,
and equation (Al4) can then be used to solve for
A2} Utilizing equation (AS) any of the re-
sponse quantities at any point in the structure
can be computed. The stress response function
Y, (W)  can be directly calculated from the

bend1n9 moment response function.

[ e e =
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APPENDIX II: LIST OF SYMBOLS

A,B,C,D Coefficients used in equation (A4)
{a.] = [Ay 8§ ¢4 1] , 1 =1 for panel 1
1 ! ! J i = 2 for panel 2
b Panel width or frame spacing
cy Trace-or convection velocity of the
fluctuating pressure field
D;K Skin panel flexural rigidity
~ e\lx e-xlx e'“'
A« -3, % I
Ae™ ~A,e "1 ih,e "2
[E)(l)] = 1 1 2
T 2 =\, 2 A,
Al! o, A1e an ’)‘Ze. 20,
L ety aetiop nde™ oy,
h Skin panel thickness
f Frequency
fs Fundamental frequency of a simpiy-
supported beam of length ¢
[l] A unit matrix of order 4 x 4
i = \/-l
KRI ’KRZ Rotational stiffnesses of stringers
see Figure 1
Kot 5 Translational stiffnesses of
- stringers, see Figure 1
LK} S AR WA TS
k Wave number
L,2,2, stringer spacings as defined in
Figure 1
N Bending moment
P * Bty
’, Amplitude of pressure fluctuation
p oyt Pressure field distribution in x,
¥s t co-~ordinates
S Shear force
sp(u) Power spectral density of the ran-
dom pressure field
S (f,w)  Cross power spectral density of the
e pressure field at *wo points sep-
arated oy £
o W Power spectra) density of stress

response

1 o 0 O
o 0 0
[s:] *lo Kkt oo
i
~Kp; c o0 1
t Time co-ordinates
W Skin panel deflection
Xy ¥ Space co-ordinates
'-llzl
=1h,x
—Mze 2
')‘g'ﬂle S
ety ]
Yy (w) Stress response admittance function
c W as defined in equation (A1)
* 2 2 2 2
) =L./L,, the span ratio
L) “Lwy o M5
8 Skin panel slope

A = (%ﬁiﬁ)m mw

L

Mty

. .
A - - ()

Pgr Density of skin panel material
£ Separation distance

] Circular frequency
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DISCUSSION

Mr. Henderson: (Air Force Materials Lab.)
Could you clarify how you handled your forcing
function in your analytical work? Was that a
discrete forcing function at various points

or was it a distributed forcing function over
the structure?

Mr. Sen Gupta+- It was a distributed forcing
function which was in theory, a distributed
forcing being convected down the structure,

So it was a distributed force convecting at
some particular speed. In the computation

I put the speed at infinity which corresponded
to white noise at normal incidence.

Mr. Henderson: Do your assumptions or the
conclugsions from this depend upon the spatial
correlation or the pressure being the same
over several panels? How good is this
assumption?

Mr. Sen Gupta: We assume that the excitation
is highly correlated over the large number of
panels. In practice you don't get that strong
a correlation over a long distance, but as we
saw in tne curve where I plotted the stress
response against stress velocity, we also have
some data which compared the same sort of
curve for a different decay parameter of the
correlation. I found for a high stress velocity
or a high convection velocity that the decay
parametex does not nave an important effect
on the RMS stresses in the skin panels.
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