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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 tests were performed at the Kennedy Space Center
using a full scale Dynamic Simulator oi the Viking Spacecraft. Loads
in the Viking Dynamic Simulator were neasured and compared with
allowables.: Analysis method for determining loads in transportation

of flight articles was defined.

INTRODUCTION The primary objective of the TC-I Proof
Flight was to demonstrate the Titan/Centaur

The universal requirement for the design combiration.

and operation of handling and transport equip-
ment is that they shall not impose t.sign load DESCRIPTION OF THE VIKING DYNAMIC
conditions on the space flight article. That SIMULATOR
launch site transportation loads are not

critIcal for the Encapsulated Viking Space- The Viking Spacecraft is made up of two
craft was demonstrated in November and major assemblies, the Viking Lander Capsule
December of 1973 during transportation of a and the Viking Orbiter as shown in Figure 2.
Viking Dynamic Simulator.. This paper pre- The Viking Orbiter is itself made up of two
sent* tho experimental and analytical methods large masses, the Orbiter Bus and the Orbiter
used in this demonstration. Propulsion System. The total spacecraft is

supported by a 12 member truss adapter and
PROJECT DESCRIPTION the Lander is supported off the Orbiter by a

6 member truss adapter.,

Two Viking spacecraft, each :onsisting of
an orbiter and a sterilized lander capsule, The Viking Dynamic Simulator, pictured
will be separately launched by Titan/Centaur in Figure 3 uses the same truss adaptors as
launch vehicles from the Air Force Eastern the Viking Spacecraft and three relatively
Test Range at Cape Kennedy during the 1975 rigid massess., The cylindrical body on top
Mars launch opportunity.. The two spacecraft duplicates the weight, center of gravity and
are to provide complementary datt about Mars moments of inertia of the Viking Lander

and perform complementary functions as well Capsule, The two mass Orbiter Dynamic
as provide redundancy. Simulator duplicates the weight, center of

gravity and moment of inertia properties of
The launch vehicle is made up of the the Viking Orbiter.

Titan III E Booster Vehicle and the Centaur

D-IT space vehicle with the Centaur Standard The two Orbiter Simulator masses are
Shroud enclosing the entire Centaur und connected by a set of flat beam springs. The
Viking Spacecraft (Figure I). The first Titan/ mass proportionment and longitudinal stiffness
Centaur flight, TC-I, launched February II, are such as to duplicate the first longitudinal
1974, was A Proof Flight for this new launch moae of the Viking Spacecraft both as to
vehicle configuration. The payload carried frequency and effective mass.
was a low frequency dynamic simulator of the
Viking Spacecraft.
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Table 1 and Figure 4 show a comparison For the Viking Spacecraft configuration
of the Viking Spacecraft and Viking Dynamic the two truss adapters (Viking Lander Capsule

Simulator modal frequencies and effective Adapter and Viking Spacecraft Adapter) are

masse., The comparison shows excellent convenient structures for indicating the

agreement in view of the simplicity of the response levels of the basic structural modes
simulation. (i. e. low frequency). For the Viking Dynamic

Simulator (VDS) they are also the critically

The Viking Dynamic Simulator was not loaded elements. A definition of allowable
intended to be an exact simulation but only as loads in these adapters is consequently

close as possible within directed cost objec- sufficient for the total VDS. It was therefore
tives. Its primary intended usage was to decided that, for the VDS transportation test,

verify dynamic analysis methods used in pre- loads in the six Lander Adapter struts would

dicting Viking Spacecraft loads. This was be monitored. The load limits in each of the

accomplished through measurements of six struts were defined so that the load limits

response loads and accelerations during of all 18 struts would not be exceeded.
launch flight and comparison to analytically

predicted responscs for the Proof Flight The matrix of modal force coefficients
configuration. shown in Table 2 was developed for this

purpose with the VDS math model cantilevered

VIKING DYNAMIC SIMULATOR MODAL at the base of the Viking Spacecraft Adapter.

CHARACTERISTICS AND TRANSPORTATION Load limits for the adapter members were

LOAD LIMIT CRITERIA taken as 50% of design limit reduced by 1 g
loads. The 50% margin was felt to be needed

A comrrehensive experimental and for two reasons: first to cover for loads

analytical program was performed to uncertainties and second to cover for fatigue

determine the modal characteristics of the effects. Loads uncertainties are due pri-

VDS. The details of this work are described marily to the fact that there was no VDS loads

in Reference 1., In addition to frequencies and preuiction for the transportation configuration

mode shapes, the wo.'k of Reference 1 also and because the load limit criteria is based
resulted in the definition of modal force on a math model which uses approximate

coefficients for the i8 members of the lander boundary conditions, (i. e. cantilevered at the
and spacecraft adapters., The force co- transporter interface.

efficients for a givon mode indicate the
modal force in each member for normalized The resulting limit strxin criteria is

amplitude of the eigenvector solution, shown here in Table 3., The use of this
criteria requires that the measured strain

Table I contains a summary of the data oe frequency analyzed. That is the
characteristic frequencies of the Viking transler.t vibration induced in transportation

Dynamic Simulator with a comparison of will be composites of ceveral frequencies.

experimental and analytic results., The coin- The analysis must identify each frequency and

parison shows the math model to be a good its amplitude.,
one. In Reference I comparison is also made
of other parameters (mode shape, modal ASSEMBLY AND TRANSPORTATION

effective mass, generalized mass and force
coefficient data) with the same general The Viking Spacecraft will be assembled

conclusion of good correlation between experi- and encapsulated in the Spacecraft Assembly
mental results and math model results, and Encapsulation Building (SAEB No. 2)

clean room. Assembly will be on the trans-

Given the modal characteristics of a porter. Encapsulation will be with the

configuration it ts theoretically possible to forward portion of the Centaur Standard
define a limit loaa criteria refeL enced to one Shroud.

parameter. That is the limit value for that

parameter can be defined for each mode which When ready for assembly to the Launch

will preclude the exceedance of load limits Vehicle the Encapsulated Spacecraft will be
throughout the configuration. The practical transported to Launch Complex 41 in the

limitation is that any given parameter is not train configuration shown in Figare r. Trans-

equally sensitive to all modes and will pro- portation will be over either of the tv;o routes

bably have very poor sensitivity to some shown in Figure 6. The two routes are about

modes. equal with respect to road roughness and

3



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 Hý Anal. Hz

X Bending 1 4. 32 1 4.48 4.41

Y Bending 2 4.40 2 4.66 4.57
Gz (torsion) - 3 6.83 6.78

Ccupled Modes 3 6.93
i4 7.03

5 9.04 4 9.44 9.43

6 9.67 5 9.77 9.57
7 10.34
8 10.70
a 12.053 10 13.04

11 13.18
12 13.40

Z Translat':on 13 14.55 6 13.41 13.45
Z Translation 14 14.86

Coupled Modes 15 15.67 7 13.96 13.74
16 15.86

I 17 16.25
18 16.45

Z Translation 19 17. 19
Coupled Modes 20 17.60

21 1,;.23 8 18. 37 20.21
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FICURE 4. COMPARISON OF' EF'FECTIVE MODAL MASS
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TABLE 3. TRANSPORTATION STRAIN LIMITS BY MODES
FOR LANDER CAPSULE ADAPTER MEMBERS

Mode No. 1 2 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, in. /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

O

3-(211) -300 107 185 -420 -241 - 18 - 96 - 50 - 40 -321
4-(214) • 304 145 - 79 425 -228 - 25 102 25 - 44 -293

5-(212) -242 62 1 23 - 93 -251 - 53 -263 230 -587 346
6-(213) 243 57 26 98 -243 - 63 283 -212 -569 329

distance (about 13 miles). One notable Three of the eight accelerometers were
difference is the drawbridge on the south mounted to provide a measure of transporter
route. vibration (Al, A2 and A 3 )., The other five

were located on the frame adapter which inter-
Assembly, encapsulation, transportation races the Viking Spacecraft Adapter. These

and erection of the Viking Dynamic Simulator five accelerometers were located so that five
(VDS) on the Proof Flight Launch Vehicle degree of freedom motion of the spacecraft
duplicated to the extent possible the planned support plane can be defined. (Rotational
Viking procedures. Since environmental con- motion about the roll axis of the spacecraft
trols were not required for the VDS the was not measured). Full scale recording
associated lines, ducts and GSE on the trailer range was set at * 1. Og peak for the vertical
were mass simulated. The trailer was also accelerometers and * 0. 5g peak for the
used to carry instrument conditioning and horizontal accelerometers.
recording equipment.

The six strain gage measurements were the
VIKING DYNAMIC SIMULATOR TRANS- flight gages located one on each of the six
PORTATION TEST members of the PFLA. Strain gage channels

were calibrated for full scale of ± 100 O~n. /in.

Transportation tests were performed using Conversion factors between strain and load had
the basic train configuration shown in Figure been obtained from laboratory testing of the
5. The north route shown in Figure 6 was adapter members prior to assembly.,

traveled in going from SAEB No. 2 to Launch
Complex 41 and the south route was used in TRANSPORTATION TEST RESULTS
return.

The basic procedure followed in the analysis
Instrumentation for the VDS transportation of test results was to compare measured

test consisted of eight accelerometers, bix Lander Adapter strut loads litrains) to
strain gages, and tran..porter speed. Location allowables. This was done first without
and notation on the accelerometers and strain regard to frequency content., If the maximum
gages are shown in Figures 7 and 8. All data strain measured in each strut was less than
was displayed in real time on two Brush Re- the lowest modal strain limit no further
corders analysis was necessary. II on the other hand

the strain limit was exceeded it was necessary
Tape recordings were also made on two to frequency analyze the test data in order to

magnetic tape recorders. Both tape recorders make a mode by mode comparison of mep sured
also recorded time and voice. All four strain to strain limit.
recorders were carried on the support trailer.
Instrairnents and recording system were chosen This procedure was carried out in two
to provide flat frequency respons- from 0 to phases., The first was a retl time monitor
50 Hertz. of strain readinos displayed on the Brush

6
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FIGURE 7. ACCE2LEROMETER LOCATIONS ON VIKING TRANSPORTER

Recorders. rhe second phase was performed Trhree methods of frequency analysts were
at the NASA Langley Research Center follow- considered: Fourier, narrow band filter and
ing completion of the test. The real time manual ("eyeball''). The Fourier analysis was
analysis was necessarily cursory with fre- not suitable since the highest loadings occurred
quenty analysis being limited priniarily to during transient conditions and the non-
iilentitiiation of the transporter low frequency Stationary nature of the responses could not
miodes, 0( illograph records were made at be properly analyzed by Fourier methods. The
Langley for the second phase effort with narrow band filter analysis mnethod was better
blow up as to bo0th ttime and amplitude. rhere suited but problems in obtaining proper filter
were 23 time segments identified as including characteristics were anticipated (i. e. bandwidth.
all ,.gnifi'ant loadings over the total test and ioll off characteristics and damping). Ihe
detailed analysis was concentrated on these matnual inothod war. chosen for use for sevdral
time segments. Maximum values of each reasons. First, the strain data showed that
strain gage aid acceleromieter vere read generally the maximum responses in any tl-,ie
for each of the 2 3 time 4egments These segmient was in identitiable and s.,rarable
readings are contained in Vables 4a and 4b. fretlicocieb so that manual frequeiicy tnalysis

Ihe acceleromieter data shows to be very was ti. mlo.4t cabes easily doie. I'he analysis
low, the iiaxim-.in out of 184 reading being could ue Jcna ijuic~l~y. I' ioallv it appeared
t 0. 1 I g peak. that there would be large masrgins between

measured loads ande IoAd l,mits which would
t'he ~train readings are also low valuea permit the relative inac curacy of the manual

but generally exceed the lowest allowable analysis.
modal ,train (18 nitcro inch, inch) A detailed
frequenc y a4ialy sis Wa then mzad.- of the strain Ihe fi equentcf analy sis of the 2ý time
data to ihow that iin a .iodal coomparisori segment. iAc the total responses to be
basis load limits were not exce-ded. made up of 7 discernable frequencies. I'hese

8



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 2z 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
(2.0)

6 Upramp NASA Causeway Draw Bridge 16 !6 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)

9 NASA Causeway, West of Draw Bridge 26 26 26 26 33 30
(S.,6)

10 Ave. E, Pipe Trench (S.2 - 4.0) 21 32 30 24 28 27

11 Avenue E (3.5) 22 24 27 21 25 29

12 Upshift, Ave. E, Northbound 34 42 32 29 z9 34
"(3.7 - 4.6)

13 Ave., E,, Northbound (5.5) 26 26 23 24 33 39

14 NASA Causeway, Westbound from 11 38 34 10 32 39 31
Ave. E, Upshift (3. 0 - 4.0)

15 NASA Causeway, Westbound from 13 14 12 21 22 19

Ave. E (6.0)

16 NASA Causeway WA.stbound, 21 34 23 20 20 28

Upshift (3.9 - S. 1)

17 Kennedy Parkway (8.0) 33 25 22 23 43 30

18 R. R. Cros.sing, VAB (1. 3) 31 16 29 26 31 27

"19 Pothole & Downshift (7.5 - 6.0) 46 57 41 37 43 50

20 Cape Roed (7.0) 31 29 z0 22 34 29

21 Bea'h Ruad, Upshift (7.2 - 7.5) 49 31 30 31 48 38

22 Maneuvering Transient at Cx 41 44 29 19 30 33 2q
-, 0

23 NASA C4usewray Cros~over (Lane 56 42 30 34 45 53

,,,4 divider reflectorm) (5.7)

9



TABLE 4b., VDS TRANSPORTATION TEST ACCELEROMETER DATA

ACCELEROMETER DATA - PEAK * G'S
EVENT (Speed, MPH) Al AZ A3 A5 A6 A4 A7 A8

1 NASA Causeway East of Relief .02 .01 0 06 .024 . 059 .058 038
Bridge (5. 3)

2 Same (5.1) .06 03 .02 .07 .030 .044 .080 .061

3 NASA Causeway, Crossing Relief .03 .02 .02 .03 .017 .035 036 . 030
Bridge (6.7)

4 NASA Causeway, East of Draw- .06 .03 .04 .09 .028 .059 .087 .091
"bridge (8. 0)

5 NASA Causeway, East, Downshift .05 .02 .10 .09 .033 . 123 .073 . 053
(Z.0)

6 Upramp NASA Causeway Drawbridge 05 .02 01 .06 .005 .020 .036 .038
IV (1.5)

7 NASA Causeway Drawbridge Grating 02 .02 '.02 .05 .012 .028 .044 .045
(2.5)

8 Causeway Bridge Down Ramp .03 .02 .02 .03 .019 .037 .044 .038

E (Braking) (3.0 - 3.5)

9 NASA Causeway, West of .03 .02 .02 .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 (S.5) .02 .01 0 .04 .025 .037 .051 .045

12 Upshift Ave. ENorthbound .05 .02 .12 .09 .037 .130 .073 .076
(3.7 - 4.6)

13 Ave. E, Northtound .04 .02 .02 ,.05 032 .037 .044 .045

(5.5)

14 NASA Causeway, Westbound .05 0 .09 .06 032 .100 .065 .061
from Ave, E, Upshift (S0 - 4.0)

15 NASA Causeway, Westbound .02 .01 0 1 .03 .028 .018 .036 038
from Ave. E (6.0)

16 NASA Causeway, Westbound 02 .01 .05 .04 .021 .066 .036 .038

Upshift (3.9 - 5.1)

17 Kennedy Parkway (8.0) ,0z .01 .01 .03 .026 .024 044 .053

18 RR Crossing, VAB (I. 1) .07 .03 .02 .03 .017 .040 .065 .076

19 Pothole P, Downshift 07 .04 05 .09 .034 .088 .087 .106

(7.5 -6.0)
20 Cape Road (7.0) .03 .02 .02 .04 028 .028 044 .045

21 Beach Road, Upshift .02 .02 .02 .06 .036 .072 .073 .076
(7.2- •7.5)

2 2 Maneuvering Transient .04 . 08 06 .04 .036 .074 . 036 .038

at Cx 41 0)

23 NASA Causeway Crossover .03 .03 .02 .06 .05 .04 .09 .09
(5.7)

10
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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 7.0py to 7. 6 Hertz, the motion of each have basic
and easily discerned differences and the

PORWARDON measured frqenyo about 6 Hertz was0 0---A TSP DPORTERfrqec

21209 T identified with Mode I mode shape. The
2• 1 2' difference in frequency is attributable to the

2 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. Z5 Hz) or Mode 5

(11. 45 Hz) based on frequency. Identification
f I ]by mode shape could not be made in this case

because of difficulty cn reliably determining

PROOF FLCIGT LANDER ADAPTER phase relationships. However further
-STRAIN GAGE lRiDGE ON identification was academic since load limits. AXItI were not exceeded in either case.

N'' iComparison of measured loads against

2\EG O RTallowables are summarized in the plots of

Figures 9, 10 and 11. In each F'igure the

curves at the top of the plot are the limit

strain envelopes. Each dot represents a
Kfrequency/strain level reading from the 23

.time samples analyzed. The plots show that
,2comifortably large margins exist between the

.. measurd modal strains and the strain limits.

FIGURE9 8. STRAIN GAGE LOCATIONS ON
VIKING DYNAMIC SIMULATOR

TABEA5. MODAL IDENTIFICATION OF RESPONSE DATA
VIKING DYNAMIC SIMULATOR TRANSPORTATION

V DS CAN rILEVER

MODE ANALYSIS DESCRIPTION TRANSPORTATION DATA
NO. FREQ. (HZ) OF MODE FREQ. (HZ) OCCURRENCE

STransporter, Infrequent (low level)
Rocking

Transporter 2-4. 5 Predominant

VertiCal

1 7.0| X 5.4-6.2 Frequent

7.4, Y -y Not Discernable

S7. .. 0-- Not Discernable

4 Iu-.s X & Y 10-11 Frequent

5 11.45 Y (See Discussion)

6 15 79 Z - Not Discernable

7 16.49 ey & e2 16-17 Frequent

8 2I. iq ey k X l'4-12 Infrequent (low level)

q i0.8Ž g-- Not Discernable

I') 18 Coupled 35- 1 Frequent

IIi
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The method used to compare transporta-V 
'IINtion loads to allowable considers loads inA O

each mode separately where in the actual3
case there may be response in more than -

one mrode occurring at the same time. The
margins between loads and allowables were D
large enough that further analysis was felt ...... 4-

to be unnecessary.

The most noteworthy factor in the U -14-RL

accelerometer data was that the levels were 
SIEDvery low. Maximum values were generally

less than + 0. 10 gas. Th~e highest value seen -

in the total, 26 mile circuit, was * 0. 13g. SR
ByMEASURE)This was aicceleroimeter No. A4, spacecraft/ B OE

transporter interface in the fore and aft I ----

direction and was ca~ised by gear shift -Tl

'ptransient. In reviewing the results it became
obvious that acceleronmeter iineasurenlents on
the transporter is insufficient data to evaluate
the severity of the transport environment and
can actoiaiiy he misleading by seeming to be I j 4
very low. IRAN FORiER MODE WDE MOOT

Although there was acomfortable margin
between loads experienced in transportation to 100
and allowables, the Iluadn were large enough FREQUENCY. HERTZ
to emphasize adherence to the transportation

FIGURE 10.

-~ ~ 0 1 ALW8- 4

ALLOWASILES 1 .JNtl jjjj
MA EASUREDL

FIGUDE 9. iMODE 4iIA OR?.'i ;

'Is

FREQENCY HERZ fE(,UENy. HER??

V I U t E1).FIGI'RE' 11I



procedures specified. These procedures, It was found that road roughness and trans-
originally outlined in Reference 2, contain the porter speed were the two most influential
following pertinent points: parameters in transportation loads. Eight

miles per hour was found to be a safe limit

I. Transporter tire pressure should be speed for smooth road. Lower speeds were
maintained at 70 psig required depending on road roughness.

2. Transporter speeds bhould be lirited It was found that technique in operating
to, the tollowing maxi,,a: 8 mip', over the tug had significant effect on loads generated.,

s:nooth rosd,: , xpih over minor bumps, Specifically a large transient could be
2 ; mph over railroad track, and other generated at the point where the tug shifted
"similar road roughner, gears. Highest loads were experienced when

the train was being slowed down in the

3 Sudden hard application of brakes must approach to a bump in the roadway and the
bp avoided tug down shifted simultaneous with the trans-

porter's traversal of the bump. Proper
4. Proper use of tug kears is essential to operation would have reached constant speed

in•iitmize gear shift transient loads, operation before bump encounter. Proper
tug operating techniquei can also minimize

ANALN TIC SOLUTION OF TRANSPORTA- the transient at gear ihiit.
TION LOADS

Finally it was found that measurement of
Analytic solutions have been performed transporter vibration g levels is insufficient in

wbich use the accelerometer data at the itself to be assured that spacecraft loads are
Spacecraft/ rransporter interface as input not exceeded. That is even very low vibration

for( nlg functions using the math miodel of the levels (less than * 0.1 g's) at crihical
V DS t:h'Luhsed earlier in this report. Pre- frequencies can cause allowable loads to be
lti inary results ,if thli analyts, which is exceeded.
ii nrogress at this writing, show reasonably
good correlation of measured and calculated ACKNOWLEDGEMENTS
strut loads.

transportation testing of the Viking
When the Viking Spat ecraft is trans- Dynamic Simulator was the net result of the

ported th,.re will be act.elerometers at the coordinated efforts of many people and many

same Spacecraft/Transporter interface agencies. The agencies involved included
loc ations as for V DS testing with the addition General l)ynamli s Convair Aerospace
of a 6th acceleroiicter to provide 6 degre.' Division, Jet Propulsion Laboratory. Martin

(if frtedom data. Dynamic loai, analysis Marietta Corporation, NASA Kennedy Spame
will be perfornmed only if smsething unexpt-cted (enter, NASA Lewis Research Center. NASA"
occurs rhehe dynamik re.sponse analysis l.angley Research Center and the General
will be perfmiried using the ineamured inter- Electric Company in support of the Viking
fai iinution as input fort ing tinctioins to show Project Office at Langley. Floyd Curington
what loads were experienced by tne Viking of NASA Kennedy Space Center, Fred Day for

.,pacecraft. the Jet Propulsion Laboratory. Alex Leondis
for General Dynamics Convair, Tom Jones of

(ONCLUSIONS NASA Langley Research Center and Hal Baber
of the Viking Project Office contributed to the

Iit 's ,hiiwn by umiduLtng tran iirtat),n success if this test program.

test- o Oithe Viking l)ynarmtc Sti•ulator R i:FF EN.FNC FS
a( cirding to prescribed transport pro ediuire.
thb•t Imit(|, iii the spacer raft w.miild be withinth. specific .ition sllowable,. 1. A. F. L.eondis, Viking Dynamic Simulator

SVibration resting and Analysis Modeling,

It %%a, also 0hown that in the event .of 4it Shock and Vibration Syiposiun,.

unexpected -,(currenmes during transporta- 2. J. S. Cacho. Test Report for Vikig
tion, accelerometer measurements at the Gacho, Tes t orkA
IbpacecrafttTransporter interface could be transporter B7o-d hility Testr GD)CAReoort ItNZ/ 7f-U 50. 9 October 1972.
used in a dyndunic loads analysis tt, define
the loadh internal to the spa • ecraft.
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DETERMINATION OF PROPELLANT EFFECTIVE MASS
PROPERTIES USING MODAL TEST DATA*

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 represented accurately. For a structural eystem
involving 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 etfective 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 cum-
puter simulation and then by the actual modal test data of the Viking Orbiter Propulsion
Module.

SI. INTRODUCTION of the mathematical model. This paper pre-
sents a method for the evaluation of the effec-

The de'.elopment of finite element models for tive mass of the fluid from modal test results.
dynamic analyses of spacecraft and launch Overall cost is reduced by elimination of a
vehicle system requires proper dynamic repre- special effective mass test and substitution of
sentation of fluid masses, a slight extension of a required modal test,

Proper mass representation is 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 iRef. i ). Full scale pro-
pellant tank testing provides a means for
obtaining complete fluid nass properties
accounting for such effects as geometric tank
irregularit.es, baffles, and propellant manage-
ment devices. Due to requirements of elabo-
tends to be expensive. During the cGurse of

Viking Orbiter structural uynanic analysis,
such a test has been conducted (Ref. 2). F ig-
ore I shows the test set up and Figs. 2 and 3
show the typical measured effective mass prop-
erties as a function of the Viking Orbiter pro-
pellant tank ullage cond:tion.,

Modal vibration testing is required on most
spacecraft projects as a means of verification Figure I Prope'lant Tank Effective Weight Test

orhis 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
Nation,.l Aeronautics and Space Administration.

r ° .



To further illustrate the feasibility of the
method it is applied to the Viking Orbiter. In

D 0using Viking modal data it was found that the
required modal matrix formulated from test
data can be ill-condttioited if inaccuracies

x_ 0 53 D exist in the data. This ill-conditioned modal00 - matrix violated certain assumptions made in
0 the derivation of the method. Based on the
past experiences, it is likely that the inac-

1 0 I curacies existed in the mode shape measure-
A Wments rather than the natural frequency.. PRAD WI1TH F RII RANGL

5 -20 Hz measurements. Therefore, a perturbation
S"J WITH ACCtL tanG1 technique was developed to "treat" the raw test

r•0 3-1 09 data lo avoid this ill-conditioning and perturb
the data to result in a solution with physical

0 1 0reality. The results of the fluid effective mass
obtained by this method are compared to that

L obtained from the full scale tank tests.,

n , %I"II. DESCRIPTION OF THE PROBLEM

In the finite-element representation of a struc
tural system, the continuous structure is dis-

Figure 2 Effective Mass Ratio - PMD In 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 oe attached to all or some
of the degrees-of-freedom. These masses
represent the inertia propertits of the struc-

frio RANG tural system. Then the equation of motion
7P10 It, 076C D governing this discretized structural system
PITC lIt $30 can be written in the matrix form

PITCH AXIS _ i

S30[ M I I [CI } +ý. IKI{() ý (f(t)) (i)

'II vli e re

[M] mass inatr~x

[CI damping matrix

-. j )KJ - stiffness matrix

UAU VOLUW. % {)} displacement vector of each
degree-of-freedom

Figure 3. Effective Moment-of-Inertia
Ratio - No PMD (f(t)) forcing funttion vector

l'he loads due to the dynamic environments
can be caltulated by

First, a relationship beturen the effecti*e

nass matrices of the fluid, and the neasured
diode shares and systemi frequiencies will be (1P) ISJ ) W2
derived. While the derivation is intended for
the determnination of effective fluid miass the
method is equally applicable to other unknown where
ma s ses.

(P) member loads %ector
Next the procedure is demonstrated by com-
puter simulation. Feasibility of the method is IS) stress coefficient niatrix
established by applying it to an example prob-
lem Aherein analytical data is ,rt sumed to be Htere ) .) is the solution from eq. (I).
derived from modal test. I'he fluid effective
mass matrix is thus reconstructed and corn- Based on the geometric configuration and
pared to known results The agreement is material properties of the individual element,
found to be very good the stiffness matrix [K) and stress coefficient

1.
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matrix [S] can be constructed. The mass Since the eigenvector [I] and the eigenvalue
matrix [M] usually is constructed by concen- L" )] are functions of the mass matrix [M) and
trating nonstruct ral and structural masses the stiffness matrix (K 1, it is poEsible that
onto each degree-of-freedom. The distribu- part of tle mass matrix %htch involves the
tion of the masses among all the degrees-of- fluid can be identified by using measured [(]
freedom is dependent solely ,n the analyst's and [XJ. Unlike the effective mass obtained
engineering judgement. The damping matrix by full scale tank test '.thich is constrained in
[C] is estimated from the test. To predict urnaxial motion, the fluid mass properties
the responses and loads accurately, the determined in this fashion have the advantage

parameters such as the stiffness matrix [K] of being realistic in the fluid motion. In addi-
and mass matrix [M] must be realistica3ly tion the resulting fluid mass matrix shows good
representative of the actual structural system. correlation with the system being tested. To
The state-of-the-art of analytical mcdcling is verify the validity of other parameters modal
quite advanced. The stiffness matri-/ [K] can tests of several different mass configurations
be accurately constructed once "he geometric cani be tested such as an empty configuration or
dimensions and material properties of discret- a configuration with known added masses. In
ized elements are determined. The trais the following the relationshp between the test
matrix [M) caa be constructed with relative measured normal modes, natural frequencies

ease by distributing the physical mass to the and the unknown fluid mass will be derived.
degree-of-freedom. The analyst's experienced
intuition is usually adequate for determining II. DERIVATION
the mass matrix. Also the total mass of all
the degrees-of-freedom must be equal to the In principle, the mass matrix [M[ and the stiff-
total weight of the structure., However, for matrix [K] can be calculated as a function of
fluid masses, the mass matrix cannot be accu- the measured normal modes [(] and natural
rately determined short of a full scale effec- frequencies [" X J from the orthog~nality con-
tiveness test. Since the "effective rniass" is ditions expressed in Eq. (5) if [[E4 exists.
involved, the mass representing the fluid may However in practice, the number of modes
or may not be equal to the total weight of the measured during the test are much less than
.'luid. the number of degrees-of-freedom in the ana-

lytical model. Therefore, [(] will be a rec-
"In a process of structural analysis, the iiwthe- tangular matrix and [€.] - 'does not exist.
matical model formulated by analysis is often There are other conditions which must be
verified by certain tests. Usually a modal imposed to calculate the mass matrix.
test is conducted for this purpose. Durnig the
modal test, the natural frequencies and the First, let the number of degrees-of-freedom of
normal modes of the structural system are the analytical model be n , then the total mass
measured. These correspond to the eigcn- matrix can be written as
values and eigenvectors of the modal analysis
which can be expressed as follows:,

n X n --- 1-
f%1](k) + [Ki(x) - 0 (3) (6M, )

Li
Let

whe re
{") - ¢Jjq) (4)

[M] maps matrix associated with
such that fluid mass

in number of degrees-of-freedom

[ N1 to] [ %I~M representing the unknown fluid

"[m2[ mass matrix representing the
[Stl [KJ~ \ol .mass distribution other than the

fluid mass

Here [4, is the eigenvector matrix and [" X .] Further, it Is assumed that the stiffness
is the eigenvalue. The mneasured normal matrix [KJ and mass matrix [1M2 1 constructed
mooes and natural frequencies are compared by the analyst are correct. rhese parameters
to these values. Equation (5) is referred to as can in practice be verified by tests excluding
the orthogonahity condition. [M1 1I. so only the mass matrix [M II which is

17



representing the fluid mass are to be Tr
determined. [M] 1  =[M r X .][ MG J(4
A pre-test modal analysis with the same stiff-
ness matrix (K] and an estimated mass matrix IKI] = XF J[IM][" > .[I " (15)
[MF] will bei performed. The matrix [MF]
will be of the form of

FI where

[MI T7
F1 M / A [OF)I[M][OF] (16)

The normal mode matrices [0J and [OF] can
be partitioned into two parts, one is for all the

Here [MFI] is estimated. degrees-of-freedom associated with fluid mass
and the other is for the rest of the degrees-of-

The modal analysis freedom.

[MFI(X} + [K]{x} = 0 (8)

yields the normal mode matrix [(F] and elgen- F I-
values t XF -1 which satisfy the following [¢F] (17)
orthogonality condition:

[(0FIT[MF][(F] 
= [ I ,1 identity matrix

(9) where

[FJ-T(KI[,FJ [ rXF] mXm
OF ]Mode shape associated withL'I [MFI] degrees-of-freedom.

Only m number of modes are required, there-

fore matrix [F( is of the order n X m. (n-m)Xm
4LF F21 Mode shape associated with

Now, let the test measured normal modes [61 L other degrees -of-freedom.
and the pre-test analytical modes IOFJ be rela-
ted by a tranformatLon matrix [T] as follows: Substituting Eqs.. (7) and (17) into the orthog-

onality condition as expressed by Eq. (9),

[ TF (10) gives

1  TF"' [ I (410)]

Pre-multiplying Eq. (10) ly Ikbi a.nTdMF. and
using Eq. (9), one obtains

[M] - 1-01 Ii] ()ll + [OF 2]T[M2]['F 2 ]

where

Im I IrM ( 1)

F1 Fi Similarly, Eq. (16) caa be expanded as

From Eqs. (10) anti (I)I one obtains

[,] 141F 1 1] (13) F) L

H-ere the IMI is a square matrix of order m.
+ 'OFZ]TIMI% 

2  [A]
Now substituting Eq. (13) into Eqs. (5) and
using Eqs. (9). one may obtain (19)



Subtracting Eq. (18) from Eq., (19), gives

[1lF ]T[Ml][FbFl] =[FA]- 1

(20)

Since [(OF, is a square matrix of order m, it
can be inverted. Therefore, the unknown fluid
mass matrix [Ml I can be calculated as

M1 (21)

In the following, the procedure will be
summarized:

IIi. Collect the test measured normal
modes [0, and natural frequencies

2. Perform the pre -test analysis based
on the estimated unknown fluid m aSS
mk 1. 1 an"d obtain the normal roode

Iand eigenvalueI F -.1
Figure 4. Viking Orbiter Propulsion

3.Clclte~- 0JT Fk Module Modal Trest

4. Calculate 11tid ii ass miat r 
3 

have been ebtmisited based
' -- -on thle full scale 'single tank slosh test in which

FM K-1)j[ the effecti~e nia'ss is measured udrthe
Li tiial ul lage (onlit ion. The Analytical model

5. Calculate the unknown fluid mass sit the -structu ral systemn consists of 702 Plastic
M ~ f rom Eq. Q2 I~ (leg rees .cf- freedom and I i dynamic degrees.

of-f reedotin. Figure i. shows a schematic
IV. COMPU 'ERI SIM\U IAMlON d ra%%ng Of the i in itt element ino~tlel. The

scalt ulasted normtal mlodles and eigenvalues are

'I o demionst rate' tile zea 'ibility of this prit e. pre'sumed to lie derived fromn the mnodal test.
(lu re, 4 aomputeor 4imiulit ior ha,* been per. Thle puirpor te to apply thesie data to the above

formed. The anlt i s odel of th, Vtking menitioned method and to ret unstruct tile fluid

Orbiter Propualsion Mtodule I1' ig. 4) is chiosen iii.. Omatrix. Th'le pre -te at analysis is per,.

for th's p rpos..... Th'le % di ing ()rbiter lPropiul. formied bly A.suming that fioth the fuiel and oxi-

sion Moduile isinsists minsnly of tao, large pro- di/er tanks are full andi the corresponding flu-i

pell.ant tank's, a pre's'u rant tank., a rot ket nia- mat rix s t 0se.. [he Lalculated fluid

en6:tni,.a propellaint ont ro7 seiil and -up. flias matrix ton Ipares ye rV %kell With the
port structurAl ,mvinesior, I he propellant or iginiil fluid miass mat ri'. A new modal

tank, tarrv approxsmiiately MOO1 pot-rds oif analysis is perfornwiet based on thin- reton-

liquid fuel .nd
1 

oxoidtei . eat hs different., and strutted fluid iiasi mratrixs. 'aTh, i 'shows the

t0 e total %% eight of the other ,iniponent, le Is, omipdrison of eigenvalue- between the results

t han _'01) pounds. Ea~ht iso the fuel and oxi~titer of the original fluid msi~ss mat ri's And calculated

5,. ~~nia s, is represented! h .t tingle iii.. point Ivskii iiah must ri's. 'I e e'stcl~ent ag reemsent
lotated at itts enter o! Lir istt Ait thb %x' 1. obv'iot. 'this establishles thle feaslibility ot

degrees-o:- freedomr. I bus, the total fluid thle inethod. Nexst, instead of co.npute r sinso-

madss of the stru, tural si stvnti is represeisted lateil test data. at-uAl t1st data will ')v used to
by 12 d~ieg rsee.-of -fri-i iomin the'aie in this ret onstrut t thle fluid miass viat ris.



Table I. Frequency Comparison

Frequency based Frequency based
on original mass on calculated

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

FUEL, 10 52.909 52.900

11 61.011 60.998

T0 TANK CG Z 12 64. 602 63.900

"13 71.930 65.201

SX 14 73.837 73.8151TO TANK C 15 79. 559 79. 518

16 96. 993 90. 375

17 118.86 97.854

18 121.65 114.65

19 1 Z5. 19 121.73
Figure 5. Schematic Drawing of VO'75

Propulsion Module Finite 20 138.02 126. 50
Element Model 21 141.06 136.70

V. PERTURBArION rECIINIQUE FOR 22 156.71 156.58
TREATMEN r OF rESr DATA 23 194.86 159.90

Data from the modal test of the Viking Orbiter 24 199.95 187.27
Propulsion Subsystem are used in thti method
to calculate the fluid mass matrix. The results
alal to reconstruct a physically meaningful

mass mtatrtx. Alter careful examination, it is
tonhnd that the test data does not satisfy some o [t I deviation of measu red modes from
the assumptions made in thits method. One of true"' modes.-
the as sumptions is that the stiffness matrtx [K]
is as mumed to' he correct. Therefore, the Substituting Eq.- (22) into Eq. (12), gives
orthogonuality condition expressed in the second
equation of Eq. t) imust be satisfied by the teat .rI'
measured modes (j1. 'hiis orthogonality con- ( I0 f'l'.JI I'. F i 23)
dition is also expressed in an alternative uorm
"in Eq. 114). Using test measured normal Defing
miodes. the triple product does not yield a diag-

"onal miiatrix. It is concluded that the tnatcu- rIltvll¢ !
racies in tile test inode shape imieasuremient F1 F
are the causes. rherelore. the raw test data (24)
situst be treated such that Eq. (14) will be r
satisfied. Assuming that the test measured I'l [vF

1 
[MF[.' 1

inodes are de\ iated from the true modes such
that Equation f23) can be rewritten 3s

,here I Ml I I 1 (25)

14' test •easured normal niodes. Substituting Eq. (25) into Eq. (!4), gives

I0



1 ni * 1 T + ( 6] T] r X r1  + [6 tank configuration and the other configuration
~ L~~ LJ 1

FJLIJ +is for the tanks having tillage, In both cases
the pre-test analysis is performed by using the

(2) effective mass for the fluid mass matrix
(2) obtained from a full scale tank slosh test.

H~ere the generalized mass r M...jisnr Three iterations have been used in both ca.es
isze noruity to calculate [MI. The final reconstruct ed fluid

malied t uniy.,mass matrices closely resemble the effective

Equation (Z61 can be expanded as follows ma~s matrix based on the full sc--e tank slosh
te st. Based on these reconstructed fluid mass
matrices, modal analyses for both configur-

(Mi 1T~ [_ +f[6)Tr~3 ~ atiuns are performed. Table 11 shows the
L.F~ L~~ frequency comparison between the results of

pre-test analysis and analysis based on the
reconstructed fluili mass ma~rix (post-test)

T i ''~F [] Vx~ x to-ether with test-mieasured frequencies for the
+ FJ Lull tank configuration. Table III shows the

similar comparison for the ullage configuration.

(27) In both cases,- the pre-test analytical frequen-
cies and post-test analytical frequencies are in

where good agreement with test measured frequencies,
the post-test frequencies having a slightly
better agreement.2

T (8
1XII (Z j 'j rable Bt showks the reconstructed fluid mass

matrix comparing it to the effective mass
matrix based on the full scale tank slosh testIIt may be notcd that [VI is not a di.ogonal for the tillage configuration. As mentioned

miat rix.- before, the slosh test is a uni-axial test in
which the inertia coupling effects such i- Ixy.F If the deviation of test measured modes is ly.(i2 IzX cannot be measured. The small

small, it is reasonable to assume that amount. of inertia co-plings shown in the test-
measured effective in.--s matrix are due to the

Ir~1'L't  ] hi(29) CG ,hift for the ullage configuration. The

rable 11. %'071) Propulsion Subsystem
Tlhen Eq. (27( can lie approximated as Modal rest - Full Configuration

Frequency Comparison

[1-3 \F[Vi'" \F1I kF -[%, k Ni ode N'o P re -Te st Te st Post-Test

(3J 12.317 (cPS1 12.99 13. 06

2 15. 86 17. 66 17. 58
VqIation (01ý can be used for- solving Itý] and 3 1.3 0 0 2.I
lOils" (I Uent I j I .ýAI an h d 'I( ulateil I rutm 9 7 0 o 2 .1

(jq,. 2 , . I' h ne I l I. o"' lat ed 7 is ' the I 1su Ib- 20. 4(1 22.97 23. 13
stituted into I q. ( 14). If I q. 1) It, still nlot -11" 10 28. 33 28.53
sati.t,he wýithin retsonabl,. atturitt , the
entire pruicilur. in hit.b repeated to cik nllate o 34. 1H 32. 76 32. 69
atnother new% MI. Iblis is thle ite rationi proc C-
ilure tor treating thle rawk test datý..

I'le ri1ethod tal'. ad% antatv 01 orrecting the i'able Ill. W'075 P'ropulsion S'ibsys~emi
solution to impose known conditions during the \lodal lest - I liage Configuration

c.%lvulation to preent s:ilall errors to pro;),A- Frequency Comparison
gate Andi result in large errors Iin thet t114,11_______________________

solution. It is sitmila r to proi Liiires used in Mode No. P re- irest Irest Post - rest
iunite elemlent lwethod %%here. thme ýtinnre4,____
miatrix 01 substructures or subsets 01 tinite I I S. 9)5 (CPS) 16. '7 It . 71

eleweiie: ire (orre ted to represent rigid bodly
mmotion. ()fteam siviall conipiuter romndott errors 2 18. 1)0 20.00 20. 09
rt-silt in i stinebs mat rices thait dto not satisfy 3 2.1 4 8 2.o
/ero torceb duirinig rigid body motion,- ilet. 4).3 2212408 4.o

4 2'). 0, 30,77 31. 58
Iwo0 bet. ii test ilata have been usevd to tal.u- *' 30. 87 28.48 2t_ 00

lit, thle Iluil ii~sb miat ri\. One is ior tile 111 tull_____________ ___________
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Table IV. Oxidizer Tank Fluid Mass Matrix Comparison ot Ullage Configuration

M M M i I I
x y z x y z

M 1797.40" 0.0 0.0 0.0 12693.17 0.0x (1836.80) (-38.46) (6.40) (-1130.40) (13128.00) (-1168.60)

M 0.0 [797.40 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 0.0 117.40x (-1130.40) (-13048.00) (-473.62) (149740.00) '(-21968, 00) (2247.50)

I 12693. 17 0.0 50.48 0.0 152958.80 0.0
Y (13128.00) (-1263.20) (539.87) (-21968.00) (163250 UO) (.60404.00)

I 0.0 -50.48 0.0 117.80 0.0 36487.43
z (-1168.60) (9. 12) (-679.47) (2247.50) (-60404.00) (36677.00)

Fuel Tank Fluid Mass Matrix Comparison of Ullage Configuration

1" M 1088.43 0.0 0.0 0.0 3591.!,b 0.0x (1274.,10) (-6.69) (-36.92) (-2065.40) (3,84.70) (-2452.90)

SM 0.0 1088.43 0.0 -3593.58 0.0 -50.48

y (-6.69) i1106.00) (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)

0.0 -35-3.48 0.0 112827.80 0.0 1.50

X (-2065.40) (-3307.60) (334.80) (136020.00) (-12674.00) (23927.00)

I 3593.48 0.0 50.48 0.0 [[2746.50 0.0
(3484.70) (-916.81) (-809.56) (-12674.00) (117870.00) (-21052.00)

0.0 -SO. 48 0.0 1.50 0.0 33SZS.03
(-2452.90) (251.02) (442.97) (23927.00) (-21052.00) (31564.00)

NO'"E: 1. Numbers without parentheses Lre obtained from full scale tank slosh test.
2. Numbers with parentheses are calculated from modal test results.
3. Unit of M is lb.
4. Unit of I is lb-in. 2.

reconstructed fluid mass matrix based on the Propulsion Module. the fluid mass matrix has
modal teot data is a full matrix with every 1.2 degroes-of-freedom but only 6 test-measured
inertia coupling term presented,: The diagonal modes are avoilable. A careful examination of
terms of the two matrices are in good agr-e< the test-measured modes reveal that onlythe first
ment. It is difficult to attach a physical mean- S normal modes are predominantly involved
ing to translational inertia coupling terms such with the fluid motion. From the 6th mode on,
as Mxy, My .. Max which appear in the recon. very little fluid motion was involved. They
structed fluid mass matrix., Nevertheless. are high frequency modes and primarily local
these terms are of small quantities compared modes, The amount of participation of fluid
to the diagonal terms motion in each mode can be determined by

k VI. CONCLUDING REMARKS examining the local kinetic energy distribution
of each mode (Ref. 3). For instance, the 6th

Throughout the derivation of the method, ,t mode is a pressurant tank mode, more than
appears that the number of test-measured 80% of the kinetic energy is concentrated on
modes must be equal to the number of degrees. the pressurant tank, very little motion is foundof- freedom of the fluid masas mat rix to be in other dog room.of- freedom. This leads to a

reconstructed. In the case of Viking Orbiter conclusion that the dynamic characteristics
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of the fluid mass can be represented by the information might be of value to future projects
first 5 modes. Also, it can be found tlat the such as the Space Shuttle.
higher frequency local modes are relatively
independent of the dynamic characteristics
of the fluid mass, Therefore, one may sub- References
stitute the test-measured modes by the corre-
sponding analytical modes without losing the I. Abramson, N. H., et al, "The Dynamic
dynamic characteristics of the fluid mass, Behavior of Liquids in Moving Containers,"

NASA SP-106, 1966.
The feasibility of the method has been demon-
strated by both a computer simulation and by 2. Gayman, W. H., "Measurements of
actual -.iodal test data. The results are in good Propellant Fluid Dynamics, " Jet Pro-

- -J agr'cement with the results of a full scale tank pulsion Laboratory, presented at the
slosh test. The advantages of the method are Aerospace Flutter and Dynamics Council,
the elimination of a full scale fluid tank slosh Seattle, Washington, May, 1973, to be
test and the ability cf obtaining the cross- published as a Jet Propulsion Laboratory
product of the inertia which, in general, are not report.
measured from the full scale slosh test.

3. Wada, B. , Carbs,, J., and Chen, J.,
This method is relatively simple to implement "Develounent and Correlation, Viking
once the test-measured modal data are reduced Orbiter Analyt cal Dynamic Model with
into the form which is compatible with the Modal Test," Jet Propulsion Laboratory,

* analysis. The Viking Orbiter modal test has presented at tne 44th Shock and Vibration
been performed with automatic data acquisition Symposium, Houston, Texas, Dec. 1973,
and reduction (Ref. 5). Therefore the test also published in the Bulletin.
data is readily available immediately after the
completion of the test. Utilization of the test 4., Bamford, R., Wada, B., Garba, 3., and
data for parameter identification such as Chisholm, J., "Dynamic Analysis of Large
reconstruction of fluid mass matrix can be Structural Systems, " presented at the
performed before the complete dismantling of Winter Annual Meeting of the ASME,
the test set-up. Washington, D. C., Nov. 30, 1971; also

published in "Synthesis of Villrating
This method is still in its preliminary state. Systems, " ASM E, New York, 1971,
Many of the details lack the rigorous mathemati- pp. 57-71.
cal proof such as the convergence of the itera-
tion procedure. Also the conditions for which 5. Leppert, L., Miyakawa, R., and Wada, B,,
the final results converge to the true solution "Modal Test Results of the Viking Orbiter,
have yet to be established, However, these are Jet Propulsion Laboratory, presented at
the same problems which still plague the the 44th Shock and Vibration Symposium,
"system identification' , i.e. using the results Houston, Texas, Dec. 1973; also published

of dynamic testing to identify the parameters in in the Bulletin.
the equations of motion tRef. 6). Defnitely,
more work needs to be done in this area. 6. Flannelly, W. and Berman, A., "The

State of the Art of System Identification of
Although the method has been developed for Aerospace Structures," published in
identifying the dynamic characteristics of the "Systems Identification of Vibrating
fluid mass. it can also be applied to other Structures, " ASME, New York, 1972.
unknown masses and stiffness terms. This pp. 121-132.
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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 incorpciration 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 post flight proc-
essing of the data with a modified ground station and ana-
log computers, greatly expanding ,he capability for
detailing structural response information from the lim-
ited number of transducers,. is presented and the uiuccess
of these techniques discussed.

INTRODUCTION philosophy has been to use predicted transient flight
loads to design the primary load carrying struc.

The Viking Spacecraft will be launched ture. (11 This approach influenced both the test and
aboard a new launch vehicle system,. the Titan the analytical aspects of the program. The struc-
UIE/Centaur, in August 1975. The Jet Propulsion tural testing has been directed towards verification
Laboratory (3PL) is responsible for the Viking of the analytical models and techniques through ex-
Orbiter System, which is part of the overall Viking tensive modal test programs, (2, 3? the use of
Project managed by the Viking Project Office at structural response limitations for high level tests
Langley Research Center (LRC) for NASA. (based on the predicted flight induced loads)(4, 5),

and static test for structural qualification of the
Although the Viking Spacecraft is not the primary structure based upon predicted flight

first hardware designed to fly aboard a new launch member loads. This differs from the conservative
"vehicle system, areas do exist where somewhat approach of designing and testing to test specifica.
unique approaches have been taken to familiar tions that simulate flight environments. The ana-
engineering problems., These areas include the lytical aspects emphasized the coupled launch
basic approach to design of the primary structure, vehicle/spacecraft dynamic model and its responses
the methods employed in the verification of the de. to external transient forcing functions. The im-
sign, in particular the flight of a dynamic simula- portance of the analytical effort to establish design
tion of the Viking Spacecraft (referred to as the and qualification loads provided impetus to verify
Viking Dynamic Simulator (VDS));, and the flight the accuracy of the analyses.
instrumentation and data reduction techniques
employed. VDS CONFIGURATION

This paper will emphasize the somewhat The proof flight of the new launch vehicle
unique aspects of flight instrumentation and post- system provided the unusual opportunity of flying
flight reduction techniques used on the VDS data a dynamic simulation of the spacecraft, the VDS.
obtained in February 1974. The Viking Spacecraft The main objectives of the VDS were to verify the
design approach is briefly discussed, mathematical modeling techniques, the methodology

t,• employed in coupling the spacecraft and launch
vehicle models, the loads prediction techniques,

VIKING SPACECRAFT DESIGN APPROACH and the flight instrumentation. To best meet the
objectives, the VDS flight Inst "umentation design

The Viking Spacecraft is one of the few consisted of accelerometers, strain gauges, a
projects in which, from inception, the basic design specially designed data reduction facility with sets

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.
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of phase and amplitude matched filters, and analog effective because it can be used as a unique forcing
computers. Similar instrumentation is planned for function to be applied to a model to obtain estimates
the two Viking Spacecrafts. ot responses at many locations above the interface.

However, since accelerometers will only measure
The Viking Dynamic Simulator (VDS) is the local accelerations for a flexible structure, the

shown in Figure 1. It consisted of inertia simula- six degree-of-freedom motion across an interface
tions of the major components of the Viking cannot be determined. The VDS instrumentation

Spacecraft. The Viking Lander Dynamic Simu- approach differed primarily in the use of six chan-
lator (VLDS), and the Viking Orbiter Dynamic nels of strain-gauge data to determine the force
Simulator (VODS), were suppnrted by flight-type time history across an interface. Additionally six
trusses. The composite VDS payload simulated channels of accelerometers on the "rigid" simula-
the inertia properties of the Viking Spacecraft and tion oi the Viking Orbiter bus provided its complete
provided limited simulation of the dynamic char- motion time history. These sets of special meas-
acteristics of the spacecraft. A thorough modal urements, augmented by two additional strain
survey, including modal force data, was per- gauge transducers and one additional accelerom-
formed to verify the VDS ma.,hematical model. (6) eter, made it possible to generate over thirty

response parameters, when processed by the
VDS FLIGHT INSTRUMENTATION specialized playback equipment.

"Most spacecraft flight instrumentation to The VDS was also instrumented with a
obtain dynamic environmental data has consisted microphone for acoustic measurements, and a high
of accelerometers located in critical areas to frequency crystal acce.erometer to correlate pre-
measure important local input or response data. dicted and measured local environments., The
Less often, accelerometers were used to measure channel assignments and measurement numbers are
the six degree-of-freedom motion across a "rigid" listed in Table I. The locations of the various
interface, as was attempted on the Mariner 6 and transducers are shown in Figure 2.
7 spacecraft. This type of information is more

The VDS response measurements were
,VDS 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

VIKING LANDER the Proof Flight Lander Adapter (PFLA), were
DYNAMIC instrumentea with temperature compensative strain
SIMULATOR (.DS) 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 forPROOF FLIGHT verification of the loads prediction techniques,

LANDER ADAPTER (2) provide a complete time history of the forces

VOOS %US.(..LA) and moments across an interface, and (3), com-
VIKING ORBITER pleteiy define the accelerations of the structure
DYNAMIC above the PFLA.
SIMULATOR (VODS)VOD$

SftUNG• The individual truss member full scale
MASS •ranges and zero load bias values are presented in

Table II. The channels were biased to provide

SPACECRAFT approximately 60% of the range as compression,
ADAPTER (V-S/C-A) 40% as tension. The effective cut-off frequencies

listed in Table II for channels 12 through 17
VIKING resulted from employment of non-standard dis-
TRANSITION criminator output filters. These were required for
ADAPTER (VTA) proper phase matching during analog computer

,orocessing to determine VLDS rigid bo-dy motions,.
Ihe normal output filters could not provide phase

CENTAUR T hSS natching of the truss loads while maintainirg a
ADAPTER (CTA) constant amplitude response.

"-XvD //\\Additionilly 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

".YvDs the VLDS. The motion of the rigid VODS bus was
determined from six properly placed DC to 50 Hz

Figure 1. Viking Dynamic accelerometers (See Figures I and Z). Again,
Simulator Configuration non-standard filters were necessary to insure
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Table 1., VDS Measurement List Cv213-S(CHL ,13)\ -Y D C21-
f . . . . • ... 'C Y 2 16 -S \ 8 • 2 5 5P ( C HL .1 4

(CHL.4)\/(H.4
Measure-

Number mrent Description
Number

CY214-S 34 -- 1959 cH2u-s(CHL. 1) • ¢ [D , .v (C.HL.15)

3 CY216-S V -S/C-A Axial Load +XvDs
Transducer CY209-S "6'- CY210"S

4 CYziS-S V-S/C-A Axial Load , /

Transducer (CHL.3)

5 CY2084 VODS Sprung Mass Z-Axis 75' LOOIONG AFT AT VADS
Accelerometer

6 CY2074 VODS Bus X-Axis
Accelerometer

TiTA N' TARGET
1 -- CY217-Y

7 CY206-4 VODS Bus Y-Axis (OiL,19)SAccelerometer -- C COU.•

LON.
S6~ ~ CY205-¢ VODS Bus Y-AxIs Y-$LOSoI,, Accelerometer C.|)/O.-- -I (CHLJ) / , 1

Acceleromneter I co.
10I CY2O3-6 VODS Bus Z-Axis

EYO- ZCY,

"Accelerometer CY201 - CAOS-I1'~ (cCI..6)
(CH L. $0)LONG SEN. I ILONG.SEN.

12 CY204-S PFLA Truss Axial Load, CD OOG A VODS
Member 20#

13 CYZ13-S PFLA Truss Axial Load,
Member 203

Figure 2.; VDS Instrumentation Location.
14 CY212-S PFLA Truss Axial Load,F

•C Member 204

S15 CY211-S PFLA Truss Axial Load,
Member Z05 Crystal Accelerometer and Microphone

S16 CY210-S PFLA Truss Axial Load, Both the crystal accelerometer and

Member ZOL, microphone measurements are primarily high ire-
.• quency in nature and therefore used the higihest17 CY209-S PFLA Truss Axial Load, frequency IRIG channels (Table I). While the

•° ,Member 201 standard IRIG frequency responses were extended
l upward by the use of non-standard modulation

18 CYZ0l-4i PAezoelectric Accelerot- indexes in playback, both measurements were

eter., Z-Axis intended to be single point or localized measure-
merits as opposed to transducersi grouped for more

19 CYZl7-Y Acoustic Microphone general response information.

DATA REDUCTION PROCESS

In general, the reduction of VDS flight
data took the form of time history oscillographs,

proper phas e arid gain characteristics on the post- power spectral density (PSD) plots, and shock
3flight processing. The cut-of frequencies listed response spectrum plots. The special processing

in Table II for the VODS accelerometers (channels consisted of analog computer manipulations per-
"is6 through 11) are dicative of the filters purchased formed on the PFLA loads data ard the VODS

for this task. accelerometer data.

1 Additionally, a single accelerometer was The particular flight events of interest
placed on the P'S simulation, or sprung mass, were processed for spectral information either as
sensitive in the longitudinal axis,, This DC-SOl-4a PSDq s if the data were predominantly steady-state
accelerobeter was incorporated primarily as a random, or as shock response spectrum plots If
"Pogo" acceleromneter to determin-e possible the data wer dominated by a relatively short

adverse coupling with launch vehicle axial modes, duration transient event d
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Table U1. VDS Instrumentation Characteristics

Channel Measurement Zero Load Full Scale Data Cutoff
Number Number Bias Range Frequency

19 CY217-Y 150.0 dB 1400,0 Hz

18 CY201-9 40.0 g's 1050.0

17 CY209-S 61.6% 27319 lbs 200.0

16 CY210-S 60. 17% 27175 lbs 204.0

15 CY211-S 59.2% 26636 1bs 210.0

14 CY212-S 61.1% 27157 Ibs 220.0

13 CY213-S 61.0% 27192 ibs 239.0

12 CY214-S 59.6% 27177 lbs 265.0

11 CY202-0 0.0 20.00 g's 41.7

"10 CY203-4 0.0 19,98 g's 43.4

9 CY204-0 0.0 20.00 g's 46.2

S8 CY205-6 0.0 10.01 g's 49.7

7 CY206-6 0.0 9.99 gla 55.0

6 CY207-0 0.0 10.00 g's 65.8

5 CY20T,-O 20% 10.01 g's 20.0

4 CY215-S, 59% 25331 lbs 14.0

3 CY216-S 59% 253421bs 11.0

Loads Data Processing channels of data were digitized simultaneously at
a rate of 1066 samples/sec for each channel. This

The strain-gauging and calibration of the rate allowed generation of PSD's with an effective
PFLA truss tubes a3 axial load cells creatc d resolution of just over 2. 0 Hz. The PSD analysis
unique post-flight data processing capabilities, bandwidth was limited to 531 Hz., The shock re-
The six channels of data were reduced directly as sponse spectra plots were generated for a fre-
load information, phase correlated and manipulated quency range of 1. 0 to 100. 0 Hz, with the spectra
to provide the complete force and moment history defined by forty points per decade. Shock response
across the interface with the VODS, and phase plots were generated for three values of gain (Q),
correlated and manipulattd to provide the complete 10, 20, and 50.
description of motion for the center of mass of the
Viking Lander Dynamic Simulator.: The two Viking Spacecraft Adapter truss

members which had been calibrated as load cells
The reduction of the PFLA data as loads were reduced directly as loads information. The

information was performed for the events listed in channels assigned were of low frequency response
Table II1. This table also indicates the type of capability, and standard [RIG filters were used
data analysis performed. For all analyses the for discriminator output.
flight data was demultiplexed by the modified [RIG
proportional bandwidth system which included the Low Frequency Accelerometer Data
special discriminator output filters., The special
filters were purchased to phase match the six The basic servo-accelerometer telemetry
channels of data with no amplitude attenuation, to data was reduced employing the modified IRIG
at least 100 Ha. The filters and channel selectors proportional bandwidth demultiplexing equipment,
were calibrated and the phase/amplttude char- with special discriminator output filters. These
acteristics verified prior to reduction of the filters were used to provide phase correlation
flight data. with no amplitude attenuation to at least 25 Ha.

The seventh servo-accelerometer, measurement
All spectral analyses, either in PSD or CY208 on telemetry channel 5. was reduced with

shock response spectra form, were generated with the normal IRIG filter, set for constant amplitude
the use of digital computer programs. The six response.
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Table III. Summary of VDS Data Reduction Effort

Event Ambient Lift Off Transcnic

Ref Time* ,7.50 48-01 5 48 38
Analysis Timei 0 5-2 5 0 2-2 2 Z 2-4 2 1 2-3 2 0 2.1L 2 0 0-3 0 0-2 2-4 4-6 6-8 8-10 10-12 12-14

IRIG Mesa
No. No

19 CY217-Y A A A A A A A A A A A A A

18 CYZI-O P S P P P

17 CY209-S P P P P P S P P P P P P P

16 CY210-S P P P P P S P P P P P P P

15 CY211-S P P P P P S P P P P P P P

14 CY212-S P P P P P S P P P P P P P

13 CY213-S P P P P P S P P P P P P IP

12 CY214-S P P P P P S P P P P P P P

I I CY203-O P P P P P S P P P P P P P

10 CY203-. 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 CY205-0 P P P P P S P P P P P P P

7 CY206-0 P P P P P S P P P P P P P

5 CY207-0 P P P P P S P P P P P P P

4 CY207-S P P P P P S P P P P P P P

3 CY215-S P P P P P P P P P P P PS3 CY216-S P P P P P P P P P P P P

Analog System l P P P P P P P P P P P P

SAnalog System 2 P S P P P P S P P P P P P P
Anat,, Syste. 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 density analysis

-Times listen as even sec for convenience S Shock response spectra analysis

F Fourier transform analysis

A Acoustic analysis, sound pressure
spectrum level and sound pressure
level plots

Event FBR St I IUN Stage I Oscillation Stage I BIO Shroud Stage 2 Stag. 2 B/O

Ref Time 49'41 2 49 56 5 5130 51.50 51 58 52:10 52-22 5z.z2 52:35, 2 55 00 55:50 S
Analysis Time 0 0.2 0 0 0-Z 0 0-2 0-2 0-2 0.2 0-Z 2 0-3 45 0 0-2 0 0 0.2 0 0 0.- 0

iRIG Meass
No No

19 CY217-Y

!8 CY20l-O S S S S S S F F F F

17 CY209-S S S P P P P P S S P S

16 CY2IO-S S S P P P F P S S P S

is CY2 I-.S S S P P P P P S S P S

14 CY212-S S S P P P P P S S P S

S1 CY213-S S S P P P P, P S S P S

1z CY214-S S S P P P P P S S P S

I1 CY202.0 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-O S S P P P P P S S P S

8 CY2050- S S P P P P P S S P S

7 CY206-0 S S P P P P P S S P S

6 CY207-. S S P P P P P S S P S

5 CY208-0 S P P P P P S S P S

4 CYZI5-S S P P P P P S S P S

3 CY216-S S P P P P P S S P S

Analog System I S S0 P P P P P S S P S.o

Analog System Z S S P P P P P S S P

Analog System 3 S S P P P P P S S P S

-Time shlce is 0 0-2 3, Ref 49:56 2 KE,: P Power spectral density analysis

*-Time slice is 0 0-I 4, Ref SS 50 2 S - Shock response spectra analysts

F Fourier transforti analysis

A Acoustic analysis, sound pressure spectrum

level and sound pressure lesel plots
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The spectral analyses performed on the 250D
low frequency accelerometer data were similar to
the processing done on the PFLA loads data. 2000

In addition, the accelerometer data was 1500
processed through an analog computer to provide
the rigid body motion of the VODS bus. 1000 A

Analog Processing of PFLA Loads Data50

The data was reduced directly as individ-
ual member loads, Figures 3 - 8, combined to -J -0
give resultant forces and moments across an inter-
face, Figures 9 - 11, and also displayed as the -1000
resultant accelerations at the center of mass of the
VLDS, Figure 12 - 14. The last two forms of data -1500
reduction incorporated analog computer processing TEST. IDENTIT

Aof the phase matched, demultiplexed data..20 OC ITOFCY22--t

The standard data reduction system is 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
shown in block diagram form in Figure 15. The TIME HISTORY
composite signal was processed through a ground
station consisting of a demultiplexing unit (in this
case an IRIG proportional bandwidth system) to Figure 5. PFLA Load Measurement CY212:
obtain individual measurement signals; those Liftoff

2500 2500

I10 Sm Iwo -- -- - - - -

Wo

.2o00 -2000MOC IF IF iY T21wE - 11 i I

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.F -2.2 0.2 0.4 0.6 0.8 1.0 1.2 1,4 1.6 1 .8 2.0 2.2

TiME HISTORY TIME HISTORY

Figure 3. PFLA Load Measurement CYZ14: Figure 6. PFLA Load Measurement CY211:Liftoff Liftoff

2500C 2500

25000 _ 15M C

75 -50D
-lo .. ti ° v ++ 1' o IIIV ily ,

-r I _ + 'i" t

"" VA -15i0 TEST IDETITY ..... VOS LAUNCH -1500 TEST.* IDENTI Y..VS LAUNCH

LOC.LIFTOFFCY213 2mLOC. UFT Of+ CY 20 I1
-2000-

--200-0"0.2 0.4 0.6 0.8 i.0 1.2 1.4 1.6 1.6 2.0 2.2 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.0 2.0 2.2
TIME HISTORY TIME HISTORY

Figure 4. PFLA Load Measurement CY213: Figure 7. PFLA Load Measurement CY2I0:
Liftoff Liftoff
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2500 -- .. 50

2500 - - 000

1500~ 3000-

2000

0 0
-5w 141111 111

~~~ 25O -l I" w

Sl L OC P OfC 29 -zoo, "S . DNIY-VLUC

-1500 E. IENTITY ..... VDS LAUNCH

- r-i-i-I +-LOC. 3535.5. LZ

- 2 3•L I L _
0.2 0.4 0.6 0.8 1.0 1.2 .A, 1.6 1.8 2.0 2.2 000

TIME HISTORY 0.2 0.4 0.6 0.9 1.0 1.2 1.4 1.6 1.8 2.0 2.2
TIAE HISTORY

Figure 8. PF.iA Load Measurement CY209: Figure 11. Resultant 1'FLA Force F7,
Liftoff Liftoff

2500- 250Wr -

2=0 20=00

I500 - 15001 ' f -

1000

0- J .I[C I RJ ItUICr- 0

U

yj-1000 - ........

-3C--- 150DI!S IDENTITY..., VDS LAUNCH -150' TEST. IDENTITY ....VDS LAUNCH

LOC. 3q.5 LO FX LOC 1.416LOAX

W3.2 4I I 0.6 0.1 ... 2
71W HISTORY 0.3 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.1i 2.0 2,2

TIME HISTORY

Figure 9. Resultant PFLA Force FX. Figure IZ. VLDS c. g. Acceleration i.

Liftoff Liftoff

2 0 0 --- - II

i 0,.
0

-0.

TI~ EST . IDENTIT ... Vt'S LAUNCH -0.6TETINIY.V LU10z1 LOC. 35815.5 LO FY 0. 0. 0 O. 1.0 1 LO W I. .22

0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 1.8 2.0 2.2 -1. 1.

TIME HISTORY T0O.2ISTOWY

Figure 10. Resultant PFLA Force Fy, Fig,%re 1. VLDS c. g., Acceleration y,
Liftoff I Liftoff

S... . . ... . ,,, - ,_r __,,- _.r --.-... .. ... .. .
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accelerations were computed using the VLDS
2.5 - - inertia properties. The block diagram of Fig-

ure 17 shows the processing employed in obtaining
2.0 engineering data in terms of these accelerations.

-..- The truss identification as used in the
1.0 analog processing is shown in Figure 18. For the

1 ••t 1. resultant forces/moments, the analog computer
0.5 output was low-pass filtered at 500 Hz to suppress

• noise inherent in the particular analog computer
0 ý I ,A A used. The resultant VLDS accelerations were

S5 'if nnoL filtered as a different analog computer, withbetter noise characteristics, was employed.
U -I*C: 7 -i Analog Processing of VODS Accelerometer Data

t-1.5 TEST . IDENTITY,....VDS LAUNCH
LOC. 1.416 LO AZ The locations of the six servo-

-2.0 - -T- -- a-celerometers mounted on the upper plane of the

-2.5 J VODS bus are shown in Figure 19. The equations
0,2 0.4 0.6 o.8 1.0 1.2 1.4 1.6 L. 2.0 2.2 for the six degree-of-freedom motion of the point

TIME HISTORY on the centerline of the VODS, in the plane of the

accelerometers, were based on geometry and are
as follows:

Figure 14. VLDS c. g. Acceleration z,
Liftoff XVDS =a 6

individual signals were then recorded on oscillo- VDS 0. 5(a7 + a8 )
graph paper, digitized for spectral analysis, or
otherwise displayed as engineering data. The ZVDS 0. 5(a9 + a1 1)
block diagram of Figure 15 shows the processing
performed on the strain measurements as indi- - 16.29 (a,, - a,,) (1)
vidual channels of data. 6XVDS

The unique aspects of the VDS strain data 0 = 11. 39 (a9 - a10)processing are shown in the block diagrams of YVDS
Figures 16 and 17. The demultiplexing unit was
modified by incorporating special filters for the 11. 39 - a7)
six channels of strain data to provide phase and izVDS 8as
amplitude correlation. The phase correlated
channels were then processed by an analog com-
puter to provide either resultant forces and where X, Y. Z are accelerations in g's, 6x, dy,
moments across the PFLA interface, or resultant where rotationar accelerations in ge x y
accelerations at the center of gravity of the rigid sec0 and a6 , a7 , ..i£al 1 are accelerations
VLDS. lIn g's per Figure 19.

Figure 16 shows in block diagram form
the processing for resultant forces and moments. Equations (1), with appropriate scale
The geometric properties of the truss, scale factors, were implemented on the analog computer
factors, and conversion factors to obtain engineer- used previously for generation of the VLDS center-
ing units were incorporated in the analog program of-mass accelerations. The flight data was re-
along with the necessary coordinate transforma. duced in a manner similar to that employed for the
tions. The resultant accelerations at the center of strain data, using the special phase/amplitude
gravity of the rigid VLDS were obtained in a sim- miatched filters purchased for LMtIG channels six
ilar manner. With the forces and moments across ti-rough eleven. There were no additional low-the PFLA interface known, the resultant rass filters following the analog processing,

" "JSI,"NL MEASUREMENTS
'!7•IT _6 

DI0GITIZEDSIGNAL. IG _6 DATA
* ~PRO TIONAL ANALOG

CAPSII DI,.IEOO[$

Pt.AYSACK DALIEE DIGITAL 4
TAPE DICK

OSLORP DENITY P'LOTSItCR~ SHOK RESPONSE

PFRAAMANFNT
OSCILLOOKAPH FOUR[IER TRNSFOWI
RECORD ANLYSIS

Figure 15. Standard Flight Data Processing System
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SINGLE PHASE/GAIN RESULTANT

COMPOSITE CORRELATED FORES/moMENTS

W17HOSCECLLOGOMPUTE

FILTEMRSANE
PLAYBiACK MODIFIED COORD • ••CONVERSION DI GITAL

TAPE DECK DEMUL.TIPLEXER TRNSFORMATIONS| FACTORS TAPE
TRUSS

DIILOO LLOG BA PH

4CMUE RECORD

DI7A FOURIER ANALYSIS
DIGITALTAPE

Figure 16. Strain Processing for Resultant Forces/Moments

SE PHASE/GAIN

COMPOSITE CORRELATED RESULTANT

SIGNAL IRLAS CE'"I RiG PROPORTIONAL " /

PLAY. ACK MODIFIED TRUSS VLDSMASS DIGITAL

TAPE DECK DEMULTIPLEXIER GEOMETRY AND INERTIA TAPE

FACTORS T,'ANSFORA1 OASTI OSC|U.O, P

SHOCK~ SPECTRA PIEWAMNENT

t~IV OSOLLOGIArAtS04~~~~DGITAL OmE NL,

Flure 17. Strain Processing for Resultant VLDS Accelerations

SUMMARY OF FLIGHT DATA The PFLA data, processed through the
analog computer, provided useful data for post-

The use of the special filters slightly flight reconstruction and correlation with Viking
decreased the signal to noise ratio for channels Lander tests and analyses. Significant noise at
12 and 13. T',e major problem was noise signal 5 Hz was evident in the resultant force in the
at approximately 5. 0 Ha which wa apparently longitudinal direetiin (Fz) and the resultant longi-
caused by one of the tape recorders employed by tudinal acceleration (Az). These terms sum all
ETR in producing the duplicate tape. This noise six PFLA measurements in phase, thus accentu.
signal is clearly seen in the time history plots for sting any noise common to the telemetry/playback
the resultant force in the Z-azis, Figure 20. The system. Reference PSD's and shock response
signal can be found on all the channels to some spectra have been provided for most data channels.

extent, and the sharp spike at the discontinuity Is to facilitate identification of the noise character-
Sseen on the PFLA channels.. A second duplicate istics., These reference spectral analyses were

tape was received from ETR after this noise generated for a time slice approximately ten
problem was identified and the source determined, seconds prior to launch,
The second tape is cleaner. The majority of the
data were not redigitized because of schedule and The data obtained from the seven low-
cost considerations. Otherwise, the data obtained frequency accelerometers were good. The VODS
from the PFLA strain-gauged struts were good and bus data is limited to Z5 Hz by the special filters
proved useful in post-flight reconstruction of the purchased for phase/amplitude correlation.
varioup events. Amplitude information for lndivie 4al channels can
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"N , approximately 5 Hz noise from tape recorder
STRUT NO. 1, CY213-S STRUT processing at ETR can also be seen periodically in

STRUT NO. 5,, the low frequency accelerometer data.

S• l BUS The analog processing of the VODS bus
STRUTVOOS US accelerometer data along analyses coordinate was
CY24-5 .\useful in post-flight reconstruction and investiga-

VDS/'j\ tion of the VDS launch.

STRUT NO. 3,¾ CY•!-s CONCLUSION

r/ V-• •The use of calibrated load cells which are
an integral part of the primary spacecraft structure

V was demonstrated as a feasible approach to flight
VIEW LOOKING AFT instrumentation on the VDS. The advantage of using

load cells was that a complete force time history
Figure 18. PFLA Trus, 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

CY202-0 post-flight processing. In the past, attempts to
determine a complete acceleration time history

-I-- V CY20t , across an interface, with accelerometers, resulted
23. in limited success because of "local" resonances.

SCY2os-¢ ° a The force time history was used as an Input to the
23.69 -8 VLDS to calculate the acceleration time history.

Similar data from the Viking Spacecraft flight will
_X - Cy0?-6 allow calculation of the complete acceleratinn and
VDS force on any part of the Viking Lander Capsule. In

addition, the complete acceleration time history of
Yvos the rigid Viking Orbiter Bus Dynamic Simulator

CY203-6 was achieved through use of servo-accelerometers
0.10 .9 ) CY204 - and specialized post-flight processing. This was

possible because of the rigidity of the VODS bus
33.89 -• within the frequency limitations of the instrumenta-

tion/telemetry system. This technique would not
SVIFWLOOKING AFT be as easily adapted to lightweight flight hardware.

Figure 19. VODS Accelerometer Numbering The VDS results should be of interest to
for Analog Program engineers selccting flight instrumentation and

reduction of data for verification of spacecraft
loads and environments. A set of load cell instru-

250 -mentation similar to that used on the VDS will be
employed as the primary response transducers on
two Viking Spacecraft to be launched in 1975.
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ANALYTICAL PREDICTION AND CORRELATION FOR THE

ORBITER DURING THE VIKING SPACECPAFT

SINUSOIDAL VIBRATION TEST*

Gerald R. Brownlee
Jet Propulsion Laboratory

Pasadena, California

Fred D. Day III
Martin-Marietta Aerospace

Denver, Colorado
'(Assigned to the Jet Propulsion Laboratory)

John A. Garba
Jet Propulsion Laboratory

Pasadena, Cdlifornia

Analyses were performed to simulate the sinusoidal testing of the Viking
Spacecraft Dynamic Test Model. 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
responses an, test capabilities. Representative analytical predictions
and their correlation with test results are presented,

INTRODUCTION high frequency range,, above 200 Hz. In the low
frequency range, the member forces are pre-

The Viking Spacecraft will be launched on dicced by analysis and the structural integrity
a Titan IllE/Centaur launch vehicle in August of the VO system was verified primarily by
1',5. Managed for NASA by the Viking Project static tests. In addition, a controlled sine
Office at the Lan~ley Ftesearch Center, the vibration test,- from 10 to Z0O Hz, was
Viking consists o0 en Orbiter system (the employed to satisfy requirements for the low
responsibility of the Jet Propulsi ,n Laboratory, frequency as well as the middle frequency
(JPL)),, and a L.ande" Capsule (built by Martin range. Acoustic excitation and pyrotechnic
Marietta Aerospace., The purpose of the deotce firings were used for qualification in
Viking mission is the scientific exploration of the high frequency range.
Mars,

In order to simplify the operational, con-
The \'iking Orbiter (VOl structure was tractual and analytical interfaces, formal

designed for analytically derived flight loads qualification testing of the Proof Test Orbiter
thiough an approach referred to as Loads was performed using an inertia simulation of
Analysis. IlI The primary structure design the Viking Lander Capsule. The Proof Test
loads are generated analytically as responses Lander Capsule was qualified separately by
to the various transient Launch Vehicle erents the Martin Marietta Company in Denver, Colo-
anticipated during the boost phase of the mis- rado. However, representative hardware for
sion. This design approach, by necessity,, bad both the Orbiter and Lander Capsule were com-
significant influence on the VO structural quali- bined for a developmental sine test program
fication test program. perfurmed at JPL prior to the structure quali-

•.• fication tests..

The loads and the associated test programs

were sabdivided into three categories;, the low The objectives of this development test
frequency range. 0 to (20130v Hz, middle were (1) evaluate the effect of Orbiter/Lander
frequency range. (,0 301 to 200 Hz. and the Capsule interactions on the responses at

This paper presents the results of one phse of spacecraft development carried out at the Jet
Propulaiton Lab,,rntory, California Inst.tute of Technology, under Contract No. NAS 7-100;,
sponsored by the N.'uniai Aeronauiics and Space Administration.
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subsystem and component locations to Test Specimen
determine the adequacy of component sinusoidal
test levels, (2, evaluate the adequacy of the Hardware responsibility for the test
V-S/C secondary structure, (3) serve as a specimen rested with three separate organiza-
precursor to the Proof-Test Orbiter (PTO) tions. The Lander developmental test model
qualification test, (4) evaluate the adequacy of (LDTM) was built by Martin Marietta Aero-
the Proof Test Capsule (PTC) qualifiýation test soace. The Viking Transition Adapter (VTA)
levels, and (5) obtair data for comparison with was the responsibility of General Dynamics/
analytical results., Convair Astronautics. The Orbiter develop-

mental test model (ODTM) was built by JPL.
All VO testing was subject to the constraint Each organization was responsible for ensuring

imposed by the VO structural design criteria, that the test hardware was representative of the
namely: "Tests Other Than Static Qualification flight configuration.,
Tests Shall Not Result in Member Loads
Greater Than Limit Loads Established by The ODTM consisted of the Viking Lander
Flight Loads Analysis. " Thus the excitation Capsule Adapter (VLCA);o octagonal bus struc-
levels of the VO/VLC development vibration ture with flight type bays and simulated elec-
test were limited by strain gauged member tronics, cabling, and cable trough;, four solar
responses and accelerations through a closed panels with damperb;. scan platform with simu-

Sloop control system. lated science, antenr.ae (high and low gain and
* relay);, propulsion module;, and Viking Space-

The complete sinusoidal test program con- craft Adapter (V-S/C-A). All simulated hard-
sisted of separate excitations along 3 ortho- w-re consisted of tccurate representations
gonal axes. In the two lateral configurationi, with respect to interface requirements, inertial
the test specimen was cantilevered at its base properties,, stiffness and damping for the fre-
and the excitation was provided by four pendu- quency range from 0 to 200 Hz,
lously suspended 150 lb. modal shakers. For
the longitudinal excitation the test specimen Test Facility
was mounted on a fixture attached to one Ling

A-249 exciter. The discussion herein is The large size and weight of the Viking
limited to the longitudinal configuration with Spacecraft as compared to previous spacecraft
the elastic VLC since it presented the most tested at JPL required some special test hard-
challenging engineering problems., ware and special fixturing.

The emphasis in this paper is on the analy- A magnesium fixture weighing 3000 lb. was
sis and its correlation with test results. The used as a transition between the 12 spacecraft
implementation of the test procedure is the adapter members and the shaker head, In
subject of another paper. [21 The analytical addition, an airbag suspension system was
work is divided into three areas:, required to react the spacecraft-fixture dead

weight and protect the Ling A-249 shaker arm-
(1) Test feasibility studies. These con- ature flexures. Due to the large spacecraft

sisted of computer simulations to height and non-symmetric mass configurationa
determine fixture characteristics and lateral support was required. This support
to verify the restraint system's capa- was provided by three pairs of hydrostatic
bility for limiting shaker armature bearings and a set of three reaction piers. The
rotations. Excessive armature rota- lateral supports were attached to thetestfixture
tion vould automatically abort the test., as shown schematically in Fig. 1.,

(2) Response prediction studies. TheseIstudies were aimed at identifykng criti. Test Control
cal structural members and aiding in
the selection of strair, gauge and Of the thirty-six channels available for

accelerometer channels for use in the control during the test., twelve were input con-
test control. trols and twenty-four were response controls

or response hmiters.. The input controls
(31 Correlation studies. These studies (accelerometers on the Orbiter bus) were

compare the predicted re-sponses to the employed in defining a nominal test vibration
test responses after each has been level. This nominal control level was auto-
renormalized to a common input base., matically suppressed at any frequency by a

ou response control (either accelerometer or
TEST CONFIGURATION strain-gauge) reaching a preset level. The

control system would ideally allow the maxt-
The test configuration was consistent with mum response, up to the nominal control level.

other large spacecraft vertical vibration test so long as none of the twenty.four response
programs. A large electromagnetic shaker controls exceeded its preset level. In this way
provided the excitation through a bowl-type test the restriction on exceedance of flight derived
fixture upon which the spacecraft Dynamic Test limit loads would be adhered to. In addition, a
Model (DTM) was mounted. (See Fig. I and total of 5Q channels were monitored during the
Fig.. 2. test for emergency abort. The test was
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CABLES TO FACIL-
ITY INSTRUMENTA-~~-
TION SYSTEM

LIMITING ACCEL- LDTM
EROMETERS AND _ __=_ _ _
STRAIN GAGES(TYPICAL)

-4 SOLAR
i. PANELS

-L j

CONTROL ACCEL- ' IP-SIC-A 195 in.

EROMETERS -S~(TYPICAL) -
ODTM

CABLES TO

FACILITY INSTRU-
MENTATION DAMPERS
SYSTEM VTA

HYDROSTATICB6EARINGS 44 i n.
(6PLACES§) "-VIBRATION

FIXTURE

AIR BAG SUSPEN- ELECTRO-SION SYSTEM MAGNETIC
(3 PLACES) SHAKER 83 i n.

Figure 1., Longitudirtal Axis Test Installation

4• t,tiatit ally terminated by any one of these the test frequenev range •an be a serious
measurements reaching a prebet o-1lc. problem. Since tbe Viktng developmental sine

test used response controlu a.', re--pnse lim.

TEST FEASIBILITY STtIDIES iting,fixture reson.inces were not autumatu'-ali
considered as detrtmental to the program.. Th

The test feasibility studies were concerned possibility of designing a test fixture of the *14

with two related %re.s, the" dynt..nuc chdrdcter- and weight required for Vikingi. wthout having
istic. ot the tebt fixture and the .Apabhlity of resonances below 2O0 Hii, was small to start

opt, the sh .ker'restr,,tnt Nyýtekn to provide ,adequate with. However, a fixture which is rigid

force and nion~ent reactionsi, throughout the frequency rainge of the analytic,
simulation would greatly simplify the rnathe-

Fixture Analyses matical models required and significantly
reduce ciosts. Analyses of the fixture desigi

For the more coummon hase-input- with a simplified spacecraft model, were

kontrolled sine tes ts, fixture resonances within performed to determine the extent of elastit
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used. This study indicated that the shaker
force capability was sufficient, but that addi-
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

4 was feasible, the shaker force capability was
t• sufficient, the armature relative rotation was

within acceptable limits,, the fixture stresses
were acceptable, and the restraint system per-
formance was adequate., 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 identily 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.,

Figure 2. Viking Spacecraft in the Analytical Model

Test Facility The total spacecraft model was generated

using modal synthesis or modal coupling tech-
niques. f3, 41 The Viking Orbiter was divided

participation by the fixture in normal modes into the following subsysterms for analysis, the
below 200 Hz, and evaluate the accuracy of bus, including the spacecraft adapter and
assuming a rigid fixture for the 0-40 Hz fre- lander adapter trusses;: the cable trough;, the
quency range simulated by analysis. The scan platform.;, the propulsion subsystem;: and
spacecraft model consisted of a rigid lander the four solar panels, The subsystem models
and rigid orbiter supported by representative were verified by extensive modal testing. f5i
truss members. The composite Orbiter model was also verified

by system level modal tests employing an
As a result of these studies the original inertial simulation of the Lander. 161

fixture concept was modified to provide addi-
tional torsional stiffness and include the exter- The flexible I ander model was generated by
nal restraint system. These changes resulted Martin Marietta Aerospace and supplied to JPL
in a first mode frequtncy of 10q Hz. as a normal mode model, The total spacecraft

dynamic model was then produ-.cd b, c-uphng the
Shaker Capability Studtes Lander modes with the composite Orbiter model.

Early in the planning of the Viking Space- The test facility was represented by a dis,
craft developmental sine test an analysis was crete coordinate model of the shaker,, fixture.
performed to obtain an estimate of the require- and restraint system. A schematic of the test
ments to be imposed on the shaker. Thin analy, facility model is given in Fig. 3. The pertinent
sis employed a detailed elastic model of the facility parameters are listed in Table 1. In
Orbiter and a rigid inertia model of the I ander. modeling the test facility the following assump-
The spacecraft model was fixed at the babe of tions were made-,
the spacecraft adapter and base motion input
forcing functions applied., A determ,nation of I. Since the fixture analyses indicated a
the reactions at the cantilever interface gave first mode resonance at 10q Hz and
estimates of the required shaker force and the the response analysis was to be lim-
momentb and shears vhich would be applied to ited to 40 Hz, the fixture was assumed
the shaker if no other restraint system were rigid.,
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VIKING SPACECRAFT MODEL

MODALLY COUPLED TO TEST FACILITY

I ,l I / I t \' iI1-

' / 'i.. . ;\\\lI II
i ,J L •II

L '- 1 It..KTR It's KVR
KTZ• FIXTURE KVZ

K rZ KvzV

K Ks

SHAKER HOUSING

Figure 3(a). Facility Model, Schematic

TALL PIER
"V" BEARINGS

•, KVR

II T

SHORT PIER
"T" BEARINGS
XOA AI I FIXTURE

S,, ,A R M A T U R E
Fzý)t Fz(wU)

YV/ TRSHAKER HOUSING•

, TALL PIERIG' ~"T" BEARIG
YOA

Figure 3(b). Facility Model, Schematic
Team Bearing Model
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2N 2. The shaker armature and the shaker
housing were each assumed to be rigid
masses.

3. The three reaction piers were treated
+ zas rigid suppcrts for the hydro.tatic

bearings. However, the local flexi-
bility of the piers at the lower plane of

K Y bearings was included in determining

SHAKER x their effective spring rates,

!HOUSING K 4., The airbag spring rate was neglected
iz es its effects were only evident below

X the frequency range of interest.

The facility model was formulated to pro-
vide response data in terms of armature-
shaker housing relative motion, houLing

Figure 3(c). Facility Model, Schematic displacements and reactions at the shaker
Isomode Pad Model supports, loads on the rear'ion piers and

TABLE I

Facility Parameters

A, LING 24q SIIAKER PROPERTIES

1. Inertial Properties

Armature Weight 396 lbs.,

Housing Weight 9, 000 lbs.

Armature C.G. 13. Z" below head surface, axi-symmetric

Housing C. G. 27,75" below head surface, axi-symmetric

Z, Armature Stiffness Properties

Effective Lateral Spring Constant (KSL: 1.6 X 106 lb/in.

Effective Axial Spring Constant (KSAI = 1.6 X 104 b/in.

3. Isomode Stiffn,•ss Properties

Effective Spring Constant Along Trunnion Axti (K l) .4Z X lO6 b/in.

Effective Spring Constant Perpendicular to Trunnion Axis (Kiy) z. 21 X06 lb/in.

Effective Longitudinal Spring Constant (K .- 35 X I0ý lb/in,.

B. HYDRoSTA I1C BEARING` STIFFNESS PROPERTIES

"T1. 71 Type,, Model Team 1830T-8

Effective langential pring (ETT 0 lb/in.

Ef(fective Radial Spring Constant (KTR) 8 X 10 lb/in.

Effective Longitudinal Spring Constant (KTz) = 0 lb/in.

4. 'V" Type,; Model Team 1830V-8

Vt Effective Tangential Spring Constant (KVT) - I X 10(1 lb/in.

"Fffective Radial Spring Constant (K VR) : \ 10b lb/in.

Effective Longitudinal Spring Constant (K VZ 1 0EO In.

C . AlithA. SI II- l"N 'S.SS PHiiRPF I IFS

SEA 0 6/11in.
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fixture, and shaker force requirements. The system modeling techniques will not be
resultant facility model consisted of twelve described extensively as they are well docu-
dynamic degrees of freedom, six for the mented elsewhere and consistent with practices
armature/fixture mass and six for the shaker throughout industry. The derivation of the sys-
housing., tem damping, however, is not well defined

elsewhere and methods vary considerably from
The system modes for the test simulation company to company. The technique employed

were produced by coupling the composite space- for this study will therefore be dealt with in
craft cantilever model to the test facility model., some detail.
Transformations were maintained such that
accelerations, displacements, and internal In general, subsystem modal damping
loads for the subsystems could be generated values were obtained from test data wherever
from the composite system modal responses., po3sible. The Viking Lander damping was
STable Z 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 c/cc = 0.005 to C/cc = 0.055
were employed in the response or test simula- depending o the mode (CC critical damping
tion analyses. The mathematical details of the value).

TABLE 2

Composite Model

Damping

Mode Frequency Ratio

No., Hz C/ c Identification or Predominant Motion

" 1 3,60 .018 Rigid S/C on Armature, Longitudinal

2 5.61 .697 Solar Panel RB Mode

3 5.67 .698 SIar Panel RB Mode

4 5.,70 .71Z Solar Panel RB Mode

5 5.70 .734 Solar Panel RB Mode

6 5.89 .068 1st Spacecraft Bending Mode

7 6.OZ .0Z6 1st Spacecraft Bending Mode

8 7.08 .072 Housing lateral X

1 7.44 .011 S/C 7th Mode, 1 ateral

10 7.77 .010 Orbiter Torsion Mode

II 9.74 .0025 S/C 9th Mode, LateralI i1 10.36 .052 S/C 10th Mode

0!3 1 ..4) 1 .036 S/C. l1 th Mode, Torsion

14 111..3 .100 Housing Longitudinal Z

Is 1'.02 .007 S/C 12th Mode, Torsion

16 l2.80 ,006 SIC 13th Mode, Torsion

17 13.63 .010 S/C 14th Mode

18 13.73 .010 S/Q 15th Mode

IQ 14.64 .020 S/C loth Mode

IS0 15.24 .016 S/C Longitudinal Mode

t21 J 15.64 .056 Housing Lateral Y
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TABLE 2

Composite Model (Continued)

Damping
Ratio

Mode Frequency CR/ac
No. Hz Identification or Predominant Motion

22 15.75 .0Z4

23 16.26 .019

24 16.46 .012

25 17.Z3 ,021

* 26 18.17 .028

27 18.43 016

28 19.03

29 20.52 .011

30 20.96 1010

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 .010

37 23.,94 .010

38 23.95 .010

39 23.95 .012

40 24.75 .z020

41 25.11 ,019

42 25.68 1 n!7

43 25.84 0l15

44 25.93 .015

45 26.12 .019

46 27.01 .021

O. 47 29.04 .014

5 48 29.53 o.016

49 29.94 .016

50 30 12 .020
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The Orbiter damping was determined from 1. Identify the Orbiter normal modes
subsystem and Orbiter system-level modal test using kinetic energy distribution and
data. Expressing the equations of motion for effective weight., Classify the normal
the Orbiter model in matrix form yields modes as to overall system modes or

1*1 subsystem modes,
IIR UiR UiR Z. Examine the diagonal terms of (Col,

tUIp 161B 1U1B Equation (2) and estimate a damping
ratio for each mode, neglecting the

[M] q11 + [C] Iq 11 + [K)] jq}l 101 (1) off-diagonal coupling terms.-

3. For normal modes with appreciabla

subsystem contributions either use
H-i the damping in [Co] or augment it

using subsystem test data.

where 4. For overall Orbiter normal modes
such as system bending, longitudin,)

V MB = real displacement of the VO bus or torsional modes use the ODTM
B ,modal test data to augment the diag-

""luR = rigid body degrees of freedom of onal terms in [Co0 .

Sthe VO The above procedure produces two aug-

-{q1 = modal displacements of ith mented Orbiter damping matrices, 1C "o1substructure wherein the off-diagonal terms have been

[MI = system mass matrix including the neglected and Co Iwherein the off-diagonal
Srigid VLC, terms have been retained.

[G] = system damping matrix The above procedure is clearly based on

[K] = system stiffness matrix engineering judgement, wherein all available
test data is utilized to generate an estimate of
Orbiter damping.

The subsystem damping data was intro-

duced in the matrix [C] of Equation (1) as The total system normal mode damping is
diagonal modal damping. Since Equation (1) then generated by including effects for the
contains a mixture of real and generalized facility and Lander damping.
coordinates, the Orbiter damping matrix,

No experimentally determined damping

C 1  . T CJ 4,L1 (21 data was available for the test facility. The
o o , , oi ,,,o damping values were estimated based on modal

test data of a similar shaker configuration.
where [(ol = Orbiter system-level normal For the armature the damping ratio c/cc was
modes, lacks the damping contribution of the assumed to be . 0Z, For the trunnion isomode
bus real coordinates. The n'atrix [Co! does pads a damping ratio of c/cc = 0.10 was picked.
contain the effect of the Solar Panel point Identiiying the diagonal Lander damping matrix
dampers, as well as all subsystem damping. as [CL),, and the spacecraft normal modes as
The ODTM modal test provided damping infor- 10sc], the spacecraft combined damping is
mation for the Orbiter system less Solar Panels., obtained by following basically the same pro-
The Solar Panels were left off the modal test cedure used for the Orbiter, thus the space-
specimen intentionally. The damping ratins for craft damping matrix is generated as
the ODTM as well as the subsystems are given
in References 3 and 4.,

Past experiences at JPL have shown that IC''sc -- sc )CL

the use of measured modal damping to analyti- 0 1
cally predict spacecraft responses for a sinu-
soidal vibration test yielded A.esponses higher
than the sine test measurements. This is
attributed to the increase in damping with using the diagonal Orbiter damping or
excitation level. All Viking modal testing was
done at several levels of excitation in order to

study the nonlinearity of damping vwth ampli-tude. For the analysis the highest damping
measured in the modal test was used. The 1c , os C .j 0 1 s4procedure for obtaining a valid Orbiter damp- C s C

ing matrix was as follows:
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using the full Orbiter damping matrix. The insight at each level since it represents modal

diagonal terms of [c and ' are now damping, while the effect of the off-diagonal
L sci [-l ~ Scterms are not fully u~iderstood.

examined and compared to see if the damping

value reflects the expected damping for the Re~ponse Program

identified mode.ý It was found that for most

modes the diagonal terms of [c]and ["To predict the controlled responses of the[Cs c spacecraft a digital computer prorrari %as
were of similar magnitude,. and [C developed wherein the equations of motion were
can now be further diagonalized to produce two solved such that none of the controls were

**1 ''1exceeded, yet one of the controls alwaysmore matrices C and C Jc " reached its limit., The equation of motion oi
the composite in generalized coordinates is

The composite system damping can now be expressed as

determined from

F~M1 J [' j1 +[C]1gI + IKc]{It, [,]T if, (6)

[Cie 0 I~] [CF]1]5) where ['M], I[C] and I Kc] are the generalized

mass, damping and stiffness of the composite

where respectively, and f is the forcing function.

represents the test facility discrete Equation (60 is solved as a function of fre-
amping values quency for a unit force f ZI(. )I excitation or,

f[c] is the matrix of 109 composite system the shaker in the Z (longitudinal) direction
normal modes, yielding a solution vector {~i( )

andc is taken as either C s sc js Responses for a set of control member

or Cs forces fg and accelerations I blare compitedSuinth oltinfQ}w} Theserepns

The procedure used for estimating Orbiter using the solution These rsoe
are now compared to the allowable forces I

damping was now applied to the above matrices arfocmae otealoal ocsI
todagenerate aaS ndiagonalddampingthe riv .m for and accelerations 1 uaa and a factor R is found
tget dg tr Csuch that none of the controls are exceeded yet
the composite system. For most modes the
h one of the forces or accelerations reaches its

diagonal element was used.
allowable value. The response for the rest of

Ideally at least two response solutions for the structure is now computed using R {tI(wI

the composite can be generated, one by using as a solution to Equation (6).

F[Cc] for the composite damping and another by

using the consistently Loupled damping matrix, In addition to calculating spacecraft mem-
r , er forces and accelerations throughout the

[Cci evaluated with [ .tructure, the program also provided informa-
tion on armature rotatior, shaker force require-

The latter solution leads to either a com- ment, and reaction forces on the facility. The
responses were calculated as steady-stateSplex eigenvalue solution or an integration of a solutions in the frequency dornain. The servo-

large number of coupled differential equations, control system for the shaker was not repre-
sented in the analysis,"This was not attem ted due to prohibitive cost.

Instead the matrix [CJ Iwas used in the
c Resultsi resonsesolution for the system.

o 
The response predictions were initially

Although four matrices in Equation (5j were generated for a unit force applied by the shaker
generated and used for a qualitative assessment with no response controls or limiters. This
of the damping, diagonalization of the damping produced transfer function data useful in evalu-
matrix at each level of the processing was ating the severity of an uncontrolled test, aided
favored. The diagonalization gives a better in the selection of control parameters. and
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provided reference data for evaluation of analysis., In one case it was because
subsystem environments, of a minor deficiency in the analytical

model, and in another case the model
The full response prediction program was was apparently conservative in the

then run to provide estimates of the controlled development of bending moments.
test conditions. These results were used to This resulted in the pretest analysis
select the initial response control channels, indicating a load control which did not
select the peak limit parameters which would occur in the test and hence, the ana-
automatically terminate the test if preset values lytical load predictions in that control
were exceeded, and provide indications of frequency range were suppressed. It
potential problem areas for test control. The was obvious that different structure
results showed a potential problem in the would have controlled the test if it had
region of the shaker housing vertical resonance, been in the control system and hence,
At this frequency, approximately 12 Hz, the a revision to the Orbiter response
housing accelerations and resultant reactions controls was necessary for higher
induced were severe, As a result of this study, level tests,
it was decided to run the test from approxi-
mately 20 Hz to 200 Hz with the shaker housing 2, Considerable overshoot occurred in
supported by the isomode pads on the trunion. the control channels. A survey of all
Below approximately 20 Hz the housing would control channels indicated an average
be rigidly supported, eliminating the resonance overshoot of about 30%.
problem.. The analysis results also indicated a
few areas where the controlling parameter for High Level Tests
response switched rapidly (i. e. , within a

I • narrow frequency range) from one measure- The higher level tebts were subsequently
ment to another. Because of the reaction speed conducted using the Orbiter response controls
of the shaker servo-system, overshoots and revised on the basis of the low level tests. The
undershoots in control level would be antici- response control levels were adjusted such that
pated in these frequency regions., with a 30% overshoot design limit loads would

not be exceeded. The input control accelera-
tion levels were unchanged since structural

CORRELATION STUDIES protection was provided by the reduction in
response control levels.

The correlation studies were performed to

indicate the accuracy and validity of the analy- Post Test Analysis
sis techniques employed. Test data and ana-
"lytical predictions were compared for both As discussed above, the pretest analysis
acceleration measurements and structural utilized a significantly different control set
loads., than what was eventually implemented in the

tests and hence would not be sufficient for cor-
Low Level Tests relation with test data. A post test analysis

was conducted for the purpose of correlation.Two series of low level tests were con- This analysis utilized the actual test control

ducted from 7 Hz to 200 Hz to 7 Hz at 2 oct/ set and levels for both the low level and the
amin sweeprate using the 12 input control accel- full level tests with the following exceptions.

erometers and the 12 response controls For the low level analysis those controls that
indicated by the pretest analysis., The input did not occur due to model inaccuracies were
controls were set at ,. 5 G and the Orbiter eliminated, and for both low level and full level
response loads were set at 1/3 design limit runs the Lander strain gage limits coul. not he
load adjusted for I G static condition. Two used because no direct correlation exisfed
series were necessary Lo obtain response between the strain gage readings and model
measurements on all primary structure., The degrees of freedom. This post test analysis is
purpose of these tests was: the basis for correlation in this paper. All

test data shown was taken from the 200 Hz to
1. To verify the proper Orbiter response 7 Hz downsweeps.

control members.

2. To investigate the control system per- Control Sequence Comparisons
formance, in particular the control
channel switching capability and anyresulting overshoots. Comparisons of the analytically predicted
rtov and recorded test control sequences were per-

3. To provide data for use in checking the formed for the low level test. However, the
linearity of the system, exact frequency at which a switch in control

occurs was not easily ascertained in either the
The results of these test runs indicated the analysis or test data. A shift of 1/Z to I Hz

following: either up or down was within the accuracy of
the measurements., Also, the control on the

1. Some of the Orbiter structure loads Lander strain gages which occurred in the test
did not develop as indicated by the was not possible to include in the analysis.
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Input Control Comparisons agree it is mainly because of the following
reas on-s*

Comparison of the analytically predicted
and measured input accelerometer controls in 1. The model failed to predict the control
the low level downsweep are shown in Fig. 4 for a particular frequency.
through Fig. 8. For brevity only whose
accelerometers that contributed to test control 2., The Lander strain gage controls could
are shown. Each figure contains a plot of the not be included in the model.
prediction and two plots of the test data, fil-
tered and unfiltered., It should be noted that 3. The test control system was not capa-
the test control system operated on wide band ble of switching controls as fast as the
800 Hz low pass filtered test data. The plots analysis and inherently allowed over-
refer to the wideband data as unfiltered, while shoots and undershoots while settling
the data labeled as filtered has been processed on the control level.
through a 5 Hz tracking filter,

4. The test data had high frequency noise
Response Control Comparisons superimposed. The test was con-

trolled on essentially an unfiltered
Comparisons of the predicted and meas- signal while the analysis was valid

ured response controls for the low level down- only for a clean sine wave.,
sweep are shown in Fig. 9 and Fig. 10 for the
Lander accelerometers and Fig. 11 and 12 for Conclusions
the Orbiter structural loads. Note again that
it was not possible to compare the Lander The above data illustrate how a complex
strain gage controls. Again the accelerometer structural system was analyzed to predict the
plots show predicted, filtered and unfiltered dynamic behavior during a response controlled
test data. The loal plots show the predicted sinusoidal vibration test. The relative success
load and the test load as reduced from strain of the correlation between test and analysis is
gage test data. attributed to::

Structural Load Comparisons 1.: A refined structural model, wherein
each subsystem was verified by modal

Fig. 13 through 18 show plots of predicted test.
and measured loads on typical members of the
Orbiter primary structure. They are included 2. Extensive feasibility studies of the
here to show the accuracy of the analytical fixturing and test facility configuration.
prediction in structure not controlling the test.,
Fig. 13 and 14 show two typical members in 3. Proper planning of analytical and test
the spacecraft adapter, Fig. 15 is a typical efforts to meet project schedules.
member of the bus main longerons, Fig., 16
and 17 are two typical members of the propul- 4. Careful modeling of the test facility
sion system support truss, and Fig. 18 is a dynamic properties.
typical member of the Viking Lander Capsule
Adapter, For brevity only, some typical 5.: Development of special computer pro-
members of primary structure have been grams for controlled response
shown., predictionR

Discussion 6., Data reduction techniques to obtain
quick turnaround for the evaluation of

All of the measured data, input control, response parameters.:
response control, and primary structure loads
agree quite well with the analytical predictions. For purposes of evaluating the adequacy of
The control system overshoot is readily the modelling techniques of the system a better
apparent in Fig. 6, 8, 9, 10, 11, and 12. The correlation between analysis and test could be
effects of the overshoot on other structural achieved by analytically eliminating the effect of
loads is evident in Fig. 16 and 17., the overshoot from the test data., This was not

done since the data as shown compare real test
Evaluation of the comparisons made show data with realistically attainable analytical pre-

that where the analysis and test data do not 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

Set 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 Lilures 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.

(Z) 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 system were utilized
along with over ZOO 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
characteristics (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 development 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 rejected, 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.

*Tlis 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.

59

PkAXL10 P

+ • + +++:,•-++.+t+•,. ++.,+. +, 1 +, ; , +:



SUMMARY TEST FIXTURE ANALYSIS

The Viking Mars Lander 1975 dynamic test The predesign of the magnesiim longitudi-
model and Orbiter developmental test model nal axis test fixture (Figures 1, Z) was evalua-
were subjected to forced vibration sine tests in ted as a first step in the analysis of the stack
November - December, 1973, at JPL's dyna- test setup. The objective of this analysis was
mic test facility. Flight acceptance (FA) and to determine characteristics of the basic fixture
type approval (TA) test levels were applied to and to ascertain the level of fixture representa-
the spacecraft structure in a longitudinal test tion required for the response analysis.
configuration using a 30, 000 -lb force shaker The analytical configuration consisted of a
Testing in the two lateral axes (x, y) was per- simplified 12-degree-of-freedom (DOF) model
formed at lower levels using four 150 -lb force of the spacecraft (6 DOF each for Lander and

- A shakers. Orbiter) combined with a dynamic model of the
test fixture. The Viking Lander Capsule

SThe objectives of the stack" test series Adapter (VLCA) and Viking Spacecraft Adapter
were to: (V-S/C-A) were elastically modeled. The

(1) Evaluate the effect of Lander/Orbiter fixture was considered fixed at the base of its

interaction on response at subsvstem/ core.

tlocations. Two types of analyses were performed:
component static and modal Static loads applied to the

(2) Evaluate the adequacy of the Viking combined system yielded only a qualitative
Mars Lander 1975 dynamic test model estimate of the fixture strength since boundary
(LDTM)/Orbiter developmental test conditions were not represented in this analy-
model (ODTM) secondary structure. sis. Modal analysis was performed on the

combined fixture /spacecraft model and also
(3) Serve as a precursor to the proof test on the spacecraft model cantilevered from the

SOrbiter (PTO) forced vibratlon test, base of the V-S/C-A. The comparison of
If and evaluate PTO test levels, combined system modes with cantilevered

(4) Evaluate component sinusoidal test spacecraft modes gave an indication of fixture
levels, rigidity.

(5) The first fixture mode (torsional) occur-ed
Obtain data for comparison to analyti- at 36 Hz, with five additional modes between
cal results.. 100 and 200 Hz. Since a design goal was to

Forced vibration qualification (TA) test keep fixture resonances close to 200 Hz, con-
levels were successfully imposed on the space, siderable changes were made to the proposed
craft at frequencies lown to 10 Hz. JPL test test setup. These modifications included a
equipment and methods have been adequately pair of V-type hydrostatic bearings at one

checked out for use on the proof test Orbiter location around the fixture. A further refine-
Measured responses showed the same ment of the analysis disclosed that the addition

character as analytical predictions, and of torsional restraint flextures did not contri-
"correlation was reasonably good. Because of bute enough stiffness to be cost-effective. The
corlto wsraoabygo.Beas f results are summarized in Table 1.
control system test tolerances, Orbiter

primary structure generally did not reach the
design load limits attained in earlier static
testing. Overturning Moment

A post-test examination of critical space-
craft structure disclosed no apparent damage Early in the program, it became apparent
to the structure as a result of the test environ- that the longitudinal test buildup, its stack
sent. height coupled with the spaceciaft C.G. offset,

would be subject to large overturning moments.
Estimates of these moments ranged from

PRE-TEST ANALYSES 500. 000 to 1, 000. 000 lb-in applied to the

Viking rransition Adapter (VTAVtest fixture
Significant analytical efforts were expended interface

to provide assurance that test peculiar failures For this analysis, the Orbiter elastic
of primary structure should not occur, and to model was coupled to a rigid lander. This
aid in test implementation since the complexity, combination, in turn, was mated to a rigid
scope, and tight schedule of the stack test left longitudinal fixture model restrained at three
no time for surprises or emergencies, locations by hydrostatic bearings of known

The analyses were divided into four stiffness. The results of the analysis offered
OU categories, test fixtures, overturning moment, the first positive indication that the stack test

response or test simulation, and fatigue dam- could be implemented. Angular deflection
"age. limits of the shaker armature, a source of

concern, were shown to be no problem.
In addition. reaction forces on the hydro-

static bearings and the forces applied to the
*The mating of the Lander on the top of the fixture were computed and used to perform a
Orbiter for vibration testing became popularly stress/fatigue analysis of the fixture and check
known as the "Stack Test". the bearing adequacy. These same moment
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VIKING

FIg. I. View from floor of Viking ?• LDTM/ODTM Longitudinal (Z) Axis Test Set-up

reaction forces were applied to the piers (I) To provide reaction forces for fixture
supporting the bearings to check their stability design.

Vt-
141 To provide an estimate of the space-

Test .Simulation, Responses Analysis craft fatigue capability

Response analysis of the test setup was The analysis followed an evolutionary
required tor the following reasons:' pattern and was accomplished in phases since

both BDTM and ODTM elastic models were
(It ro obtain an estim~ate of the test being revised and upgraded A comparison of

environment.. i e ,identify member the characteristics of each phase i. .hown in
loads and locate accelerometers at Table o for longitudinal excitation
critical response points Simulation of lateral axis excitation was

(-) Vo evaluate shaker force require4 noteworthy because of a change in test philo-
ments and control levels sophy. Preliminary analysis had indicated

bl
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VIKINGLANDER
PIOSHIELD- :

Fig. Z. View from balcony of Viking 7S LDTM/ODTM Longitudinal (Z) Axis Test Set-up

excessive coupling of the lateral and torsional the Ling 249 shaker The fixture was to be
modes of the spacecrait. This was due to the constrained by hydrostatic bearings to move
combination of apacec raft C. G offset and the only in one plane. As a result, the test team
application of unrestrained driving forces at was directed to seek a lateral driving scheme
the bus main longerons. As a result, an with minimum restraint The final choice
intermediate analysis using restrained or consisted of using four 150-lb shakers.
guided input forces was performed-, it appeared
to solve the coupling problem at all but the
lowest frequencies I(S-10 lz), In this band, Estimate of Fatigue Damage
width, analysis indicated that the driving forces
required were so small that control might be The objective of the fatigue analysis was
difficult to achieva to monitor and enable prediction of possible

Hlowever., objections were raised over the fatigue damage so that vibration test levels
restraint of spacecraft torsional motion due to could be controlled to pre.'ent cracks from
the massive lateral test fixture connected to 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 IZ2

Second Torsion 147 177 183

Longitudinal
Translation 199 209 209

Table 2. Comparison of Two Phases of Response Analysis (longitudinal)

Analysis Phase I Piiase II
Component

Lander Rigid Elastic Model

ýFixture, Shaker Not included, space- Shaker modeled, fixture

craft cantilevered at assumed rigid (5-40 Ilz),.:
base of V-S/C-A hydrostatic bearings

included

f Propellant tanks hlight mass simula- Test mass simulation
tion (referee fluids)

Orbiter Elastic "model 7, no Elastic model 8, no VTA,
VTA, solar panel damý solar panel dampers
pers

The cumulative damage ratio (CDRI used where if bandwidth (Hlz) and k \ sweep
to determine fatigue damage can be stated as rate (oct/mini.

The CDR of 0. 20 (failure is assumed at
I . 03) was felt to be conservative yet generally

D consistent with prevailing oractice in industry
S- 0at present Since the GDTM was scheduled for

ultimate static testing iollowing the vibration
test, every effort had to be made to assure aOtA whe-e n number of cycles experienced at a healthy test structure, The analysis, per.

particular stress level and N allo'able num- formed in two phaseii, consisted of the follow-
ber of cycles at that same stress level The ing basic steps:
number of cycles n in any frequency bandwidth
is given by the expression (I! Identification of critical primary

structure

_ "Oaf (2$ Survey of parts for material,, notch-
SIn 2 sensitive areas.

ti3



(3) Compilation of S/N curves, derivation dence was borne out when a rigorous
of curve fitting equations. post-test dye-penetrant examination dis-

closed no apparent fatigue cracks.

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

(5) Computation of CDR's TEST PROGRAM

TEST SPECIMEN
Phase 1 of the analysis was designed to

take computer-generated (response analysis) The test article consisted of the follow-
loads combined with geometric and material ing major hardware assemblies:
properties and compute the CDR Phase 2 did
the same but was designed to accept test data '(1) LDTM
in digitized format In addition, the contribu-
tion of each frequency interval to the total CDR (Z) ODTM

for the member was to be output (3) Viking transition adapter (VTA).
Phase I was accomplished as intended.

Phase 2 fell prey to equipment limitations Major assemblies of the LDTM/ODTM
Namely,. reliable manipulated load data were of flight-configured hardware wherever
could not be provided in digitized format possible. Mass mockups or simulators had

, The effort of converting the analog signals inertial properties similar to the components
of the tapes to digital form was finally being replaced. Thermal control hardware
abandoned in favor of the analog setup shown such as louvers and blankets was not used
in Figure 3. on the ODTM

The net result of the fatigue analysis Pressurized systems on the LDTM
was that the ODTM possessed substantial consisted of the bioshield and propellant
margin to withstand a moderate number of tanks, The bioshield was pressurized to

FA and TA level vibra.ion sweeps without 1 0 1 0. 9 in of water during testing. The
exceeding the CDR of ). 20. This provided lander propellant tanks were filled with
considerable confidence in the conduct of referee fluids and pressurized to 20 psig
the test since ivarlier approximate analyses witth gaseous nitrogen This pressurization
had indicated potential problems in the was maintained throughout the entire test
VLCA and bus main longerons. This confi- series

C MEMBER CONSTANTS

C ýAVEýRAGER ýDIGITIZER WIAXtAL
LOADI

aEl I9• I •Fall OVERARIROAL

(, 

AM PLfIER

RP C1  AVERAGE D TIGITIZER_-REPADIES GFROM /8 r•\•MOME'NT ABIOUT X-AXIS)
MA GNETIC TAP E _F' .' To) - .>--.FOR EACH •MEMBR L--o 014 C9 .-

S, AIIZR OMENT ABOUT Y-AXIS)

Fig. 3, Analog computation of loads
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ODTM Propulsion Module Mass Configuration, 700 F

Referee Fluid, Weight, Ullage Pressure
Tank Fluid lb % psia

Oxidizer Freon TF 2,063 16.8 105

Fuel Isopropyl 1,112 10.1 105
Alcohol 1

, Pressurant - - Atmospheric

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

IMPLEMENTATION

I Longitudinal Test Setup

The final longitudinal test configuration is

shown in Figures I and 2 Excitation was
providen by a ling 249 0. 000-lb force shaker
The interface between the shaker and the VTA
was provided by the test fixture The test
f xture, a welded magnesium structure, %,,
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 structui ally tied together by two twelve
inch steel channels and a four by eight inch
steel box section. As can be seen in Figures
I and 21, the two channels were parallel and
located near the lower bearing on each pier.
The box section was used to tie the 

t
ops 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 Fig. 4., Typical Hydrostatic Bearing Installation
base of each pier These tabs were used to
secure the piers to the concrete reaction mass
with 1/4 inch screws. trunnion@ off the isolation pads increased this

The combined weights of the LDTM/ODTM frequency to 35 l az Further experimentation
and the test fixture (10, 000 Ib) would have and analysis demonstrated the potential danger
caused excessive deflection of the shaker of sweeping through the trunnion resonance r
armature, preventing normal operation i e., undesirable coupling of the spacecraft and
Pneumatic springs with a resonant fiaquency of ieiund couldocu th e shaker
approximately 2 Hz (Barry Serva-Levels, Fig fwxturang could occur Therefore the shaker

.) were mounted on the shaker body at IZ0-deg was blocked for all tests below 25 iz by insert,
intervals A position control servo regulated ing shims between the shaker body and steel

the springs' air volume and positioned the posts hard-mounted to the seismic mass
shaker armature at the center of its stroke (Figure re. For testing above 2" ttz, the shims
under static conditions were removed.

Experimentation with the shaker indicated Lateral Test
a trunnion resonance of approximately 12 lz -Laea _es _eu

when the shaker was suspended on its isolation Following longitudinal testing,: the LDTM/
pads Blocking the shaker or listing the VLCA combination was demated from the ODTM

(iS
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F•g. i, Overall view of Viking 75 LDTM/

ODTI Y Axis Lateral 'est Set-up

Fig. 5.. Pneumatic Spring Support Systemr

AI

ig,. Shaker Body Illocking System

1,%i and sea , aside I'he ,et amnder of the test
spectinen,, %%hich inctrded the O I) X ', C-A
and % "A ý&as then lifted as a xnt a d placed in
the nodal test towker, and th I I)M/VI.CA was
mated to the test assemhibIN I'he test setups fot
lateral excitation in the N•- and Y- ixes are

illustrated in Ytigures 7 1
ExCxitation of the lI) kI,/O1)1 Mt in each axis

%Aas aLcompltbhed with four Vnholtz-Dickie Fig., 8, Shaker No IZ, Stinger, Mechanical
electrodvnamic shakers,: each rated at I -,O-lb fuze,, and ODTI)T Bus i.ongtl.on Attachment
lo,1 . rhe anakers were pendulously supported (Y Axis).

Ott,
o~4

N.
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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 select4 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 fcr 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 II.

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 59-peak

& limit settings exceeded a preset value. Because
r of test philosophy/hardware differences, the

peak limited signals assigned to the LDTM wire

passed through a 200-Hz filter prior to reachingFig.9. cerll iewof ikig '5 LTM/ the protection module Those channels used for
ODTM peak limiting were conditioned withODTM X Axis Lateral rest Set-up 800-hrz filters.

The control of the lateral axis testing, inwhich four separate shakers were used, was
from crane hooks and chain and attached to the wchour sepana maker sir tte wnt
ODTM bus main longerons th-ough adjustable accomplished in a manner similar to the longitu-

dinal test The four Unholtz-Dickie Model 4
"stingers" and mechanical fuses (flexures), 150-lb shakers and associatedpower stupplywere

3. Test I evels married to the peak select control system.
Because the individual shakers were carefully

Low-level test runs were made prior to matched with their transformers, it was decided
full-level testing, (Tables 3, 4). From these to control the force input on all four shakers by
precursor runs,, the responses of critical connecting them together in series and using the

table 3 Forced Vibration Test Levels, Longitudinal (7.) Axis

Amplitude, g peak
i.,.vel

-S-7 [s U'.8 Hz Z22- 10 Hz 200-20-. 129-20, 200-128-lz- 200 Hz 148 fix 200 Hz

Precursor 0 0.5 - -

Flight 0, 0012 in
Acceptance 1 0 - - 1 0 double

amplitude

Type 0 0018 in
Approval - I S - I 5 double

amplitude
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Table 4. Forced Vibration Test Levels,, Lateral (X, Y) axes

Amplitude - g peak

Level Text Axis -

ZOO-5-ZOO Hz 200-8-200 Hz

Precursor y 1 5 (70)a

""4Fu Y -1 (125)

-Numbers in parentheses indicate force level (lb) of each of the four
Unholtz-Dickie Shakers

armature current output signal from just one of Following a typical test run, the test team
the four shakers. This technique proved very reviewed 48 channels of on-line oscillograph
successful, records. Anomalous or suspicious channels

would then be patched in to an oscilloscope or
5 Data Recording, Reduction high speed oscillograph for further examination.

Control and response amplitude of the This phase of the data reduction process gener-

LDTM/ODTM were measured with strain gages ally required I or 2 hours.

and accelerometers (l",gure 12) Once the test appeared acceptable, the tapes

274 output signals ta-re recorded on electro- were secti-ed and forwarded to the data analysis

"magnetic tape for all tcst runs. In addition, facility First priority was to obtain X-Y plots

approximately 48 channels of control mnd house, of amplitude versus frequency for all control

keeping data were recorded in real-time display channels, followed by reduction of response
on oso.illographs for each test run Following channels.,
each test run, quick-look data reduction was The ODTM strain gage channels were run

accomplished and data review completed by the through an analog computer for derivation of

test team prior to proceeding to the next ran member loads. These loads were averaged over

A large number of static measurements several cycles to lessen transient effects and
r were made on the Ol)I'M during buildup and digitized to yield peak values at particular fre-

always following each test run. These strain quencies. To determine ma.imum stress, the
measurements (approximately 140 to 17"1 were axial loads and moments were added, assuming

in printed paper tape format Monitoring of dc the worst combination of loading and phasing.
offsetp in this manner contributed greatly to Assessment of peak select levels and cumulative
test confidence where the integrity of ODTM damage estimates were based on this process
struiture was concerned While the foregoing was being accomplished,

the on-line oscillograph records were manually
6 ' Test Run summary reduced. Control channels, peak amplitudes,

and overshoot were determined and summari2ed
A total of 44 separate test runs were made for presentation to the test operations board.

on the l.I)TM/ODTlM during the period of Following completion of the testing., fre-
November - through December 10, 1971 - a span quency vs amplitude plots were made for all
of 24 days Actual test runs were short - a I.f) rM/ODTM channels for FA and TA levels
matter of several minutes rest pieparation, this effort took over 2 months to complete.
control convole setup, and trouble-shooting male
the largest demands on the time budget

TF.ST LEVF. .'LOAD)S CONTROL

i)ISCt SSION M1- rl'r1 RESIU.TS Because of control system and loa4 lmita.
*tons combined with the response characteris-

I)A A RFI.l'crION tics of the l.DTM/ODTM (narrow bands with
high amplitudesl. the servo control was unable

tlhte response characteristics of the test to maintain a constant input acceleration at any
astructurewerederived from analysisof recorded one of the twelve cont rol accelerometers This
teat data As originally planned, the bulk ,- was not unexpected since similar behavior had
Ol)lM test data on electromagnetic tape was to been observed in earlier spacecraft testing In
be reduced from analog to digitized format, addition, studies conducted at the dynamic test
manipulated by program, and output in a tab run facility using instrumented cantilevered beams

form l)uring the initial test runs, it became and the proposed control hardware disclosed
apparent that the format specified could not be that control might be difficult at frequenciesachieved because of equipment limitations in below 17 itz That is,. during the switching
providing phase coherent digitized data from one control channel to another, overshoot

i 5 .8.



CONTROL ACCELEROMETERS ADDITIONAL POSITIONS

MOUNTED ON MAIN LONGERONS

ACC I.D. UPPER RING LOWER RING DIRECTION ACC I.D. UPPER RING LOWER RIN• REMARKS

2-3 TOP L LONG. 4-5 BOT TRI VI ACCEL TO BE
Z-3 TOP R ,RADIAL 15-15 BOT TRI I v.. MOUNTED ON
2-3 SOT R _ _ _ _ _1-16 BOT TRI I - BLOCKS ATTACHED

7-8 TOP L v-" I TO CHASSIS FACE7-8 TOP R • RLONG BY No. 8 SHEAR-*
7-8 BOT R " , PLATE FASTENERS

10-11 TOP L V LONG.
10-11 TOP R V RADIAL1• 0-11 BOY R A",-

15-16 TOP L VN
15-16 TOP R V LONG.
15-16 BOT R V ADIA

,TOP L TOP L
TOTOP R OO TOP RBOY R BOY R

l'ig. 10

BOY TRI 11 FUEL TANK 7'

1r TOP I

BOY TR,'I \ 15 OXIDIZER a TA 1 3 / ToE R
\~~~~ •, ,.A-I or L

TOP L 1 O
TOP RTOR

BYRBAY I OTR

RI-

10-32 KNSERI OT ES

TO ANBTOIRNS1) TOP - U;PPER 'INGW R
St~l B07 - LOWER RING

SEPARATION BOSS 6) TRI-TAIAXIAL RING (CORN(RSI

J Fig. 10. Input Control Accelerometers

errors could occur resulting in a possible over. servo. The time constant is a function of
IOU test. Overshoot is defined as the maximum frequency and is longer at low frequency than

observed test amplitude greater than the high. Deadband may be defined as the amz:ount
desired peak select control level, that one signal must exceed another in order to

Two basic sources contribute to overshoots cause a switch of the ACS-6 output from the
RC time constant of ac to dc conversion and latter to the former. Of the above two over.
deadband. The time constant is simply the shoot sources, the RC time constant was the
time required to convert the ac signal from the more significant,
transducer into a dc voltage This is done in Although a definitive model of the control
two places; the ACS-6 (peak selector) and in the system capability is not available, the overshoot
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N•RRSINICTECH.Nt AP.,,•--( MP S_ PATCH AMP

app e sondnto frequpedecy. /ntefloi pr- RSONTSweE conSUroledby-NTS u nu

•,(2) Slope or Q of the resonance, accelerometers or by various straln.gage/
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 sweep (up or down) shown in Figure 13. Examples of comparisons
i of analytical and measured response values are

Significant overshoots weeobservedshw inFgr14troh1.
dui g tets u s o -e e et rn were The response analysis of the coupled

duringselectstcontrolow leveltst cru e-e LDTM/ODTM math models was very helpful in
made and the peak estiatcntpotntilrreponsecotrolchanels
fully monitored to evaluate this phenomenocetmtn oeta esos oto hnes
Examination of on-line oscillograph records Examination of Table 5 gives an approximate

Sof response control strain gages disclosed indication of the actual versus predicted con-

initial amplitudes of 1. 00 to 1. 52 times the trol channels At first glance, it would appear
Speak select level established for these trans- that the correlationi is not good. However, the

•-ducers. The stress values from these low-level agreement between analysis and test is hetter

"*•test runs were used to derive internal loads than casual observation indicates for the follow-Iin the ODTM structural members. The peak ing reasons:
Slimit and peak select load values were (1) These frequencies marked (1) repre -

Sestablished based on these low-level runs and sent conditions where the terminal
Sapplied 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 Axis Testing

FA Testing (40-8 Hz) TA Testing (40-10 Hz)

Predicted Predicted
Approxi- by by

mate Control Analysis Others Control Analysis Others
f, Hz

Yes No Yes No

40 140-S, upper plane truss X 140-S, upper X
plane truss

39 140-S, upper plane truss X 140-X, upper X
plane truss

38 DE-079 TD tank (I) DE-082 TD tank (I)

37 DE-079 TD tank (1) DE-082 TD tank (1)

36 DE-079 TD tank (1) DE-08Z TD tank (1)

35 DE-079 TD tank (1) DE-082 TD tank (1)

34 128-S, upper plane truss X DE-082 TD tank (I)

33 128-S. upper plane truss X 128-S, upper X

plane truss

I.32 128-S. upper plane truss 1 Z8-S, upper X

31 IZ8-S, upper plane truss X 128-S, upper X
plane truss

30 Control No. 5 (3) 128-S, upper X

plane truss

29 134-S, upper plane truss (4) Control N., 2 X

28 134-S, upper plane truss (4) Control No. 2 X

27 128-S, upper plane truss X 1Z8-S, upper X
plane truss

26 DE-05Z, 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 Z89-S, bedframe X Control No. Z X

22 DS-330 adapter (2) 289-S, bedframe X

21 DS-330, adater X DE-08Z TD tank X

20 DS-333 payload adapter (Z) Control No. 4 (3)

19 288-S bedfrarne X 289-S bedframe X

18 Z89-S bedfrarne X 289-S bedframe x

17 289-S bedfrarne X Control No. 4 X

16 295-S bedframe X 295-S bedframne X

15 295-S bedframe X 295-S bedfrarne X

14 295-S bedfrarne X 295-S bedfravie x

13 295-S bedframe X 295-S bedframe X

st 12 295-S bedframne X 295-S bedframe x

11 Control No. 4 X Control No. 2 X

10 Control No. 4 X Control No, Z X

9 8-S, VLCA X

8 Control No. I X

Total 8 14 II 14 11 6
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Z AXIS TEST CONTROLS

o INPUT CONTROL ACCELEROIMETER
x LDTM RESPONSE CONTROL
* OOTM RESPONSE CONTROL

1.0[

SPEC LVL ••

S0 TEST DATA

SANALYTICAL DATA---

()J10 100 1000

FREQUENCY, Hz

Fig. 15. Run 116-4 Down Sweep, 117-4 Down

Sweep Measurement DE-052-LB-X (Equipment
Plate) and DOF 97

1 2

FREQUENCY, HZ 1o

Fig., 13. LDTM/ODTM stack test, TA level
downsweep controls

SI,

10 -, , I E 1.0

S•0-1- TEST DATA
• " A AN A L .Y T IC AL D A T A - . . . .

• 
I

1010100

STFREQUENCY, HzANALYTICAL DATA -- FEUNYH

Fig. 16. Run 116-4 Down Sweep, 117-4 Down
Sweep Measurement DE-061-LB-X (TD Engine
1) DOF 172

10100DAA 1000ESD TA[ • FREQUENCY, Hz

Fig. 14. Run 116.4 Down Sweep, 117-4 Down
Sweep Measurement lIIA (VTA Input) asr
DOF 1003
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-0 (4) The upper plane truss 134-S was

shown by analysis to be at 80% of its

TEST DATA - limit.

ANALYTICAL DATA - - -

Typical measured load values have been
compared with their analytical counter parts.

1.0 E 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 test tolerances.,

Examination of typical response accelera-

II tions reveals that measured frequencies were
usually higher then those predicted by analysis.
Amplitudes were generally lower than predicted
by approximately that amount established by

10 100 test tolerances.

FREQUENCY, Hz

Fig. 17. Run 116-4 Down Sweep, 117-4 Down CONCLUSIONS
Sweep Measurement DE-064-LB-X (TD Engine
Z) DOF 184 The results of the Viking 75 LDTM/ODTMI test are summarized as follows:

were set substantially lower than the
values used in the analysis. Conse- (1) Test implementation went better than
quently, the TD tanks were biased to anticipated. This was due, in large
attain greater control during actual part, to the pre-test analyses and
testing The sensitivity of the control careful preparation leading up to the
system to lower TD tank control levels test.
is demonstrated by comparison of the
FA and TA runs in the table. DE-079 (W) Forced vibration qualification levels
used in the FA tests was replaced by were successfully imposed on the
DE-082, with a peak level setting LDTM/ODTM structure. Load levels
approximately 80% of its initial TA generally did not reach design load
level. This channel assumed control limits attained in static testingbecause
so effectively that no other Lander of the control system test tolerances,
controls appeared in the TA switching
sequence. (3) Test predictions based on the Viking

(2) The (Z) notation in FA testing repre- mathematical model correlated
sents Lander payload adapter strains reasonably well with the test data. In
that were never included in the re- general, test frequencies were slightly
sponse analysisn higher than analytical predictions and

amplitudes lower. This further demon-

(3) Precision in determining exactly when strates that the coupled Viking space-
a control accelerometer will take over craft mathematical model has no major
(other than for rigid-body modes) is errors,
beyond the capability of present analy-
sis This is particularly true when the (4) JPL test equipment and methods have
actual control system constraints are been checked out for use on the proof
considered (i.e., overshoots, time test Orbiter. The test was controlla-
constants, etc.). ble down to 10 Hz at TA levels.
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A METHOD FOR DETERMINING TACTICAL MISSILE
JOINT CO1MPLIANCES 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

AT - Cost Function of Error Terms k - Intermediate Spring Rate Used in
Computing the necond Order

N, - Number of Experimental Modes Derivatives of F

= Summation on Index r - Intermediate Step Size Used to
f obtain VAj - Mode Frequency

X - Mode Shape 5"i(')- The Sign of (
W - Weighting Factor C - Relative Error Size

( - Transpose of ( ) N - 40's- Eigenvalue

K - Stiffness Matrix = mass of Missile

-t = Mass Matrix

A/ - Number of Internal Stations in e - Experimental
Model t - Theoretical

i - Unknown Spring Components X - Mode Shape Subscripts

S- Iteration Number - Frequency CS- Step Size ,,~-"Indices or Counters•

-• - -• =Gradient of F INTRODUCTION

5 - Step Size The modular configuration approach
commonly employed in ,asigning tactical

L Inverse of missiles results in th., use of numerous separ-
jj - Kronecker Delta f. 1 i = j able airframe joints. The number of separable

= 0 I 0 j airframe joints that are used on a sampling of

X - Matrix of Known Spring Elements tactical missiles are shown below.

As, - Number of Joints Missile Number of Joints

U - Strain Energy Redeye 4

" "X," - Slope to the Left and Right of Sidewinder 4

Joint j Shrike 4
Standard 5
Sparrow 4
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The compliance of these joints, and in The measured mode shapes and frequencies are
particular the flexural compliances, play an presented in Figures 5, 6 and 7. The theoreti-
important role in missile structural dynamic cal mode shapes and frequencies produced by the
response characteristics. Exploitation of the joint compliance extraction technique (which
modular missile design concept often results in will be presented later) are also compared with
the need to determine joint compliances for the measurements in Figures 5, 6 and 7. It is
subsequent dynamic response modeling for new seen in every case that the theoretical mode
module combinations or module configurations, shapes and frequencies agree well with the
However, the behavior and complexity of most measurements.
airframe joint designs is such that they are
not amenable to simple analytical modeling The three flexural joint compliances that
techniques. Experimental determination of were extracted from these test data are
joint compliances is therefore commonly used. presented in Figure 8, where they are compared
The experimental approach generally involves with the joint rating system of Reference (1).
dynamic testing rather than static testing The joint rating system is based on the premise
because the behavior under the small deflec- that the flexural compliance of a joint vatiea
tions associated with missile elastic mode inversely as the cube of the diameter. Four
response are of interest, categories of increasing compliance "excellent,

good, moderate and loose" are used. The three
The method of determining compliances values of joint compliance extracted from the

from dynamic test dapa that will be presented test data are seen to fall in the category of
is referred to as the joint compliance extrac- "good".,
t in technique. This method has been applied to
test data originating from two different test MISSILE LEVEL TEST METHOD
approaches. The first test approach utilizes
special hardware embodying a single type of The second method of determining tactical
joint while the second teat approach uses the missile joint compliances from dynamic teat
actual tactical missile, with all of its air- data embodies testing the entire missile. This
frame joints, for the test hardware. The two eliminates the problem of designing and fabri-
test techniques will be presented first followed cating special hardware to represent each joint,
by details of the joint compliance extraction but the problem with this method is the actual
technique. The material presented is drawn extraction of the airframe joint compliances
from a study entitled "Structural Dynamic from the measured mode shapes and frequencies.
Properties of Tactical Missile Joints" sponsored The extraction process can be a formidable
by the Naval Air Systems Command. undertaking when using trial and error proced-

ures if the test specimen contains more than
SINGLE JOINT TYPE TEST METHOD two or three joints of unknown stiffness, To

simplify the extraction process, a method
The first test method approcches the pro- referred to as the joint compliance extraction

blem by minimizing the number of unknowns and technique has been developed. This technique
uncertainties. The method consists of fabrics- is based upon the assumption that differences
ting special hardware that places a single type between theoretical and experimental mode
of joint at the midspan of the assembly. The shapes and frequencies are due totally to
remainder of the test assembly consists of uncertainties in the airframe joint atiffnesses.
tubular members with known physical properties. The assumption that the airframe stiffness
A sketch of an idealized test specimen is distribution (except in the local region of the
presented in Figure 1. The desirable attributes joints) and the mass distribution are well
that this hardware embodies are known boundary defined is usually a reasonable assumption for
conditions, known mass and stiffness distribu- tactical missiles.
tions (except for the stiffness of the single
joint), and high resolution on the effects of The development of the joint compliance
the joint compliance. A minor variation in the extraction technique and the associated com-
hardware configuration, that can be used if the puter program (JOINTS) were accomplished under a
joint happens to be located on either end of a Naval Air Systems Command study contract,
long uniform section such as a rocket motor, References (2) and (3). Originally the te'h-
places two joints of the same type near the mid- nique employed only first order gradient terms.
span of the assembly. The motivation for this It worked well for a small (two degree of free-
is that the only special hardware needed con- dom) system, but when the method was applied to
siats of a short adapter to join the two uniform larger systems the results were disappointing.
sections. Next a second order gradient method in which

the second order terms were approximated by
The test approach embodying a single type differences was tried and techniques were devel-

of joint has been applied to three different oped to improve convergence of the method.
joints. The three test assemblies utilizing a This technique is now presented.
2.75 inch diameter threaded coupling ring joint,
a 5.0 inch diameter Harmon clamp joint and a JOINT COMPLIANCE EXTRACTION TECHNIQUE
13.5 inch diameter shear bolt joint are illus-
trated in Figures 2, 3 awid 4, .espectively. The compliance extraction technique is an
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application of a general method published by where M and K are mass and stiftness matrices,
Hall, at al Reference (4). Our application of respectively. The subroutine within the com-
the method is restricted to the case of esti- puter program which solves the eigenvalue
mating joint compliances from measured tactical problem uses the Holzer-Myklestad method., This
missile elastic mode date, numerical method utilizes transfer matrices

from point to point on the model and finds the
The joint compliance extraction technique eigenvalues by satisfying the boundary condi-

is designed to determine mechanical joint com- tions using an iterative procedure. A complete
plisnces of an elastic missile structure by description of the method is found in Reference
generating the "best" least square fit between (5). Limitations of the method and economy

a linear lumped parameter mathematical model preclude extraction of all N modes where N
and a given set of experimental modal data., A is typically 50 to 200. It will be seen later
major assumption in the method is that the that the lack of a complete set of modes intro-
joint compliances constitute the principal duces approximations into the optimizationSunknowns in the lumped parameter system, with method and necessitates modifications.

both distributed mass and stiffness being pre-
cisely defined., eighting factors which The "best" fit values of the joint compli-
involve mode number, shape, and frequency ances, defined in a least s uare error sense,
acknowledge the existence of accuracy limits- are determined by minimizing the cost function
tiona in the test data. The joint compliances which is accomplished with a modified steepest
yielding a best fit are found by minimizing a descent method., Steepest descent or gradient
quadrotie function of the differences between methods as they are also known, iteratively
corresponding theoretical and experimental converge on the location of the minimum, since
eigenvalues and eigenvectors. This function, an analytical solution of the condition for an
referred to as the cost function, is expressed extremum, v•' 0 , is not possible. The
as follows:: successive estimates of the minimizing values

Wt 2 of the independent variables, in this case a
. -s (1) vector the components of which are the unknown

spring rates of the structural joints k, are

A__"'• k'_ ' -ey.c- I .(3)

The frequencies and mode shapes are denoted by The superscript indicates the number of the
W and 4 , respectively. The weighting factor estimate. If the quantity Q is a constant, the
matrix is W and the index ' is 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 treated as additional components of is based on the intuitive notion that if one
the X's. The subscripts e and t denote proceeds in the direction of the steepest

expe-imental and theoretical values, respec- descent, which Equation (3),does,in small steps
tively. The minimization of the cost function one must arrive at r 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-Raphaon algorithm to the
methods are more the rule than the exception, gradient of the cost function which yields the
In this case the optimization is accomplished successive approximation,
by a steepest descent method. Before proceed- ) - r F i 1 I(
ing with a detailed discussion of the method, A- - I -a71r, a it (4)
the structural mathematical model utilized will
be described. The matrix of second partial derivatives must

be non-singular. Theoretically, the step size,

The fundamental structural dynamic 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 a linear lumped parameter mathe- as the basis for the algorithm developed. The
motical model, More expressly, the mathe- reasons for the modifications that were neces-
matical model simulates a beam-like body with a sary will be explained as they are encountered.
aeries of lumped massas connected by weightless Tne jth component of the gradient of the
beams. Discrete shear, compressive, torsional, cost function is
and flexural springs may be included at any 1 ' W,
point in the model., The modal can be used to fv.'
analyze bending, torsion, and longitudinal (5)
motion. The model contains provisions for (3)

including Appendages attached to the main body -" • ,, - •
O •h"a arbitrary angles with arbitrary attachment

springs. The appendages Pre modeled similarly where kj is the Jth umknown spring rate. In
to the main body. The boundary value problem order to calculate the partial derivatives of
that results from the representation can be the eigenvalueas and eigenvectors with respect
expressed as an eigenvalue problem: to the kj'e, a departure was made from Refer-

ence (4). Here the modes were normalized to
- e a• . • ",(2) unity with respect to the generalized mass H,
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accuracy and economy. This is usually the case

A. , . (6) in dynamic problems. Here the Justification is
A joint compliance positioning matrix, KJ, is a posteriori. The number of theoretical modes

used in the computation of their derivatives is
introduced which locates the unknown spring an option to be selected by the user.
rates within the full spring matrix

AeJ .. jA..AlZ ik(7 %Z "A (14)

~~~~~ ~ ~ i -stemti fkomsrn lmns

Sis the matrix of known spring elements. It was felt that direct calculation of the
Because of the peculiarities of the method used second partial derivatives of the eigenvslues
to solve the eigenvalue problem, the spring and eigenvectors was prohibitive because of
matrix, K, is not directly available and so computer memory size limits. It wma eb uent-
neither are the variable spring positioning l y r ize dire t c t of thely realized that direct calculation of the

matrices, the KO's. However, they can be second partial derivatives is very likely scono-
derived by considering the strain energy stored
in the Jth spring. For simplicity, assume that nomically feasible since many of the terms are

a separate spring rate is assigned to each zero. However, since only a small number of
unknown missile joints are assumed, the method

joint. Then the strain energy associated with employed in program JOINTS approximates theSthe Jth spring is: second partials by taking differences of the

S -z (• -X: )(8) first partials. Such a numerical prncess tends
V. 2 to be accuracy sensitive and demands careful

where •'x and x' are the slopes to the left and monitoring. Without resorting to double

to the rght ofthe joint for the case of a precision arithmetic, the step size must be

rotational spring. The strain energy is also large enough to yield a sufficient number of

U 1/2 k xTKJX Equating the two expressions significant figures. On the other hand, too
and hen te coefficients of like terms, it can for the cost function to be o*prevented by a
be deduced that the matrix, KJ, mu~t be the null qaratic. The p od e s ettl ed uo a
matrix except for a submatrrx, quadratic. The procedure settled upon was the

following. Using the current estimate k(n),S/I -- \ (9) the gradient of the cost function is computed
-/ with Equations (5), (12) and (14). The current

estimates of the unknown springs are incremented
corresponding to the oordinates on either side oberving the sign of the gradient:
of the joint, Then according to Reference (CA)
the partial derivatives are ie) - ,F ý

r d The relative increment, r, is the same for all
U -A L 14 " (11• the unknown spring rates and fixed for a parti-

X. ; , ,i -itt culaf problem. The gradient is calculated at
k'(n) and the ratios of the difference of the

Equations (10) and (I1) can be expanded in terc-
of components of the normal coordinates by respective components and tho spring rate incro-

utilizing the strain energy relationship for meits are computed. In order to improve the
eetamctes of the second partial derivonives,

oint. corresponding off-diagonal estimAtes which
K~t j =X,t -•J - xit,.-J.') theoretically should be equal are averaged as

K..' (Xe 5t,, j. I indicated below.

a &SI N * e b a X

jai Ao. (~kV kJ~aJ A~,L •= lb1

where the indices mj and mij- i refer Lo the The H)eiain, the matrix of second partial
components of the normal coordinates to the left derivatives, is then inverted. The correction

S.. • and right of the jth joint respectively. The Lerms in Equation (4) are computed using a value
partial derivatives of the moade shapes were of 1.0 for S. The sign and magnitude of each
derived using the second formulation of Refer- correction component are compared to toose of
eoce (6) which requires a complete set of the increment used to estimate the second par-
theoretical modes. As pointed out previously tials. If the signs agree or if the magnitude
the sum has to be truncated for reasons of
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is less than 2-1/2% of the current spring rate, This means that an error of C in the elgen-
the second orier correction is utilized. If value will produce a residual term in the cost

not, equation (15) is used. If the new spring function proportional to the product of the
rates, k(n + 1), result in an increase in the fourth power of the frequency and the square of
cost functio.a, the correction terms to k(n) are the error. Considering the same error applied
halved repeatedly until a decrease in the cost to the mode shape contribution to the coat
function is obtained. In any case, each function yields
variable spring rate is kept within prespeci-
tied Visits. These procedures which taken p. ... k' • (23)
together may be considered a complicated method
of selecting a varying step size, S, evolved The above equation shows that an error of d in
heuristicly. Modifications which can be made the eigenvector will produce a residual term in
to improve them and put them on a more rigorous the cost function proportional to the product
basis are possible. of the square of the Pigenvector and the square

of the error. Since the mode shapes are normal-

Ideally the weighting in the cost function ized to a unity generalized mass, then
should reflect both the relative accuracy of
the experimental data and the re'ative import- / Z (24)
ance of the information to be obtained from 

(24)

applications of the mathematical model. Often" for missiles con•structed with thin cylindrical If assumptions are made that the teat specimen
is a slendir beam with uniform mass and station

shells, the experimental data will diverge from
beam behavior in progressively higher modes, riseributions, then the above equation may be

For many dynamic analyses (such as dynamic rewritten as

loads analyses and autopilot elastic mode coup- / - ;P X9 X £

ling analyses), the contribution of the higher d

modes is less significant than the lower modes. X I (25)
If the above conditions hold for auy given pro- dex
blem, then the weighting factors should decreae and the mode shape portion of the comt function

in some way with increasing mode number, becomes inversely proportional to the mass

A derivation of the weighting factors is W .- ' .2 (26)
now developed. The cost function (Equation 1) mass of boom
may be broken down into two terms (mode shape where nu m be am

and frequency) for each mode

,rl is independent of frequency, and is depen-
A: .€ -, (17) dent upon the mass, number of beam stations,

and the square of the error.
wr To equate the size of the frequency terms

A,.- I li. (,..a - , (18) in the cost function with each other, the

following weighting factors were selected

Rewriting j,'m as a saumation yields / 's()

2 K/(20) where highest experimental•,X'. m "ka•(,, ,aa (0 ode frequency.

To see the size of terms produced in the cost Equating the mode shape ind frequency terms of

function by an error in the eigenvalue or the cost function yields
eigenvector, a relative error of size %6 is
assumed in each of the measured quantities. ./,, " *inJ. (28)
Then the cost function terms will be equated by
proper selection of weighting factors. That is,
an error of 46 will be assumed in both woaand / - p

X , and weighting factors will then be found
which give equal *is* terms in the cost func- ° (29)
tion. It the theoretical sigenvalues and eigen- 6 x N (9

vectors are assumed correct, than an error of 6
in the eigenvslue can be written as where %9 - total mass of the missile

-- number of internal
* ( '# ~stations.

The frequency terms in the cost function become The above weighting factors then approximately
weight the mode shape and frequency errors

-. A- 4 , (22) equally.
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APPLICATION OF THE IMTHOD Mode Experimental Theoretical Frequency (Hz)
No. Frequency

Here an application is presented to show (Hz) Solution Solution
the utility of the joint compliance extraction NO. 1 No. 2
method. The example chosen consists of a set
of measurad benqfing modal data for a tactical 1 59.3 59.5 59.3
missile. This/set of modal data had previously 2 116. 114.4 116.0
been matched with a mathematical model by a 3 153. 154.2 153.6

trial and error method (which took approxi-
mately sixty computer runs). Previous test As shown above, the case where the frequenciescases based on hyoothetical models had shown are weighted more heavily than the mode shapes
that the method arrives at the correct joint (solution number 2) does in fact exhibit a
compliances rapidly when an exact math model is better match between the experimental and
used with no experimental errors in the input theoretical frequencies.
data. The results obtained for this applica-
tion illustrate how well the program works when The joint compliance extraction technique
matching a lumped parameter model to actual in its present format is believed to offer a
measured data with its inherent experimental useful, convenient, and reliable method for
errors, estimating effective compliances of missile

joints from modal test data. The method pre-
The set of weighting factors selected for sumes that the missile airframe distributed

this application were chosen to equate all stiffness and mass properties are known, the
three modes (both frequencies and mode shapes) modal characteristjcs can be adequately modeled
equally. The first three joint compliances as a lumped parameter beam, and that all discre-
(which represent airframe joints) were started pancies between nodal analysis and modal test
approximately 3007o higher than the hand tuned data can be attributed to uncertainties in the
values. The fourth joint compliance represente] joint compliance values. As in any analytical
the attachment compliance for an internal appen- method, additiorsal refinements and areas for
dage. The originally assumed value oi the improvement will become evident as applications
fourth compliance was started high by 30% over are further explored with actual test data.
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

S' first, second, and third modes respectively.
The corresponding mode shape weighting factor
coefficients were i, 0.1, and 2.ObI Figure
cfcshows the solution (No. 2) obta.ned for
this condition. Comparison of Figures 9 and
11 shows that both sets of compliances
obtained are close to the hand tuned values.
The following is a comparison of the experimen-
tal frequencies and the frequencies obtained
foat the two sets of weighting factors.
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VIRRO-ACOUSTICS

DYNAMIC STRAIN AMSUREMENT TECHNIQUES AT ELEVATED TEIMPERATURES

R, C. TAYLOR

AIR FORCE FLIGIfT DYNAMICS LABORATORY
WRIGIff-PAITERSON AIR FORCE BASE, OHIO

Strain gage techniques for use in a combined thermal acoustic environment
were investigated. The design limits of the program were strain levels
of 1000 micro-inches/inch and temperature of 14000F. To verify the
developed methods, strain gages were installed on three panels which were
then tested in the AFFDL Sonic Fatigue Facility at 500F, 1200F, and

SO1400'F. Epoxy adhesive, ceramic cement, and flame-sprayed ceramic bonded
gages exhibited excellent results although lead wire failures were common.

INTRODUCTION ing,. Weldable gages have not been used because
welding may cause local stress concentrations

The measurement of strain during sonic and therefore alter the fatigue characteristics
fatigue tests of airciaft structures is essen- of the base material.. For the tests conducted
tial to determine structural response and at temperatures between 600'F and 1200'F, free-
estimate fatigue life, Of the many tests that filament (unbacked) tNIpe wire gages were used
have been performed at the Air Force Flight and, depending on the maximum tewperature
Dynamics Laboratory (AIlFDL) Sonic Fýatigue Faci1- expected, the gages were bonded with ceramic
it)', (Reference 1),. those that presented a cement or flame-sprayed cer.,mic, Tc minimize
difficult strain measurement situation were the effects of a gage installation on the vibra-
the tests run in conjunction with elevated tem- tory response of thc, structure, the mass of the
p.Žratures, It is in such an environment that gage,, adhesive, and lead wires must be kept as
high thermal stresses and the dynamic strains of low as practical. Gage lengths are usually 1/8
acoustically induced vibration combir to inch or less and lead wires are size 26 AWG or
reduce the life of the most carefully Thosen and s. _.ller. However, in the interests of long
installed strain gage system, fatigue life, there is usually a compromise

between low mass and strength.
In a typical high temperature acoustic

test in the AFFDL, the test article is sub- The results of early high temperature
jectid to a high intensity soind field and sir- sonic fatigue tests were discouraging. In the
ultaneously heated to its opeiational temper- year 1969, an AII.Dh. test report on the F-111
ature. These tests are performed on airciaft Aft Center Body Panel Test contained these
structures to duplicate the noise and heat of words:, W'ery little strain data were acquired
jet engine exhaust expei ienied in service. In because of the rapid disintegration of the gage--
the test facility, the sound field is simulated lead-wire or the gage-panel interface bond
using sound generators and heat is induLcd by undei the combination of high temperatures and
means of qualtz lamps with reflectors. M&ost high soirid pressure levels", With panel tem-
tests of this nature are perforned in the 1 by peratures as high as 120001 , the gage instal-
I foot progressive wave test section of the lations did not last long enough to record the
sP lmki test Lhamber illustrated in Figure 1., The strain data. High temperature free filament
test specimen is mounted on the side of the test gages had been installed by the flame-spray
section and is exposed to the sound pressure technique and the .Nichrom• ribbon leads were
from within and to the heat lamps on the outside. installed in glass fiber tubing and held down

t4 Not only are the strain gages exposed to the heat by straps of Nichrome ribbon spot welded to the
and vibration, but also thie lead wires wiich may panel, \ithough these methods had been used
e\tend several inches into the heated zone. successfully in other vibration tests, they did

not work in the high temperature acoustic
Strain gages used in these tests have environment.,

been commerciallv available resistance type gages
deigned for high temperature and a.iliesive bond- Tlien in 1972, during the AIFDL test of
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lgure 1., Small Test Chamber

brazed honeycomb panels, free-filament gages were strain levels approaching 1000 micro-inches per
used at temperatures to 90001. The gages were inch, dynamic; 2000 micro-inches per inch,
attached using a ceramic cement, Out of 12 gages static; at temperatures up to 14000 F, The reli-
installed, data were obtained from only 2 gages ability requirement was specified as 1 hour of
at 800*F. operational life at these limits of thermal and

dynamic loading. Three temperature ranges were
To meet the requirement for reliable selected for investigation, 200'F to 500°F, 500*F

strain data from fatigue tests in the thermal to 800'F, and 800OF to 1400'F. For each range,
acoustic environment, an experimental program the program consisted of selecting the strain
was undertaken to develop effective strain meas- measuring device, developing a reliable attach-
uring methods., This development was performed ment method, developing a compatible lead wire
under contract for the Air Force., The verifica- system and designating complete instrumentation
tion tests were conducted by Air Force personnel requirements for measurement and calibration.
at the AFFDL Sonic Fatigue Facility in coopera-
tion with the contractor, This paper summarizes A literature search was conducted to
the contractual developments and the results of determine the most suitable device for strain
measuring strain at high temperatures during the measuren-nt. Considering that the attachment of
verification tests. A complete discussion of the sensor would be to thin skins and that the
the contract program is available in an AFFPL method should have minimum effect on the vibra-
ieport, Reference 2. tory characteristics ot the structure, the

bonded resistance strain gage was selected. For
DEVELOINENT PROGRAM the temperature range, 200OF to 500*F, standard

resistance gages were investigated., For higher
The objectiv of the program was to temperatures, up to 14000 F, many special alloyed

develop aid demonstrate static strain, dynamic gages were fabricated primarily to meet the
strain, and temperature measurement techniques static strain requirements of the program.
that exhibit a high degree of accuracy and reli-'
ability under test conditions where high level The most difficult and time consuwing
structural vibration is combined with heatingý portion of the program was the development of a
The methods to be developed were to withstand temperature compensation technique for static
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properties of the material, The size and type

to he used is a function of availability and theTRAN E00 experimental results of thermal acoustic test-
ing. Therefore, several lead wire sizes were
selected to investigate the effects of wire size,

R Wire sizes included .003 inch and .005 inch
diameter wire and .003 x .015 inch and .005 x
.031 inch ribbon. Materials considered wereE IN Nichrome V, Constantan, nickel clad copper, and
stainless steel clad copper.

An assumption was made that strain
,RB gage and thermocouple installation techniques
Rused in testing gas turbine engines might also

RESISTANCE THERMOMETER work in a high temperature, high intensity
acoustic environment, To verify this assumption,

Figure 2, Resistance Thermometer Compensated the following test was conducted in the AFFDL
Gage Sonic Fatigue Facility, Chromel-Alumel thermo-

couples were bonded to a 14 x 20 inch panel of
AISI 321 stainless steel using four attachment

strain measurement at high temperature. A methods. For operation between 300'F and 500°F,
number of compensation techniques were investi- two thermocouples were attached with an epoxy
gated and the resistance thermometer compensation cement. For the range, 500OF to 800OF, two
method was selected for further development. For thermocouples were bonded with an epoxy using a
this method, a resistance thermometer element is method developed by NASA Flight Research Center,
bonded adjacent to the active gage and connected Idwards AFB. Four thermocouples were installed
to the compensating Arm of the strain gage for operating in the 800*F to 1400*F range; two
bridge as shown in Figure 2. Four alloys were were bonded with a ceramic cement and two were
investigated for the compensating element in installed by the flame spray method. The flame
conjunction with Platinum SlI Tungsten active spray application consisted of nickel aluminide
elements and bonded to Inconel X test specimens. over the thermocouple junction and high purity
Excellent temperature compensation was achieved aluminum oxide over the lead wires, An inpor-
with platinum rhodium and platinum rhodium tant factor was that each thermocouple wire was
ruthenium compensating elements, however their continuous from the junction, located near the
application is limited to approximately 125001S center of thv panel, to the edge of the panel
and 1050'1,, respectively. Figure 3 shows the and was bonded to the panel for the entire
low apparent strain exhibited by these compen- length., Near the edge of the panel, the thermo-
sated gages, couple wire was spot welded to insulated exten-

sion wire.

--------- t W Gage PI Rh Thermometer
Saobized at 250 OF The panel was mounted on the side of
PI W Gage Pt R Ru Ttem eier the test section of the small test chamber. A
StoMzed at 050 IF stainless steel mounting frame was placed over

SPKOM Incore X the panel which left a rectangular area of the
pnel, 7.8 x 17.5 inches, exposed to the heat
generated by the lamps. A layer of asbestos

500--- ,cloth was inserted between the panel and frame
to reduce the heat conduction into the frame.
lThe asbestos layer also ernabled the lead wires

coming off the panel to be brought out between
* -- the panel and frame. linally, a large sheet of

-~ - arinite insulating material was installed to
-')000 t i imask the frame and to protect the test section,

2 40-8uing the test, the panel was subjected to a200 400 600 8W I000 1200's 2
TEI•ERATUIE, OF rardom noise spectrum, 150 dR (re:, 2 x 10 N/m

overall sound prea;•ure level (SPL), and to the
Figure 3. Apparent Strain, PT RHi and PT RPI RU heat from the quartz lamps, The panel temper-

Thermometers ature was held at 500*F for the first 30 minutes,
"800°F for 30 more miautes, and then increased to
1400*F for the remainder of the test. Total

Gage attachment methods selected for test time w, 1 hour 30 minutes. None of the

application to sonic fatiguc testing included an thermocouple installations failed during oper-
organic cement for the lower temperatures, and ation within their design temperature range.,
ceramic cements and flame-sprayed ceramic for The results of this test indicated that these
the higher temperatures. In general, the selec- methods that had been known to give good per-
tion of a lead wire material for high temperature formance in turbine blade tests were promising
testing is based primarily on the temperature for sonic' fatigue testing.
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VERIFICATION 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 12000 F. The panel was instru-
mented with nine strain gages of P]atinum 8%

* Tungsten and Nichrome V alloys, and five Chromel-
Alumel thermocouples. All gages and lead wires I"
were attached usi-g ceramic cement. Lead wires
consisted of .005 A .031 inch Nichrome V, .005
inch diameter Nichrome V, and .003 inch diameter Figure 5., Test Section, With 12000 F Panel Installed

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 _5_O-

4.

u_ IO000

0

W- 500-

.- 0 1 0 20 30 40

ELAPSED TIME, MINUTES

Figure 6.: Temperature History, 1200*F Panel Test

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 S. 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 temperature 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 Figure 7. Small Chamber Test Section, Siren,
channels of strain data were lost., 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., F
Seven gages survived the test but had lead wire ..
1a'lures. 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 panel, where the stresses . I ,
were lower, survived., Noting the fact that the o0 1 20 30 '0 50 60 70 80 90 00• 1
panel had buckled, it was concluded the failures E T, VWTES
were caused by the inability of the ceramic
cement to withstand the high strains caused by Figure 9. Temperature History, 1400OF Panel Test
the buckling.,

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 2000F to
S00°F temperature range were tested last., For!1 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 unbacked gages, seven unbacked
gages were also installed with flame-sprayed
ceramic and ceramic cement. Lead wire types for
the epoxy installed gages included .005 inch

Figure 8., 1400F Test Panel diameter Constantan wire, .OOS inch diameter bare
nickel clad copper wire, and .. 005 inch diameter
polyimide copper wire, The lead wires were

The 1400'F panel tested next was connected to the gages using 580OF solder and
fabricated from a sheet of .025 Rene' 41., Nine attached to the panel using an epoxy adhesive.
strain gages of Platinum 8% Tungsten, Nichrome V, Lead wires for the ceramic cemented and flame-
and Karma and three Chromel-Alumel thermocouples sprayed gages included .005 inch diameter nickel
were installed using the Rokide flame spray tech- clad copper wire, .005 inch diameter Nichrome V
nique, A photograph of the panel is shown in wire, .003 x .015 inch Platinum 8% Tungsten rib-
Figure 8. Gage lead wires of .00S inch diameter bon, and .004 x .031 inch Nichrome V ribbon,
Platinum 8% Tungsten wire, .005 inch Nichrome V These lead connections were welded, The organic
wire, and .003 x .015 inch Nichrome V ribbon backed gage installations were coated with an
were welded to glass-fiber sleeved extension aluminum filled silicone to provide a reflectivity
leads. To prevent shorting problems that occur- similar to the bare test panel, This prevented
red during the test of the first panel, glass-' the temperature of the gage installations from
fiber tape was placed between the panel and the rising excessively above the test temperature
external leads., To avoid buckiing the parizi, (due to the dark color of the adhesive). Figure
the sound source was changed from the pure tone 10 shows the panet before testing. Heat and
siren to an air modulator capable of producing sound were applied as in the previous tests.
a wideband spectrum. The spectrum was shaped as With the SPL reduced to 150 dB, the panel was
near as possible in accordance with MIL-STD-S10 heated in 100 degree increments to 500'F. Al-
which defines the sound field characteristics though Fi~ure 11 shows that one area of the panel
associated with aircraft and missile systems. remained below 500'F throughout the test, other
The instrumentation was connected as before. thermocouples which failed before test termin-
With the acoustic level at 160 dB overall SPL ation measured temperatures of 500 0 F and above.
the panel was heated to 800'F, cooled below 20d0 F, The test lasted 44 minutes..

opt, then heated to 1400'F. This took approximately
49 minutes. Having reached 1400*F, the test The flame-sprayed and ceramic cement
continued one hour longer. Figure 9 shows panel installed gages failed early in the test. Panel
temperature versus elapsed test time. Dynamic buckling had caused the strains to exceed the
strain levels averaged about 100 micro-inches limits for these attachment methods, Analysis

per inch. These strain levels are typical of of the panel after testing indicated that all of
many sonic fatigue tests. the epoxy adhesive bonded gages were functional

and all failures had occurred in the lead wire
system.
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were installed adjacent to gages with .003 ich
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

S .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 panels,
other arrangements for bringing the lead wires

q1 |off the panel should be considered on future
tests.ý Locating the lead wire splice in a lower

Sstress area and running the leads over the frame
instead of between the panel and frame are two
possibilities. Also, as indicated by the earlier

Figure 10. 5000F Test Panel panel test of thermocouples, 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
o -500 attachment methods tested are generally satis-

factory for the test condition- investigated.
To summarize, the following gage and bonding

W 0, combinations proved to be successful for high
20 0 40 0 temperature high noise tests lasting up to one

,W hour in length: for temperatures to 500°F, stand-
ELAPSED TIME, MINUTES ard resistance strain gages attached with orgatitc

Figure 11. Temperature History, 500'F Panel Test cements; for temperatures to 1200'F, unbacked
gages attached with ceramic cement; for temper-
atures to 1400'F, flame-sprayed gages.

CONCLUSIONS AND RECCNMENDATIONS REFERENCES
A post-test examination of the three

panels tested identified gaging techniques that 1., A.W. Kolb and H. A. Magrath, "RTD
should be considered for use in a high temper- Soaic Fatigue Facility, Design and Performance
ature and intense acoustic environment. The Characteristics," Shock and Vibration Bulletin,
ceramic cement and flame-spary installed gages on pp 17-41, January 1968.,
the 500 0 F and 1200OF test panels had failed be-
cause the panels had buckled and strains exceeded 2. S. P, Wnuk, M. E. Low, and J, G.,
the lhrats for these materials. Static strain MacLean, "Development of Strain and Temperature
channels for the 1200°F panel test,were driven Measurement Techniques for Use in Combined
over the recording limit of + 1200 micro-inches Thnrmal Acoustic Environment," AFHDL-TR-74-95.
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 acousuc 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 may 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
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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, This1* paper analyzes the bridge characteristics in this config-
uration both under balanced and unbalanced conditions.
The analysis also is made of the shunt resistance methodof bridge calibration and shows it to be an undesirable

method for use under large offset conditions. An active
linear bridge circuit is then presented that offsets the
disadvantages revealed in the quarter-bridge analysis.,

INTRODUCTION ment on real structures, This is due in
part to non-accessibility of the reverse

The Air Force Flight Dynamics side of a structure oftcen caused by a
Laboratory, (AFFDL) Sonic Fatigue Facil- brace or support member covering the area
ity (Reference 1) Wright-Patterson Air of interest, For this and other reasons
Force Base operates three acoustic test such as added cost, increased set-up
chambers to conduct experimental studies time, and the difficulty of insuring
on aircraft and missile structures and equal and opposite dynamic strain on
equipment in a high intensity sound en- bending and flexing specimens, the
vironment. quarter-bridge configuration is the only

one discussed in this paper,
The response of the test speci-

mens to high intensity sound is measured Often in structural sonic fatigue
by transducers, which are located on or tests it is necessary to perform strain
near the specimen, and are connected to neasurements at elevated temperatures as
the data acquisition system. The data high as 14000F. When strain gages are
from typical tests consists of the out- heated the static unstressed resistance
puts of microphones, strain gages, increaszs. This increase in static,
accelerometers and displacement transý unstressed resistarnce results in a large
ducers. Of particular importance in static unbalance of the strjin bridge.
most experiments and tests are the stress This increase in static gage resistance
levels and their locations in the test can be as high as 9 or 10% of the nominal
specimens. As a consequence many strain gage resistance while the balance range
measuring channels are provided in the of the bridges at the Sonic FatigueI Sonic Fatigue Facility data acquisition Facility is approximately 1 2.S5 for 120
system.. These strain measuring modules ohm gages. The inability to balance the
consist of typical constant voltage bridge at high temperatures, the know-
strain gage bridge supplies of a stand- ledge that off-null bridge measurements
ard configuration a5 shown in Figure 1. are non-linear, the uncertainty of
These modules are adaptable to all bridge bridge errors at these large offsets,i•configurations from quarter-bridj~e to and the desire to know quantitatively

full bridge, but almost all strain meas- the bridge characteristics under offset
urements in the Sonic Fatigue Facility as well as ideal conditions, were the
"use the quarter-bridge configuration.. motivating factors leading to this in-
Although other bridge configurations vestigation,
requiring gages on both sides ot a
specimen are more advantageous tvnder Under the assumption that restora-
certain conditions in regard to linearity tion of d-c balance would restore
and sensitivity, they are usually more original operating conditions (sensitiv-
difficult and often impossible to imple- ity and calibration) the first approach
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taken to solve this large static unbal- bridge simplifies to.
ance problem was to develop an automat-
ically balanced bridge, This approach
resulted in an active circuit capable of R
maintaining a balanced bridge under all (2)
conditions, no signal being generated by
the bridge itself. The dynamic data was where R1 = R2 = R and R3 = 4
available at the output of the active
element (see Figure 6), However, the
same non-linear characteristics were or
still present in the automatically bal- e = - E (3)
anced bridge circuit, At this point it
was decided to determine whether d-c

L •balancing of the bridge would indeed re-
store the original operating conditions where AR represents the deviation in
as was assumed at the outset. An analy- resistance of the active element circuit
sis of the bridge characteristics was frogs the ideal conditions assumed in
therefore unde-taken. Equation 2. 6R has many contributing

: components; lead resistance, change in

SANALYSIS OF CCNSTANT VOLTAGE BRIDGE lead resistance with temperature and
CHARACTERISTICS acoustic excitation, termination resist-

ance, change in termination resistance
with temperature and acoustic excitation,

_ plus the following factors affe:ting
gage resistance: nonin, value error,
installation apparent strain error,
tenperature sensitivity, voltage sensiý
tivity, temperature expansion coefficient
error, physical distor'ion of specimen
with temperature and installation, and

IRI finally, the desired componer.t the
change in gage resistance due to strain
variation. (This analysis as:;unes a

Se E high impedance load at the bridgt output
terminals so that the bridge terminals
are essentially open-circuited.) The
bridge output equationq (1 through 3)
are purposely expressed in two tirms,

R2 one for each branch of the bridge, to
show the contrilution each makes, to the

Soutput signal., The first term is the
Iontribution of the balancing branch (a
constant for a particular measurement).E~xamination of the first term shows it

to be inversely proportional to AR and
there'fore a non-linear function of AR,

FIGURE I, TYPICAL BRIDGE CIRCUT ... KE

The constant voltage strain gage ,/ /
bridge modules in the Sonic Fatigue
Facility have the circuit configuration RI")R
as shown in Figure 1. This circuit is
simplified in Figure 2 to facilitate anal, I
ysis (quarter-bridge only discussed), I
The equation of the output of the bridge I e0 o . E
;n Figure 2 is:. I I I I

R2  R ,i I
e -_l .' -R R3 ,lj R f
0 R 2 +R R .

"where R is chosen as the active element I I

and R3 as the balance element, If naximum - -

sensitivity (equal arm) conditions are
assumed (Reference 2) the equation for the FIGURE 2, SIMPLIFIED BRIDGE CIRCUIT,



r the Curve is the sensitivity of the
bridge to a change in strain,

, ARIeoL/R 2  R,RI R3 R3"A 2CNTN

FIGURE 3, BRIDGE CiRCUiT SHOWING 4o * i •
INDEPENDENCE OF BRANCH OUTPUTS, FGuRE 4,

iSince there is no circuit element PLOTS OF eSm S So OF THE CICWT OF P16.3

•' common to both branches and hence no
Selectrical coupling between the outputs The sensitivity can be obtained by
Se oa and Cob, it is obvious from the cir-~ differentiating the bridge output Equa-
Scult diagram given in Figure 3 that the Rtion (3) with respect to the ratioR1

two branch otusare completely lnde- -•- or Equation 1 with respect to -1 so

S~~pendent of each other.. From this observa-2
Stion and the fact that eoh is constant that it is independent of nominal value

Sduring a test measurement it can be con- of gage resistance• This gives the
S~cluded that the bridge output character- sensitivity equation::

ilStics are completely determined by the de
active branch. Figure 4 shows a plot of Sestvto L E 2 (4)

~~~~~~~each term, of the bridge equation with Sniiiy - •f -• •

-one side of the ex.citation source as the d
4zero reference. Curve A, Figure 4 shows

~the characteristic curve for the active (using Equation 3)

bhranch output,,designated eoal on Figure

S•4, as R1is varied and Curve B is the d- orde 0

l igure 4 as R3 is varied. Curve B would d1~! *

4 • ~normally coincide with Curve A if R
R3, so Curve B is shown on the left for (using Equation 1)

purposes Cf•lsrto.We ob is Expressing the change of sensitivity be-
maeeult atebig ssi o tween Points 1 and 2 as a percentage

Smad equl t eoathebride i sa~ to gives:.

Sbc balanced.. However, from the forego-~

)•balance codto a osignificance in % Sens,, Change - • 0
•-,the bridge operation except to eliminate NR

"**a d-c offset in the bridge output.. Forbaac, nti / 12) X- 1 00,

this reason this bridge condition is des- - 100 - -AR
ignated as "d-c baac"i hspaper.,gI 1~ -

oao

1-igure 4, i• the aperating point and the 6__R 100 1 •rslope of the Curve at that location on R

q7
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where S1 slope at Reference Point ance chpnge occurs in the active circuit
= (for equal arm bridge) exclusive of the gage itself, the effectand1SIl 4 is a change in sensitivity of the bridge,

It should be noted that the constant It is then desirable to restore the
term, which represents the bridge bal- bridge to its original sensitivity and
ance branch contribution, drops out, therefore its original calibration, This
which again shows that the balance can be done by changing the series ele-
branch does not influence or determine ment R2 (Figure 2)., This sensitivity
either the operating point or the sen- correction capability is not provided for
sitivity of the bridge., From Equation 4 in the Sonic Fatigue Facility bridges or
it follows that the determining factor in most other commercial bridges. How-
establishing the sensitivity is the ratio ever, when is changed the operating
of the two elements of the active branch. 2

point is not returned to the original
Another factor of interest in the operating point at Point 1, Curve A,

measurement of strain using constant Figure 4, but moves along the Curve D to
voltage bridges is non-linearity error, another Curve C, which has approximately
The non-linearity of the bridge mani- the same slope but is displaced along the
fests itself in different absolute out- R2 axis to Point 3., Curve D is the oper-
puts for equal positive and negative ating curve for an equal arm bridge where

, excursions of AR. This non-symmetry of resistance R is the variable and all
the strain signal is present at all 2
times and is a direct function of the bridge resistances are eoual to R + AR at
magnitude of AR.. This can be shown by Point 3. The operating Curve for the
calculating the % Non-Symmetry wherg bridge withi these nev values of R1 and R2n - -symmetrv is defined e-, - Ie+1on o and where R1 is the variable element is
Expressing this as a percentage the the Curve C. If the offset, however, is
expression is as follows: caused by an increase in the gage resist-
%Non-Symmetry 100 AR factor called the gage factor must be

""e considered before the temperature effects
on the sensitivity of the bridge can be
determined, The expression for strain is

e-0  - X where 7 is the gage factor
R

bridge output for R1 < R2 for the strain gage being used.. In this
2A

(AR negative) expression the term T is a constant for

a given strain regardless of temperature,
e; R -ARE which neans that as R increases AR alsoR R 2 increase, by the same percentage, Since

the bridge output is proportional to aR
b 2 and not to the ratio M, the decrease in

(A•R positive• slope of the operating curve would be

largely offset by the increase in AR and
e 1,l+ , j II the bridge sensitivity would remain essen-

o ave-o tially (onstant., However, the GF term is
-tempera

4 ire s-nsitive, decreasing with
increasing temperature and acts to hold

It should be pointed out that in AR constant., The net result )s that the
computing the non-synmetry the constant overall bridge sens.tivity follows essen-
terms (balance terms) cancel each other tially the slope of the operating Curve
and therefore the condition of balance A, Figures 4 and 5,
has no effect on the non-synmetry.

; It would seem from looking at

SENSITIVITY CORRECTION Curve C, Figure 5, that the sensitihity
could be restored by increasing R2 and

The foregoing discussion shows changing the operating point from Point 2
that the sensitivity is a function of Curve A to Point 3 on Curve C (as for the
the active branch elements only. From a offset due to lead resistance) where the
calibration standpoint then it is advan- slope is the same as the original slope
tapeOuN to maintain the same ratio of the at Point 1. However, the slope of these
active branch elements throughout the curves is proportional to the ratio of
complete interval of strain measurement, AR to the gage resistance which is not
If an unwanted and uncompensated resist-
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changed by changing R2 so the sensitivity ficult to see the relative shapes of
the 2same. Curves A and E, Figure 4, due to the

stays esentally hsathree dimensional nature of the figure.
Figure 5 is 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 relative shapes of the curves
and the output voltages, This displace-
ment is necessary because Curves A, B,

C• and C would be superimposed as would be
A •Curves D and E. It can be seen that the

a• shapes of Curves A and E are such that
the output for a negative deviation of

e. R R2 , (-AR 2 ), is not precisely equal to the

output for a positive dIeviation of R1,
eob (+AR 1 ). There are several ways to show

em. this and at the same time determine the
approximate magnitude of the error, One
method is to calculate the output of the
bridge using a negative change (-AR 2 ) of

0 40 80 20 lEo
R 4R and for this same output calculate the

equivalent change (+AR 1 ) of R1. From

FIGURE 5, TWO DIMENSIONAL PLOT OF FIGURE 4. these values of AR a percentage error
can be calculated., Putting these AR terms
in the bridge Equation (1) yields the
following equations:;( R 2R2 E

CALIBRATION e0 l +R 2 + - I "

Calibration of the Ftrain chan-
nlels at the AFFDL Sonic Fatigue Facility /R R -• -
uses the common shunt resistor method in R_ 2___ R- 2 >

which a precision resistance is shunted eo2  RAR - 2
across R2 of Figure 2 or 3 causing an

AR2
apparent strain a = X This

a 2• Setting e 1 - e 0 2 gives•
temporarily moves the operating point

from Point 1 along Curve E to Point 4 in R R` AR
Figure 4., Curve E is the operating 2 2 2
curve for the original equal arm bridge RI + R2 4 Ale R +R
but where R2 is the variable element.,

The voltage difference between Points I R lR 2
and 4 1'. the output due to c a and from Rle 1

which e0 is calculated using the Equation 2 2I ' L a. This is then taken as theo 4

calibration for this apparent strain at where:. ARle ' AR1 equivalent of AR2
the operating Point 1, Figure 4, E is
the bridge excitation voltagee This cal- % Error - % difference between
culation assumes an equal arm bridge con ARle and AR2
figuration., It also assumes that the
reduction of R, by an amount AR2 causes

2 - hilARle AR'ý10.(R1,R2+A2"the same bridge output as an equal in- .( le 2 R1 O0 +

crease of R1 . However, this is not 100 (5)

exactly the case because the Curves for
R1 and R2 are not exactly symmetrical to For the equal arm bridge case RI I R2

each other about their common point for and Equation (3) reduces to:,
positive and negative deviations respec-
tively of the two elements., It is dif-
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assumed relationship is that the strain
: R2 gage circuit resistance and series re-

% Error 10l0 sistance R2 are equal. Since calcula-
tions are part of the calibration pro-

A very good approximation to this exact cedure it would seem that a better
expression is given by the series. approach to calibration would be to cal-

culate directly the output of the bridge

FR AR7 R23 using some assumed standard value of
2+ 100 strain signal, For a known amplifier2)• 2 _T 2) gain, the output for this standard strain

is readily obtained without the added
This gives the approximate error for an inaccuracies of balance resolution, com-
ideal bridge configuration (equal arm), ponent, and mea:,urement tolerances.
Suppose the bridge is offset due to some This new method would also eliminate the
lead resistance in the gage circuit (2 requirement for balancing the bridge if
wire system). In this case, the value a-c coupling is used., If the oifset
of R1 is no longer equal to R2 and the change is known, can be approximated, or
complete error Equation (5) must be used. can be measured the output could be cal-
As before the exact expression can be culated at or near the actual operating

approximated very closely by the follow- point and thus improve the calibration

, ing. accuracy even more,

% ro RO LR 2 6R 22 10 ACTIVE LINE'AR BRIDGES% Error • o° + R2 + R €.. 100

2 The foregoing analysis revealed
2 R2 the fact that maintaining d-c balance iswhere R° R1 R2 = the offset resist- not the solution to eliminating bridge

r 1  2  tmeasurement errors, as was originally

ance assumed. The only solution that would
eliminate the errors would be a circuit

The first order approximation then is: that either eliminated the bridge non-
linearity or compensated for it. The

% Error Z %R + %AR2  auto-balancing bridge circuit, Figures
0 6 and 7, mentionid earlier, still exhib-

This is quite good for values of AR in ited the same non-linear bridge charac-
the range of zero to ten percent, Of teristics and therefore, was not consid-
course, it is obvious that as the %R ered to be a solution to the problem.

term gets larger relative to the %AR However, if the circuit of Figure 7 is

term, which is usually limited to small carefully studied a promisipg and poten-
percentages, that it will become the tially useful characteristic is noted.
dominate factor in the error calculation, To those familiar with operational
This shows that the calibration error is amplifiers and circuits, it is obvious
increased by approximately the same per- that the voltage at e 2 must be essentially
centage as the offset resistance causing equal to the voltage at el, If el is
c the offset calibrationceusing constLrt and if Rz is a fixed rzsistanceSthe offset. 'lhis calibration error then the current i is also constants

applies to a gage resistance offset also Stnce the supply voltage E is constant
since the bridge output is not due to a the a ie current ia t oug tani

AR of the gage itself., It must be the amplifier current ia through Ra is
pointed out that an optimum calibration also constant and any change of Ra will
procedure kould provide calibration at
the expected operating point on Curve A be exhibited as a linearly proportional
without introducing additional errors change in the voltage at eo. However,

due to a bridge oliiet. This would be in thi• Lircuit the amplifier is required
especially desirable if accurate results to supply the entire gage current. This
are desired when large offsets are undesirable condition can be corrected
anticipated. by reconnecting R1 as shown in Figure 8.

The shunt resistance method of This, then, is the final circuit arrange-
calibration, of course, is an indirect ment of the active linear bridge. Cal-

culations and measurements confirm thecalibration method because the source of latyof thd circuit for lr e
the calibration signal is not due to the linearity of the circuit for large var,-
input of a standard quantity of the meas- ation of tR. Since the circuit is com-
urand. This method is based on the cal- pletely linear, the bridge seasitivity
culated value of the bridge offset using does not change with static offset, and
known values of some components and the calibration is a constant regardless
assuming the remainder to he ideal. The of operating point. Thus for dynamicSknown component values are the resistances measurements it is not sensitive to
of R and the shuntvng resisstor, The static variations of any of the contri-

o 2  buting components of AR mentioned pro-

I00



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 is inserted in series with e I of

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

Another desirable benefit can be
S4 obtained from this circuit. If the volt-4 age and resistive parameters are chosen

properly, the output voltage e0 can be

made zero for zero strain, This permits
measurement of static as well as dynamic
strain. In the breadboard model of this FIGURE 6. ORGINAL AUTO-BALANCE BRIDGE CIRCUIT
circuit 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 ft

to give the approximate strain gage cur-

rent required with the amplifier inoper- eo ,,
atlive, The amplifier is then made oper- ell
at ive and the voltage e 1 adjusted to Ra E

bring the output to zeio. In so doing

the amplifier drive current is minirized.

SUMMARY AND CONCLUSIONS

The analysis of the constant volt-
age brilge circuit characteristics has
revealcd several interesting as well as
useful facts which are summarized here,

I. Bridge d c balance does not FIGURE T, SIMPLIFIED AUTO-BALANCE CIRCUIT

affect linearity.

2. Bridge d-c balance does not E+
affect sensitivity,

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

4, Static change in gage circuit
resistance causes Lhange in bridge sen- 0
sitivity (and therefore calibration).

S. % sensitivity change deter- RaI
mined to be approximately equal to % aR.

be ,b % non-symmetry determined to .be approximately equal to % AR. e
7., d-c balance unnecessary for

dynamic measurements only. R.

8, Calibration error for shunt 'kt

resistance method approximtely equal to E-
A R + I offset,

FIGURE 8, ACTIVE LINEAR BRIDGE
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The equations developed for % In the interest of completeness
non-symmetry, % sensitivity change, and all known factors influencing strain
calibration error, although applicable measurement using constant voltage bridges
over the complete useful range of strain in quarter-bridge configurations have
gage linearity, are not meant to be ex-- been included without comment as to their
act expressions but only to show roughly relative significance. What may be in-
the bridge characteristics, significant today may be most significant

in the future, and what may be significant
Finally it should be reemphasized to one may be insignificant to others,

the active linear bridge alleviates the
problems of calibration and sensitivity REFERENCES
change with a change in static operating
point. 1, A. W. Kolb and H. A, Magrath,

' "RTD Sonic Fatigue Facility, Design and
Performance Characteristics", Shock and
Vibration Bulletin, pp 17-41, January: 1968e

2., W, L. Everitt, "Communica-
1 tion Engineering", p 306, McGraw Hill,

New York, NY, 1937,

I-
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VIKING DYNAMIC SIMULATOR

VIBRATION TESTING AND ANALYSIS MODELING

A. F, Leondis

I General Dynamics Convair Division

San Diego, California

Ground vibration surveys were performed on the Viking Dynamic Simulator

to verify its accuracy in providing in-flight responses equivalent to the actual

Viking ,pacecraft., Modal properties measured included mode shapes, modal

- , damping, frequencies and internal forces in the principal adapter trusses.

S,"Damping was measured by means of the frpe decay 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

best agreement are discussed.

INTRODUCTION

In order to provide increased confidence The first GVS was performed on the VODS (1].
in the analysis and testing of the Viking Space- The second GVS was performed on the entire
craft and related flight components, the decision VDS and is the subject of this paper as well

was made to fabricate and flight-test a Viking as Reference [2]
Dynamic Simulator (VDS) on the first Titan The latter part of this paper also

Centaur, early in 1974, approximately a year considers the problems encountered in
and a half prior to the planned Viking launches., developing the mathematical or analysis

The Convair Aerospace Division of model of the VDS (3]
General Dynamics Corporation provided the The VDS was cantilevered for the

services and material necessary to design, GVS at the base of the Centaur Truss Adapter
fabricate and test the Viking Lander Dynamic (CTA). This was particularly desirable
Simulator (VLDS) and the Viking Orbiter Dynam- because that location was used in analysis as

ic Simulator (VODS). These simulators with the junction of modal properties of the VDS
the Proof Flight Lander Adapter (PFLA) supplied and the Titan Centaur for modal synthesis
by the Langley Research Center and the Viking using the method of Hurty [4]

Spacecraft Adapter (V-S/C .A) supplied by the It may be noted that the VDS was

Jet Propulsion Laboratory comprise the VDS.: intentionally designed to have some specific

(See Figure 1)., modal characteristics which were considered
Also shown in Figure I is a sketch of important in simulation of the Viking and to

the Sphinx spacecraft which was supplied by the have no other unrelated modes in the range
"Lewis Research Center and was an operational up to 50 Hz. The result was an ideal dynamic

spacecraft. The Sphinx was not part of the pri- test structure that in the noted frequency

mary mission of the VDS. range behaved essentially like 3 rigid bodies
The basic design requirements for the connected by elastic framework. It is be-

* VDS provided that all important modal charac- lieved that the quality of the resolts obtained

teristics were similar to those of the Viking are to some extent due to the VDS being such

and that these modes were uncoupled. These an ideal structure.

requirements also provided for two ground Test objectives included the measure-

vibration surveys (GVS) to be conducted. ment of modal damping, measurement of
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forces in both the PFLA and in the V-S/C-A force signal, The CO/Quad Analyzer used in

together with freouencies and mode shaoes winbination with tracking filter analyzer- was
with an accuracy sufficient to show .05 or an extrer-ely sensitive freqjuency and phase
less modal coupling. Modal coupling was monitor of modal excitation.,
defined as the ratio of the off-diagonal general- A digital computer was used extensively
ized mass term to the square-root of the pro- for data acquisition, data manipulations, and

duct of the corresponding diagonal terms, result formatting.

TEST EQUIPMENT TEST PROCEDURE

The foundation for the test specimen A major factor in planning the sequence
was particularly important. Considerable of tests was the time required to relocate
effort was invested to assure that the aft shakers from one position to another. Depend-
"attach points of the specimen would not move. ing ipon the amount of equipment necessary to
The success of the test depended upon the move to a different position, it co'ld require
specimen being cantilevered at the aft end. as much as a days working time. This, there-
The foundation was a 12' x 12' x 6" mild steel fore, determined the sequence of tests in many

plate that was carefully leveled, grouted, and cases.,
anchored to the existing ground level rein- To search for modes, a number of fre-
forced concrete slab. The selection of this quency sweeps were made in which excitation

' ' 35 thousand lb. steel plate was partly justi- was applied to each of the 6 translation and
fied by consideration of the lateral inertia rotation degrees-of-freedom of the overall test
load factors used to design the VDS., The specimen. These sweeps were made from 3
lateral load factor was 2.9 gravities (g's), the Hz to above 50 Hz. Small force levels were
VDS weight was 7850 lbs.. and the center of used in conducting these sweeps because it was

gravity was 143 inches above the base. As a necessary to insure that the structural integrity
result, the combination of such loads would be of the test specimen was protected against any
sufficient to overturn even such a massive damage including excessive vibration fatigue.
base, Of course,, it was recognized that such As a result, these tý!sts were conducted at
loads would not be used in the course of the levels not larger than half the limit load condi-
test but they h1eVped to justify the base ,)ate.. tions used for design or, if ample margins
In the course of testing it was found that the existed,, not larger than half the limit load
base sometimes moved as much as one per- increased by the margin.
cent of the motion of the maximum antinode The originally planned number of
of the test specimen. shaker configurations was sufficient to ade-

Three 50 lb. electro-dynamic exciters quately excite all modes predicted by analyti-
were positioned and connected to the specimen cal methods prior to testing. In general, the
through adjustable length drive rods and im- various modes of the structure responded as
pedance heads so as to apply oscillatory forces expected and were similar to the predicted
at pre-selected locations. These shakers were modes.

adequate for the orignally planned test pro- The existence of the modes was deter-
gram but could usefully have been larger to mined by an increase in response at the reso-
provide more force for measurement of modal nant frequency during the sweep. After com-
damping at higher amplitudes. Crystal accel- pletion of a sweep, if the shaker configuration
erometers were used to record mode shapes was judged acceptable, one or more mode
at 33 pre-selected locations, shapes could be measured while holding the

An exceptional component in the moni- frequency and amplitude constant during a
toriog and data acquisition system was the "dwell". The process of tuning the modes of
"CO/Quad Analyzer" [5]. This electronic the VDS was, in general, not difficult because
device provides direct current (DC) voltages of light damping and usually well spaced modes.
that are proportional to selectable amplitude The use of a digital computer with an
and phase relationships between two applied analog to digital converter was particularly
signals. The reference signal to the CO/Quad valuable in rapidly evaluating the orthogonality
"Analyzer was a continuous analog voltage from or modal coupling between the various measured
the force section of the impedance head near an modes.
exciter. Signals such as aiceleration or strain The first mode at 4.48 Hz and the sec-
gage outputs from the struts were selected by a ond at 4.66 Hz were first observed to have
matrix switch and resolved with respect to the rather 'trong coupling of .11. Both of these
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modes were similar in that they were essen- The more standard concept of cancel-

tially rigid body translations normal to the ling an unwanted mode while exciting the desir-

vehicle centerline and roughly normal to each ed one was used with good results in several

other. The peculiar thing about both of them cases. If we limit consideration to only those

was that the direction of translation changed modes below 50 Hz, there are 66 independent

counter-clockwise (seen from above) as the coupling terms. Of these, only two rcmained

amplitude of either mode was increased. This above the .05 goal at the conclusion of testing.

is believed to be due to non-linearities in the Both of these terms, 1,4 and 11, 12 were felt

various adapters.: This effect of rotation of to be due to non-linear action of the PFLA.

the plane of vibration was stronger than the In Mode 4, the VLDS showed a large amount

effect of the direction of the applied force of tOrsion and pitch rotation. See Figure 2,

since efforts to use different shaker configura- (Pitch rotation is about an axis normal to the

tions did not significantly alter the rotation vs. paper.) This figure and the next two, are

amplitude. The first mode was observed to idealizations showing the deformations of the

rotate its plane of vibration 17 degrees while structure in three modes of special interest.

increasing the amplitude from . 1 g to .22 g These figures are orthogonal projections upon

(amplitude of the largest amplitude acceler- the X-Z plane as defined in Figure 1. Each

ometer). figure shows the measured or test mode at

SModes 1 and 2 were made orthogonal the left and the corresponding mode determined

by selection of modal data taken at amplitudes by the NASTRAN computer program at the

where their planes of vibration were at right right for comparison.

angles. The final coupling value was .0042 Figure 3 shows the mode shape of ModeI and could have been smaller, if desired, 11 which had 40 percent coupling with Mode 12,

TEST MODE 4 FIGURE 2 ANALYSIS MODE 4

q.44 Hz 9.45 H7
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t I

TEST MODE I I FIGURE 3 ANALYSIS MODE I!

42.15 Hz 38,65 Hz

as measured in the test. Mode I2 is shown damping ts based upon the work of Kennedy

in Figure 4 ( alid line) and may be seen to and Pancu (61. In this method the vector
contain a large amount of pitch rotation. The response of a given measurement may be

amount of Mode I I that was present in (coup. plotted while a constant excitation force is

led with) Mode 11 w,.s removed and the result swept through the frequency range near reso-

plotted as the dotted image in Figure 4. It nance. The fraction of critical damping.

ts considered of interest that the difference Zeta X (AF/19) (I/F n
between the solid and dotted images in Figure where AF is a difference in excitation frequen-

4 is as large %s 40 percent coupling. The cy between two points of the response.

final generalized mass matrix is shown in 6Q ts the change of phase angle associa-
Table I. ted with 4F (radians) and
EXPERIME:NTALDAMPINGF w d a e de natural frequency of the mode.

NNOne moe which was examined using this

*U Experimental damping was determined method yielded the following data.

"for the tree-decay of &he modes by making Mode 6 Freq of Excitatio-i -Response Phase

logarithmic-decrement plots in all cases at 13.4223 Hz. 77.7 Deg.
high amplitude and sumetimes only by the 13.4234 8t. 1

method of number of cycles to half amplitude 13.4244 84.0

(n) At smaller amplitudes., The fraction of 13.42S7 87.I

critical damping was taken ab A-Zl/ln or 13.4268 90.0

.11/n. The resulting values of damping are 13.4279 94.')

shown in Figure 5 as a percentage of critical :1.4291 96.7

damping. 11,430Z 98.8

Another method also used to evaluate 13.431S 101.3
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TABLE 1 - GENERALIZED MASS MATRIX (TEST MODES)

Mode 1 2 3 4 5 6 7 8 9 10 11 12

1 1.000

2 .oo4 1.000

3 -.040 -.014 1.0o0

4 .089 .006 .007 I.O00

5 -.005 .026 -. o0o .030 1.000

6 -. 013 -. 019 .044 .006-.019 1.oo0

7 -. o16 .027 -. 017 .045 +.012 -. 032 1.000

8 .017 -. 028 -. 033 .026 .005 -. 022 .027 1.000

9 -. o18 .o7 .o19 -. o43 .0o6 -. 027 -. 003 -. o07 1.000

10 -. 002 -. 027 .oo8 -. o47 -.041 .007 .034 .oo6 -. o18 1,ooo

11 .007 .04o .021 .007 .011 -. 011 -. 020 .017 -. 018 .017 1.000

I 12 -. 026 -. 015 .013 .027 .007 -. 000 .001 .019 -. 003 -. 022 .403 1.000

I , ,

TEST MODE 12 FIGURE 4 ANALYSIS MODE 12
43.80 Hz 40.13 Hz

(Dotted image shows change t,. make this mode

normal to Test Mode 11.}
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FIGURE 5 - Experimental Damping vs. Amplitude Damping was

Determined by Free Dec-ty. Numbers in the Figure

Identify the Modet in 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 mattcal or analysis model should alio be avail-

used and that due to some unavoidable errors, able to avoid the inconsistencies associated

some scatter of the determined damping is 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 designphase

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 VDStduring

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

166% (measured at a response amplitude of versions of the math model were developed to

.16 gW). These "0lý,• na may be compared with account for the differences between the test

the damping ootained bN' lfie decay, shown and the flight article.

below and iii Figure S. One difference was the weight of the

Mode 6 Damping by Free Decay 121 Sphinx Spacecraft. The Sphinx model used in

Response Amplite D mping -y Zeetay the GVS was somewhat lighter than the final

Response Amplitude Damping - Zeta flight version. The other difference was in

7Max. Antinode) (% C/Cc) the attachment flexibility of the Centaur Truss

S107 g's .09 Adapter (CTA).

.202 g's 13

..59 gs . 15 ATTACHMENT FLEXIBILITY

ANALYSIS MODELINC PROGRAM The base of the test specimen used in

the GVS was, of course, constrained to a flat

rhe datr a obtained in the Ground Vibra- and round configuration since it was cantilevered
tion Survey have been used directly in some
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at that point. The concern for the attachment corresponding analysis modes. A complete
flexibility centers on the fact that the twelve set of these figures is shown in Reference [31
points which are the base of the test specimen The "effective mass' of the ith mode
(and also the base of the CTA) are not con- of a cantilevered structure in the jth coordi-
strained to remain in a flat and round pattern nate may be defined as:
when attached to the Titan Centaur launch vehi- 2
cle. This is equivalent to the introduction of i)
additional flexibility, which was not measured EM W
in the test. I M

The method used to account for this where F base reaction force in the jth
effect was to use a "hard" influence coefficient ij coordinate per unit generalized
matrix to represent the test configuration and amplitude of the ith mode (lb/

Sa different "soft" matrix for the flight version.: in or in-lb/in)
The hard matrix was developed from a theoreti- w circular natural frequency of

cal solution with a hard boundary condition the ith mode (rad/sec)
which was corrected to agree with the results M, generalized mass of the ith mode
of a separate test of the CTA structure. (lb-sec /in)

The method of determining the soft

matrix was first to evaluate a matrix for an The effective isass is a true property
e'ntire ehLstic model of the CTA and all items of a cantileve red mode and the sum of the
down into the region of the Centaur liquid hydro- effective masses for all modes equals the total
gen tank. Then this model was changed to sub- mass property for that coordinate. Most modes

stitute a rigid structure in place of the CTA and are primarily active in one or two coordinates
the matrix was revaluatee., The difference be- so that their effective masses in other coordi-
tween these last two matrices was the theoreti- nates are small and usually unimportant. In
cal soft matrix including attachment flexibility, the case at hand, the differences between test
This last soft matrix was also corrected by the and analyiis effective masses were divided by
same ratios used to reflect the CTA test results the total rigid body mass in each coordinate to
noted above. better indicate the effect on the whole system.

In summary, the "Test Math Model" The higher modes contribute only a small
used the light weight Sphinx and the hard influ- effective mass so that this criterion is nct
ence coefficient matrix. This model was com- critical of errors far higher modes., Modes
pared with test data. The "F light Math Model" above the 10th mode were not considered for
used the heavy Sphinx and the soft influence optimization of the math model but are shown
coefficient matrix and was used for analysis to in Table 2. A more complete discussion of

predict flight responses. effective mass ts available in Reference {7).
The generalt7ed mass matrix used

OPTIMIZATION OF ANALYSIS MODEL for comparison included a full set of analyti-

The me.viod ue.'oi h, ~nptimize the anat- cal modes followd by a full set of experi-
mental modes and the rigid body modes.

ysis model was one of trita and errur %kith Con- mna oe n h ii oymds
sideration of 5 criteria to indicaterrhreh on While such a matrix contains a great wealth

sideraton f S ritriato idicte he dgre of of information, the terms used for this cri-
c',oseness ot agreement. Judgement was used to infwre the o-a ls rled to sim

decide which math model parameters might be neodes (erg the of-danalt meland the
alteed o iprov ageemnt wth he estrrodes (e.g. the [st analytical mode and thealtered to improve agreeme'nt with the test 1te~rmna oe t.).Asmayo

" data. The use o! the NASTRAN computer pro- I[5t experiments! mode,, etc. ).. A summary of
data. The tese ffecthe An computer po these terms is shown in I able 3. The. reason
gram was quite e'fective and convenient to use for Mode 3 having a value greater than one is
for this work and is a credit to those persons ththeraltclodseenrmiedo
in NASA and elsewhere who conceived and that the analytical medeea were normalized to
inevASAoand e r wnit generalized mass in the original NASTRAN

solution and were subsequently transformed to
The criteria used to optimnize the test 18 degree-of-freedom modes ior comparison

math model %ere (1) frequency, (2) mode shape with the test data. The analytical modes,
plots, (3) eftective mass per mode,' (4) general- however, were not renormalized after this
"ized mass ternis and (5) force coetficient data.

Freqencet-And odeblipe potsreqiretransformation so that their generalized
Frequencies band mode exhape plots require masses in some cases (as in the case of Mode

• little disi~ussioni here except to note that Figures 3) were greater than unity.

2, 3 and 4 represent a conparison of three test

-modes shown at the left tu the flgure and the It may be seen in Table 3 that Mode I1
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TABLE 2

PERCENT ERROR OF EFFECTIVE MASS

Defined as (EM -EM ) 100/M
t a rb

EM Effective Mass of Test Mode
t

EM Effective Mass of Analysis Mode
a

M Total Rigid Body Mass
rb

(In the above equation, it is understood that all mass
terms must relate to the mass coordinate)

COORDINATES TEST MATH
(VDS) MODEL

I 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
S6 3 .33
7 5 -1.65

8 5 1.36

8 6 .60
9 3 .50

10 4 .24
11 6 - .36
12 5 .02

TABLE 3
is noticeably worse than the other modes.

The force coefficient data was consider- GENERALIZED MASS TERMS BETWEEN
ed more important than many other responses SIMILAR TEST AND ANALYSIS MODES
of the math model becaase the margins of safe-

ty were expected to be somewhat lower on these TEST MATH
strut elements. As a result, a somewhat heav- MODES MODEL

ier weight was assigned to the importance of 1 .996
having good agreement between the force coef- 2 .996

ficients for the math model and the test data. 3 1.008
To facilitate comparisons, the following rela- 4 A91
tion was devised to represent the composite S .998
error (C. =.): 6 .999

F ( z12 I/2 7 .998

F 0F - i 8 .997
I ti 9 .988

C. E. ti 10 .947
-1 .9I36

"F 12 .779
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where F the force in the ith strut for FINAL ANALYSIS MODEL DATA

tlunit generalized amplitude ofi uitgeneriet am p e oThe final product intended for pre-

flight as well as pobt-flight analysis included

F = the force in the ith strut for complete mode shape data with general-zed
ai unit generalized amplitude of mass and stiffness data. The modal data

the corresponding analytical included rigid body modes (for unit deflections
:node of the 6 rigid body degrees of freedom of the

base) as well as static elastic modes (for unit
San index denoting the various accelerations of the same degrees of freedom

4• struts (6 'or the PFLA ands s for the PFLA of the base). The static elastic modes were

• 12 for the V-s/C-A). intended for use in nodal acceleration methods

In the above relation it may be seen such as recommended by Hintr 881

that if all test coefficients in a set are equal in Force coefficients were provided for
size, the resulting C.E. is the root-mean- the '8 Viking struts and many other members

square. When the test coefficents are unequal,, which were detailed in the NASTRAN model
the errors associated with the smrall coefficients but were not measured by test.

are reduced while the errors associated with Modal damping values recommended
the large coefficients are given greater import- for use in analysis were the s-me as observed

ance., Table 4 prcaents the C. E.: for the test in test at the maximum amplitudes tested.

math model force coefftt.ants., This practice ii consiaered conservative in

TABLE 4 that no mode was observed to decrease its

damping at or near these maxima.
COMPARISON OF COMPOSITE

PERCENT ERRORS FOR MODAL REFERENCES

FORCE COEFFICIENTS 1. J. S, Gacho and A. F. Leondis, 'Viking

Orbiter Dynarmic Simulator Vibration Test
TEST MATH MODEL Report', General Dynamics/Convair Aero-

space Report SD-73-095 (Aug.ý 1973)
MODE PFLA V-S/C-A

2. A. F. Leondis, "Viking Dynamic Simula-

1 9.62 11.50 tor Modal Test Report", General Dynamics/
2 12.83 7.83 Convair Aerospace Report SD-73-096
3 10.22 11.01 (Aug. 1973)
4 5.49 ".265.649 8. 3. A. F. L-eondis. "Viking Dynamic Sir-ula-

5 6. 6 4 83.77 tor Mathematical Model Report", Cineral
6 14.13 15.18 Dynamics/Convair Aerospatx Report
8 124.51 S1.68 T SD-73-097, (July 1973)

9 6.90 5.73 4. W, C. Hurty, "D':otamtc Analysis of Struc-
10 Z7.9r6 86.171 tural Systems using Component Modes ',

II 73.29 156.65 ALAA Journal Vol. 3 No. 4, (April l%,65)
12 60,67 105.201 -. Spectral Dynamic Data Sheet SD109B 3/70
13 39.47 43.2 1 "Co/Quad Analyzer", available from Spec-

• Thebe large errors occur in the adapter tral Dynamics Corp. of San Diego, P- 0.
which carries the smsaller load and the Box 671, San Diego, Cal, 9211Z
error is caused almost entirely by one test

measurement which is much smaller than 6. C. C. Kennedy and C. D. P. Pancu, "Use
the corresponding analysis value, of Vectors in Vibration Me.iurement and

t These large errors are unexplained but Analysis" Journal of the Aeronautical
;• Mhesemvle large eror oteuexions d b theVD Sciences, Vol. 14, No. 11, pp. 6J3-b2S

Moe8inov"'ag mtos fte LS(Nov. 1947)

and the errors may be associated with non-

linearities (clearance) at the ends ot the 7. R., M. Bamford, B. K, Wads and W. H.
PIFLA. Gayman. "Equivalent Spring-Maes System

for Normal Modes , Technical Mema-andum
tobele.. accurate hightelower frequencyareee 33-380, Jet Propulsion Laboratory, Pasa-
to be leL accurate than the lower frequency dena, Cal., (Feb. 1971)

Miode 
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8. R. M. Hintz, "Analytical Methods in

Structural Mechanics", Generi Dynamics/
Convair Aerospace Memorandum SD-73-

IZZ (Aug. 1973)

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
saw was determined by consideration of 18 de-
Srees of freedom relating to the 3 masses and
the 6 degrees freedom of each of those masses.
Each of the masses were instrumented at several
locatinas and their resonant frequencies were
relatively well above the frequency range of
the vibration test; as a result the test
meass.roments identified the 6 rigid body
coor,linatea ot motion for each of these masses.
Thic constitutes an 18 degree of freedom
vector 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 in accordance with that mode shape.

I
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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 empirical1. 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-
poration Electronics Division under contract to USAF Aeronautical Sys-

,= tems Division with the objective to establish equipment environmental
specifications for current as well as future RPVs.

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

The requirement to specify environmental
vibration criteria for the design and testing of The vehicle class and the equipment comple-
airborne electronic equipment has provided con- ment considered in this investigation belonged to
siderable challenge to environmental engineers, the AQM-34L category of special purpose, air-
To satisfy this requirement in terms of a realis- launched, remotely piloted aircraft shown in
tic set of specifications calls for extensive flight Figure 1. It is powered by a single, fuselage-
test data encompassing the full range of opera- mounted turbojet engine and is launched from
tional environments encountered by the equip- the wing of a C-130 carrier airplane. A typical
ment., Whenever such data are not readily avail- mission consists of the ground test run-up of the
able, as in the case of a new vehicle design, RPV turbojet engine, followed by a take-off and
environmental flight data from a similar vehicle carry phase during which the RPV is held under
are often used for extrapolation to the new design. the C-130 wing as shown in Figure 2. Just prior
A concurrert effort directed at the analytical pre- to launch, the vehicle turbojet engine is started.
diction of the Drincipal sources of vibro-acoustic Subsequent to launching, and during the powered
excitation and-the attendant vibratory responses free-flight mode, the turbojet engine is the sole
of the vehicle structure and the equipment pay- source of vehicle propulsion. This portion of the
loads is essential to the proper establishment of mission is carried out at various speeds and at
the objective specifications. various altitudes. Upon completion of the mis-

sion, the vehicle is brought to a recovery alti-
This paper presents the results of a compre- tude and the engine power is reduced. The de-

hensive analytical prediction and instrumented ployment of a drogue chutte followed by the main
flight test program conducted for the evaluation chute allows the mid-air recovery of the RPV by
of environmental vibration and acoustic levels a helicopter.
experienced on a representative class of jet-
powered remotely piloted vehicles. The re- The external configuration of the RPV and
ported activity was performed by Northrop the varioue equipment bays inside the fuselage
Corporation Electronics Division, under cor.tract are also shown in Figure 1. Of particular inter-
to the USAF Aeronautical System Division, as est in the present investigation were those equip-
part of an overall program for the specification ment payloads stored in the aft bay or the naviga-
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tion compartment, the forward equipment bay, RPV free-flight mode at low altitude and maxi-
Sand the nose cone or the scorer bay, Operational mum velocity. These spectra are shown in Fig-

environments in these equipment locations dif- ures 3, 4, and 5.
fered significantly during the various phases of
ground run-up, C-130 carry, and powered flight, As evidenced by these levels, the vehicle

primary structure received the maximum dis-
Analysis was performed to predict several crete frequency acoustic input from the C-130

trends in terms of the worst case vibration prop blade rotations. The fuselage stations aft
response vs. flight condition and external of the turbojet engine nozzle were subjected to a
acoustic environment., An empirical correlation broadband acoustic ield generated by the engine
technique was used to establish these trends. The exhaust whereas the forward sections experienced
analysis was further extended to predict the peak the highest acoustic input from the aerodynamic
response levels of individual equipment items by boundary layer turbulence. During a typical
using a finite-element dynamic modelling tech- flight, the different input levels from each of the
nique based on the detailed mass and stiffness above sources interact over the vehicle surfaces
properties of the mounting structure, to form a composite acoustic spectrum. No

effort was made in the analysis to develop such a
The environmental flight test program uti- spectrum for each flight condition. This was

lized an AQM-34L model test vehicle and con- based on the assumption that the various equip-
sisted of several ground and flight tests. The ment bays treated here reflected zones of maxi-
dynamics data instrumentation consisted of 29 mum acoustic input from each of the aforemen-

Saccelerometers with two fluah-mounted micro- tioned sources, and that any change in the given
phones. The scope of the flight test program sound pressure levels due to superposition would
was planned to reflect both normal as well as be negligible.
extreme service environments encountered by
the equipment payloads. The resulting data pro- The prediction of the vehicle primary struc-
vided both qualitative and quantitative compari- ture response to the external acoustic environ-
sons with the predicted levels and also served to ment was accomplished through an empirical
substantiate the underlying assumptions of the approach devised by P.T. Mahaffey and
analysis. It was concluded that the analytical K.W. Smith of Convair/Fort Worth. This
methods provided realistic predictions of the approach consists of equating previously mea-"actual vibroacoustic environments experienced sured structural vibration data on a B-58 air-
on the subject vehicle. Further refinements of craft to the external acoustic sound pressure
the predictive methods coupled with the expanded levels on an octave band basis (2).
usage of digital computers will further enhance
their applications on new flight vehicles. In a typical application, the vehicle fuselage

stations are partitioned into representative
equipment zones where the predicted sound

SUMMARY OF PREDICTED VIBROACOUSTIC pressure levels remain essentially constant and
ENVIRONMENTS the corresponding vibration levels are given In

terms of wideband acceleration response
The analytical prediction of vibroacoustic envelopes.

environments on a jet-powered flight vehicle
may be achieved in several different ways. A Despite many obvious differences between
straight-forward analytical approach may consist the present RPV and the B-58 aircraft, this
of predicting a composite acoustic sound pressure technique predicts the expected vibration envi-
field as the loading function to be used in con- ronments with surprising accuracy provided that
junction with an interconnected, finite-element the excitation is of acoustic origin and broad-
structural model of the total vehicle and its band in frequency content and the vehicle propul-
equipment payloads. This approach would repre- sion is by a jet engine (4). In these areas there
sent a costly and time-consuming task. The is a commonality between the two vehicles. As
chosen approach consisted of developing the pri- might be expected, however, the predictions for
"mary structure response, using an empirical a smaller vehicle result in vibration levels which
prediction technique, based on the worst case are too high in the low frequency region and too
acoustic noise field, and analytically modelling low in the high frequency region, as will be
various selected equipment/structure subassem- shown to be the case here.
blies to cstablish the peak vibration responses
(I). The Mahaffey-Smith correlations are

established on the basis of various risk levels or
The acoustic noise spectra associated with upper confidence lines, reflecting the statistical

the various external acoustic environments were trend associated with the predictions. These
first establi3hed using the pertinent C-130 air- levels were selected Wo be the upper 60% and 95%
"craft and AQM-34L model vehicle data (3). confidence lines for purposes of comparison.
These Included the C-130 turbo-prop engine and Figures 6, 7, 8, and 9 show the corresponding
the turbojet engine acoustic sound pressure primary structure vibration levels at selected
levels during ground run-up at maximum power fuselage locations on the basis of both confidence
settings. The aerodynamic boundary layer noise lines.
levels were established to correspond to the
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Figure 3 Predicted C-130 Launch Aircraft Turboprop
Engine Acoustic Spectra

Figure 4 Predicted RPV Troe nieNa il

Acoustic Spectra~roe nieNa il
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Figure 6 Predicted Acceleration Power Density Figure 8 Predicted Acceleration Power Density
Spectra at Navigation Equipment Bay Spectra at Forward Fuselage Stations
of RPV (Turbojet Engine Noise) of RPV (Aerodynamic Boundary Layer.+ Turbulenc e)
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Figure 7 Predicted Acceleration Power Density ... =•,,
Spectra at Mid-Fuselage Stations of Figure 9 Predicted Acceleration Power Density
RPV (Turbojet Engine Noise) Spectra at Forward Fuselage Stations

(C-130 Propeller Far Field Noise)

PREDICTION OF EQUIPMENT VIBRATION pendent mounting assembly was to be included"LEVELS from each of the principal fuselage compart-
ments. This resulted in the selection of the fol-In order to assess the maximum vibratory lowing equipment/structure assemblies:

response of equipment payloads installed in a
typical RPV, certain equipment items in the ., The Scorer equipment and mounting frame;
AQM-34L vehicle were selected for detailed
analysis. The primary selection criteria were 2. Forward equipment and shelf assembly;
that the particular equipment had to be function-
ally critical and also be typically mounted by the 3. Flight Control, Heading/Turn-Rate, Inter-
use of a built-up, secondary structure., Further- connecting equipment assembly;'
more, at least one equipment item with its inde-
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4. Computer/Converter and tray assembly.: shown in Figures 12, 13, and 14. A digital
computer program was used to calculate the

*The procedure that was followed in the vi- mode shapes and the modal frequencies of each
bration response analysis centered on the accu- equipment/structure assembly. Figures 15 a,
rate prediction of the equipment vibration trans- b, c, and d are typical geometry view plots of

missibilities along the three reference axes• the four assemblies. Typical vibration modeshapes and frequencies are shown in Figure 16
This was accomplished by constructing the ap- shapespand frequeni es a s i ge
propriate finite-element structural models cor- corresponding to the first six modes of the

"responding to each of the foregoing equipment/ Scorer equipment and the mounting frame. The

structure assemblies. For simplicity, it was computer generated modal data were subse-
amquently used by the same program to compute:• assumed that each equipment item behaved as a the desired base motion transmissibility func-
rigid body without regard to its packaging or tions for each equipment item considered in the

"""• internal vibration characteristics and that the analysis. Representative transmissibility
spring/dashpot properties were derived solely curves from each of the four equipment assem-
from the stiffness and construction of the blies are shown ir Figures 17, 18, 19, and 29.
secondary mounting structure, i.e., tray, The scous dampingucos associatd wit

frame, rails, etc., Figures 10 a,b and 11 a,b The viscous damping constant associated with

illustrate the actual configuration and the finite- each curve is also given as a percent of the

element structural model, respectively, of the critical.:

Scorer equipment and its mounting frame. Simi-
lar analysis techniques were used in generating

, the dynamic models for the other equipment, as

, I , /

• • N....

Figure 11(a) Finite-Element Vibration Model of
Scorer Equipment Assembly

Figure 10(a), Pictorial View 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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The analysis of the equipment vibration
- response was performed as if each equi ment

and its mounting structure were driven by the
-. vehiLle primary structure at a set of fixed

-In boundary points. The resulting prediction is
S- , analogous to the solution of a linear, multi-f* _-i_-degree freedom system subjected to a prescribed

E3 base motion (5, 6, 7). The equipment accelera-
"a.1 tion levels were computed by multiplying the pri-

-.. mary structure vibration levels by the sql .re of
the transmissibility along each axis and envel-

--- ,-- -oping the resulting curves in the form of straight
line vibration envelopes. Figures 21 a, b, and c
illubtrate the resulting response envelopes for a

-------- ,,typical equipment mounted inside the aft fuselage
- _ -compartment.

Figure 12 Finite-Element Vibration Model of
Forward Equipment Shelf Assembly SUMMARY OF MEASURED VIBROACOUSTIC

ENVIRONMENTS

The field measurement of the vibroacoustic
environmentk, on the AQM-34L model RPV was
conducted during several flight events and ground
tests. These conditions reflected both normal as
well as extreme operational environments of the

I4 vehicle and its equipment payloads. For data
I F . zollection purposes, these operational environ-

t 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 tilse modes by means of
--... • two flush mounted microohones as shown in Fig-

, • _ure 22. The choice of the microphone placement
S --- ,locations was based on the expected severity of

, ,the acoustic sound pressure levels at the respec-
-_-- -- live fuselage stations.

Figure 13 Finite-Element Vibration Model of The maximum octave band sound pressure
Fight Control Equipment Assembly levels were recorded by the aft microphone dur-

ing the ground engine run-up mode at maximum
power settings and also during the low altitude
free flight mode, These levels are shown in
Figure 23.,

__ The acoustic environment resulting from
O --T the aerodynamic boundary layer turbulence was
" 1>1 recorded by the forward microphone during the

free flight mode at low altitudes and maximum, ~speed., The octave band sound pressure levelsH L4corresponding to this en;ironment are shown in

•iH Figure 24. Also shown in Figure 24 are the
"sound pressure levels experienced at the for-
ward fuselage stations due to the gound engineSrun-up wihwere icuetocharacterize the

worst case acoustic environments generated bythe 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

Figure 14 Finite-Element Vibratiot, Model of under take-off conditions. The high and low
Converter/Computer Equipment levels represented the right and left pylon mount-
Assembly ing confIgurations, respectively, under the
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b) Forward Equipment Vibration Model

-a) Scorer Equipment Vibration Model

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

Figure 15 Geometry View Plots of Various Equipment Assembly Vibration Modals

IT

Figure 16 First Six Vibration Mode Shapes and Corresponding Frequencies of
Scorer Equipment Assembly

12.
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Figure 17(a) Transmissibility Along Fore-Aft Axis of Typical Scorer Equipment {C/Cct

0101

S.... -- 11 A W.Figure 17(a) Tansmissib.lit Aln Fore-A. Ais of Tyia Scre EquipentrC/Cc %

Figure 17(b) Transmissibility Alopg Lateral Axis of Typical Scorer Equipment

Figure 17(c) Transmissibility Along Vertical Axis of Typical Scorer Equipment
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Figure 18(a) . .
ITransmissibility Along Fore-Aft Axis of Typical Forward Bay Equipment (C/Ccr =10%)

Figure 18(b) Transmissibility Along Lateral Axis of Typical Forward Bay Equipment

I'•
---t

Figure 18(c) Transmissibility Along Vertical Axis of Typical Forward Bay Equipment
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Figure 19(a) "
Transmissibility Along Fore-Aft Axis of Typical Flight Control Equipment (C/C = 4%

SFigure 19(b) Transmissibility Along Lateral ALis of Typical Flight Control Equipment
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Figure 19(cb Transmissibility Along Vertical Axis of Typical Flight Control Equipment
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Figure 20(a)

STransmissibility Along Fore-Aft Axis of Computer/Converter Equipment (C/Ccr 1 I)

*® "- I . I

Figure 20(b) Transmissibility Along Vaertial Axis of Computer/Converter Equipment
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to, to -, --....... Figure 21(c) Predicted Acceleration Power

Density Spectra Along Vertical Axis
Figure 21(a) Predicted Acceleration Power of Typical Equipment in Aft Fuselage

Density Spectra Along Lateral Section
Axis of Typical Equipment in Aft
Fuselage Section 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

M M• CIM~AU .WM airframe as shown in Figure 22 , The sensing
axis of each accelerometer is also shown with
respect to the vehicle reference axes. Time
intervals of recorded vibration data during the

varou grun tet nd liht vetswere
Sselected which were sufficiently stationary te)"allow acceleration spectral density analyses
"u "real time" spectr.m analyzer and an""m cawlA • " L 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
i measurement axis.

The highest overall vibration levels of ther primary structure were noted in the mid- andaft-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

Figure 21(b) Predicted Acceleration Power the turbojet engine acoustic noise levels formed
Density Spectra Along Fore Ait at the exhaust nozzle and its vicinity at maxi-
Axis of Typical Equipment in Aft mum power settings of the engine during
Fuselage Secticn powered flight and ground test run-up modes.
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Figiure 22 Accelerometer and Microphone Instrumentation Placement on
Vehicle Airframe
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Figure 23 RPV Turbojet Engine Acoustic Spectra Measured at Aft Microphone Location
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' Figure 24 Acoustic Spectra Measured at Forward Microphone Location Due to
,•, Boundary Layer Turbulence and Engine Ground Run-up
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Figure 26 Measured Acceleration Power Density Figure 27 Measured Accele.ation Power
Spectrum at Mid- Fuselage Stations Density Spectrum at Navigation

Equipment Bay

The vibration levels experienced at th:
forward fuselage stations were attributed pri-
marily to the aerodynamic boundary layer turbu- acoustic in origin. It was further assumed
lence during low altitude, high speed powered that the vibration levels experienced by the
flight of the RPV. These levels were consiler- vehicle primary structure in turn resulted in
ably lower than the aft fuselage structural vi- the random response of the secondary structure
brations noted earlier with a distinct shift and the equipment payloads. A careful review
towards higher frequencies. Figures 28 and 29 of the flight and ground test data rubstanttated
depict the aerodynamically induced vibratio'l these assumptione.
levels at the Forward equipment bay and the
Scorer bay in the forward fuselage sections of The analysis indi, ated that the maximum
the RPV, respectively, vibration response levels in the aft 4uselage

stations downstream from the engine exhaust
4 The vibration measurements at these sta- nozzle would result from the ground engine run-

tions also showed the presence of discrete up at high rpm settings. Similarly, the maid-
frequency response peaks corresponding to the mum vibration resptmsc levels in the forward
C-130 propeller blade passage harmonics dur- fuselage stations would result from the aero-
ing captive take-off., These levels were noted dynamic boundary layer turbulence produced
not to exceed 0.5 Gpk along any axis., during low altitude, high speed, powered flight.At was also predicted that the C-130 launch air-

craft captive environment did not contribute to
CORRELATION BETWEEN PREDICTED VS. any significant vibrations of the vehicle struc-
MEASURED VIBROACOUSTIC ENVIRONMENTS ture in comparison to the foregoing levels. The

presence of certain discrete frequency sinusoids
The analytical prediction of the vibration due to the turbo-prop engine rotational effects

environmeots on the AQM-34L model RPV were below these levels on an overall basis. The
was predicted on the major assumption that the measured vibroacoustic levels on the test vehicle
primary excitation was random and essentially were in general agreement with these trends.
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Figure 28 Measured Acceleration Power Densit) Figure 29 Measured Acceleration Power
Spectrum at Forward Equipment Bay Density Spectrum at Scorer

Equipment Bay

In assessing the magnitudes of the vibration vs. measured levels shows that thepredictions
levels predicted by the Mahaffey-Smith technique are approximately 10 dB higher in the low fre-
and their correlation with the measured levels, it quency region and about 5 dB lower in the high
is useful to start first with the external acoustic frequency region than the measured levels. This
sound pressure levels. Figure 30 illustrates the result agrees well with the long-held notion that
correlation between the predicted vs., measured the Mahaffey-Smith technique, which was based
acoustic environments at aft fuselage stations.- on the large B-58 aircraft data, predicts too high
The X/D = 0 curve represents the predicted a level In the low frequencies and too low a level
levels at the nozzle location and X/D = 10 at the in the higher frequencies for a smaller vehicle.
position of the aft microphone, which is roughly
the center of the Navigation equipment bay. The Figure 32 illustrates the predicted vs.
latter curve gives levels that are within 5 dB of measured acoustic environments at the forward
the measured levels and is considered accept- fuselage stations. The forward microphone is
able, The predicted acoustic levels at X/D = 10 located approximately 4 ft. aft of the vehicle
were utilized in the Mahaffey-Smith prediction of nose section. The acoustic prediction for
the primary structure vibration levels at th9  X = 4 ft. does not agree well with the measured
Navigation equipment bay., Both 60a and 95% levels, in fact, the predicted levels for X = 20 ft.
confidence levels were used in these predictions come closer to the measured data. This indi-
as shown in Figure 6. cated that the actual turbulence was greater than

ecorrelation predicted at fuselage stations aft of the nose
between the predicted levels vs. the narrowtand section. This was further reinforced by the
prtway sthprectued lesposevmelsut v the narrowbaresence of the attitude reference indicator at
primary structure response measurement at the 3.5 ft. upstream from the microphone location
same location. As evidenced by these levels, which resulted in the higher boundary layer tur-
the 60% curve predicts too low of a vibration bulence due to its protuberance into the airflow.
level, however, the 95% curve yields an accept-
able prediction. Even this curve does not com- The resulting Mahaffey-Smith prediction of
pletely equal the straight line envelope of the the primary structure vibration levels at the
measured levels., A comparison of the predicted 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 '-ou,. A
structure response meaz,'rement at the Scorer I!
equipment bay. These lev 's show that the
actual vibration response of the forward fuselage
is satisfactorily enveloped by the 95% confidence I
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 t
noted in the aft fuselage stations. This reflects

Sthe 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

V 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 _" I _ ___ __ 0
type of analytical model. Such an idealization I02
also assumed that the mass loading of the vehicle ,wumy. (RA)
structure by the equipment weights would not Figure 34 Predicted vs Measared rrans-
appreciably alter the response of the primary missibility Envelopes at ForvLard
"structure and hence, allow the Mahaffey-Smith Equipment Shelf (C/Clr 0 10%)
predictions to be used in lieu of a properly
developed forcing function.

In order to assess Lhe consequences of these ture obtained by combining the individual trans-
assumptions as well as to ascertain the peak missibilitles along each equipment axis. The
response levels of selected equipment items, a trends exhibited by both curves are similar in
limited amount of equipment vibration data was terms of the peaks and notches shown. The maxi.
compiled and processed at the end of the flight mum measured Q of 4 at 200 Hz compares
test program, Comparisons of the resulting favorably with the maximum predicted Q of 3.5
data with the analytically predicted levels, how- at 250 Hz. Thus the correlation between the twoever, was not carried out on a one-to-one basis; transmissibility envelopes for this structure was
rather, the vibration levels measured on the considered satisfactory.
primary structure and the equipment items were
ratioed to establish the corresponding equipment
transmissibilitles, which were subsequently used Similarly, Figure 35 illustrates the
for correlation purposes. measured and predicted envelope transmissi-

bility curves for the Computer/Converter
The reason for this procedure was the diffi- located in the aft fuselage section. The maxi-

culty of matching the accelerometer locations mum Q of 3.5 at 50 Hz also compares favorably
with the nodal network corresponding to each with the maximum predicted Q of 5 at approxi-
equipment/structure subassembly, and the poor mately the same frequency as reile'ted by the
correlations observed between the peak response first set of peaks on both curves, The remain-
levels at the various equipment nodes and the der of both curves, however, differ considerably
measured levels. Thus, a more plausible from each other. A possible explanation of this
approach for purposes of equipment res onse difference may lie in the analytical treatment of
correlations was to envelope the predicted nodal the Computer/Converter as a six-degree-of-
transmissibility curves into a single omni- freedom rigid body mounted on a flexible tray
directional curve and compare this curve with its structure. This type of an analytical model does
counterpart obtained from the flight test data. not account for the local mass and stiffness

Vu haracteristics of the equipment box -itructure
This was carried out at two separate loca- on which the accelerometers were mounted.

tions on the test vehicle, each corresponding to Neither are the internal packaging and other vi-
a representative equipment zone in the forward bration characteristics accounted for in the
and aft sections of the fuselage., equipment structure model., Thus, the likeli-

hood of minor discrepancies at higher frequencies
Figure 34 illustrates the transmissibility between the measured and predicted levels could

envelopes of the Forward equipment shelf struc- increase, especially for large equipment items,
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based on the coarseness of the analytical model. 4, R. B. Bost, "Prediction of Flight Vibration
Levels for the Scout Launch Vehicle," Shock

In summary, it is reasonable to conclude and Vibration Bulletin 36 (Part V),. 85-95,
that the analytical prediction of vehicle vibro- (1967).,
acoustic environments usiing the techniques out-
lined and demonstrated here results in the 5. A.J. Curtis and T.R. Boykin, Jr.,
realistic estimates of equi ment vibration levels "Response of Two-Degree-of-Freedom
experienced in a general class of jet-powered, Systems to White Noise Base Excitation,"
air-launched RPV. The opportunity to verify Journal of the Acoustical Society of America,
these environments as well as the equipn'ent Vol., 33, No, 5, p. 655-663, May 1961,
responses on the AQM-','4L vehicle through a
successful flight test pocgram justifies this 6., . H. Crandall, Random Vibrations, Tech-
conclusion. nology Press, Cambridge,. Mass., 1958.
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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, OIO

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 trsnducers 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 modified prediction method, This
prediction scheme enables aircraft designers to predict the fluctuating
pressure amplitudes for the broadband and three resonant frequenciesc
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 variation of the amplitude due to the standing waves that were
observed to occur for oach resonant freqkiency. An example is included
and compared to results obtained from a prediction scheme presented in
the literature.

INTRODUCTION The cooplete results from the flight test
of the :./D - 4 cavity are reported in Ref-

The ae~o-acoustic phenomenon associated erence 8 and the results for the L/D - 5
with pressure oscillations excited by flow and 7 are reported in Reference 9.,
over open cavities has been studied during
the past twenty years by several investiga- DESCRIPTIOIF OF TEST ARTICLE
tors (References i-7). Some knowledge has
been gained about the phenomenon but due to Each cavity was 40 inches long. 9
the complex nature of the problem, it is not inches wide, ind either 10 inches, 8 inches
completely understood. Methods to predict or 5.7 inches deep. They were constructed
the pressure oscillations occurring in cavi- of 0.250 inch thica aluminum (6061-T6) and
ties. as determined from wind tunnel tests, were mounted in a modified SUU-41 munitions
have been reported in Reference 2 The ob- dispenser pod. 'he modified pod with a

jective of this test program was to verify cavity mounted in it is shown in Figure 1.
and/or modify these prediction methods with Tha pod was carried on the triple ejection
flight data. This paper briefly presents rack (TER) of the left pylon of a RF-4C

at. the flight test results for three rectangu- aircraft., The mounting is schematically
ltar cavities 4ith length to depth (L/D) illustrated in Figure 2c
r ratios of 4. 5 and 7 for Kach numbers from
0.6 to 1.3. Also included is a brief dis- INSTRUMENTATION AND DATA REDUCTION PROCEDURES
cussion of the results from the L/D - 7
cavity with a store mounted in it. A pre- The cavities were instrumented with
diction technique for determining the nine microphones, one accelerometer, one
amplitude and frequency content of the thermocouple tnd three static pressure ports.
oscillating pressure is presented and com- The location of the instrumentation is shown
pared to results obtained in Reference 2., in Figure 3. A complete description of the
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Fig., 1 - Ten Inch Cavity Mounted in Modified
Pod

RF-4C AIRCRAFT 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 microphones 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

PO0 ON TER OF LEFT INBOARO PYLON 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,
WING LOWER U MACE 20.000. and 30.000 ft. The aircraft, ihile

maintaining a constant atltude, was slowly

MODFIED accelerated (for a period of approximately 2

SUU-I4POD to 3 minutes) over a Mach number range with
data being recorded continuously. The Mach

T $101.VI EW number ranges covered were 0.61 to 0.93 for
____----- ___---_ _ vU V 3,000 ft 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

-O VIEW ,, ,,was found that the angle of attack of the
SUU-41 pod was small for all test conditions

Vt. -and consequently was not considered during
the analysis of the data. Flights requiring
speeds In excess of H - 0.9 below 30.000 ft
altitude were flown over Lake Huron with the

Fig. 2 - Modified SUU-41 Ood Mouited on RF-4C remaining flights being flown over

Test Aircraft Washington Courthouse. Ohio.
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[EST RESUL"T

a. Static Pressure,i S * Mien a.1

The longitud'•nl variation of the 03 . UM ov
static pressure along the floor of the LID - 4 *.VACM IGO
cavity is shown in Figure 4 for an altitude of It 0.UACW ,5
30,000 ft. The data are presented as the
difference between the cavity static pressure I/
PC and the frpe-stream static pressure P. o,.
normalized with the free-stream static pro*-

A •sure,, The static pressure increased towards .4
the rear oC the cavity as was observed tn o
wind tunnel investigations (ReferenceN 2, 0O to0
and 7), The static pressure at each location P. Osl cAvity PTM IL
also showed a tendency to increase with Math

number. This Ma,:h number effect was also
observed in e(eerences 2 and 7% however, this Fig., 4 - Longitudinal Variation of Static
trend did not continue above Mach 2 in the Pressure Along Cavity Floor for an
references. Altitude of 30,000 Feet for LI/ - 4
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The flight test results from the
cavities with LID ratios of 5 and 7 displayed
similar trends, Static pressures for all LID
ratios were compared but no apparent trend -- ALL CONDITIONS
with LID was observed. The total spread of --- I 7 WITH STORE
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 2
maximum pressure measured at each location
increased towards the rear of the cavity. The -PCe
total spread in the data at each location also P
increased towards the rear with the data
spread at the reas leing a factor of 3 greater
than at the center. Also included in Figure
5 are the results from the L/D = 7 cavity
with a store, The observed cavity static
pressures with the ogive store were generally t
within the range of those obtained in the 0O5 10

empty configuration,,
X/L

b, Cavity Temperature

, Cavity temperatures were measured Fig. 5 - Total Spread of All the Normalized

with a thermocouple mounted near the center Static Pressure Data
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 nomber, The wind
tunnzl data show a trend for the cavity temp-
erature to approach the stagnation temperaturQ
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 weil, 0CFERNC 3, iuo. WIND TUNNEL

K DATA
c, Vibration 15 X -F.IGH4T DATA

X

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 s.
d-/g, i.e. d g acceleration of the micro-0
phone would not produce more than a 90 dB ao
sound pressure level reading, The maximum one-
third octave band acceleration measured at
any flight condition was 30 g's rmso In all
cases the measured fluctuating pressure level
wag at least 30 dB greater than the vnbration
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 0 1 a 3

the flu'(uating pressure levels were MAC14 mUmK
obtained from the nine microphones foe each
cavity configuraticn kLID -4, 5, 7). The
overall preisu levtls from the forward end Ttor o Tunnem RATeu t
of the cavitien for 3,000 and 20,000 ft alti- T-MRSTREAM SYMMfTMO TEWEPATkINE
tudes are shown in Figure 7. The overall TorFREESTREAM SUM TEICIK RAflIR
fluctuating pressure level is seen to increase
with Mach number and at any Kach number the
highest level occurs at the lowe3t altitude, Fig, 6 -Comparison of Flight Test Recovery
This figure is typical of All test results. Factors for 1.1D - 7 Cavity with Ogive

However, the results from other longitudinal Store to Wind Tunnel Results from
locations showed greater differences between Reforence 2
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40 
1

.0I

0of 9 S i I 3 4 Fig. 8 - Narrowband (2 Hr) Spectrum from the
Front of the L/D - 4 Cavity for an

MACH NU4IKR, M Altitude of 20,OOC "eet at Mach

Number 1.30

Fig. 7 - Overall Fluctuating Pressure Levels
from the Front of the Cavities

11th. lvels measured at different altitudes K
resulting ina lacI of free-stream dynamic
preassure (q) scaling., In Reference 2 it was
assumed that the flow induced cavity oscilla- p
tione scaled with free-stream dynamic pres-
sure, however, the flight test data show that 000 m
the fluctuating pressure levels do not scale mss o.
at crtain logitudinal locations as is illue-

at gure 13. Fig. 9 - Narrowband (2 Hz) Spectrum from the

Front of the L/D - 5 Cavity for an
Typical narrowband spectra from the Altitude of 20,000 Feet at Mach

front of the cavity for the 20.000 ft alti- humaber 1.30
tuude and a Mach number of 1.30 for each L/D
ratio are shown in Figures 8, 9 and 10. Che
resonant frequencies are evident and agree
well with the freqvencies determined from the 40
modified Rossiter equation (Reference 2):

*0

S LL)
V +1 .175 1

(1+ -- N
2 
1/2

m 1, 2, 3 t
K - ratio of Specific . ... .

heats I i I
where the I s I frequency Is referred to as 0 0110

the mode one frequency, etc. The nondimen-
sional resonant frequencies calculated for all
observed resonances aro shown in Figure 11 Fig. 10 - Warrowband (2 Hz) Spectrum from the
along with data from Rete:ence 2 and compared Front of the L/D - 7 Cavity for an
to the modified Rossiter equation,. The agree- Altitude of 20,000 Feet at Hach
m-nt is quite good. Number 1.30

141



LEGEND
•? FLIGHT- DATA

0 -•' FLOW

I. 540 TUNNEL OATH. REFERENCE 2

T GO

Ui 4

1.5 0•m5 = IF '

""4

o 3= 2.

1.0 2o0 o

M. a , --.

00

2 3000 FT ALTITUDE
MACH on5

0S. 10 I0 m 200 t
SM FREQUENCY Ht

Fig. 12 - One-Third Octave Band Spectra from
Fig. 11 - Nondimensional Resonant Frequencies the L/D 5 5 Configuration Depicting

as a Function of Mach Number Longitudinal Variation

Typical longitudinal variation of the
one-third octave band spectra from the L/D -
5 configuration are shown in 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 -tO
the front to the rear of the cavity, The ALTITUDE

longitudinal variation is shown in Figure 13 -20- 3,0OOft
for the mode two frequency at Mach 0.82 for
all altitudes., The measured one-third octave 'O-
band level containing this frequency is nor- # a o20.OO0ft
malized with the free-stream dynamic pres- f -40--
sure and plotted against the non-dimensional
cavity location. The lack of dynamic pres- 0-0 a830D0f0
sure scaling is evident at a number of cavity a
locations and only scales at X/L - 0 and X/L
- 0.5., The results from the L/D - 4 and 7
configurations displayed similar trends. ?- I

o ,z .50 .75 2.0
In Reference 2, mode shapes were

presented for the tirst three modal frequen- L

cies and are shown in Figure 14. These mode

shapes were obtained in a %ind tunnel from
microphone outputs on an axis along the long- fig. 13 - Longitudinal Variation of the Mode 2
itudinal center line of the cavity. It was Resonant Frequency One-Third Octave
assumed that the flight tert da.a followed land Peak for L/D o 5
similar variations and ramped sinusoidal equa-
tions were derived to fit the data. The re-
suiting equations describing the variation
in the normalized sound pressure level
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It should be noted that these equations account
for the changes in level with the L/D ratio.

ME 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 in the equations, Fig-
ure 15 illustrates this variation by present-
ing the mode 2 one-third octave band normal-
ized fluctuating pressure level at the fore

_- and aft end of the cavity for each of the
"o" three L/D ratios, There is about an 8 dB in-

crease for the L/D - 4 cavity but a 17 dB
01•- increase for the L/D - 7 cavity, The above

equatiua predicts a 7 dB increase for the L/D

MODE 2 4 cavity and a 17 dB increase? for the L/D f
IE27 cavity, The results from these equationsI�I-are plotted in Figure 16 for an altitude of

3,000 feet and a Mach number 0.82 for L/D = 5
Scavity where the fluctuating pressure has

been normalized with the fre,!-stream dynamic
pressure. The flight test cata are also shown

a! in the figure. The agreemeut is seen to be
quite good. Comparisons to the results from

121 01 the other L/D ratios were just as good, ex-
cept at XIL = 0.75 where the microphone was
located on the center of the side wall rather
than the floor, thus indicating variation in

MODE.3 the depth direction.

o 0.3 10 FLOW
LE T E

Fig, 14 - Suggested Shape for First, Second A HO
and Third Order Modes from Reference 0 0 Ot 0
2

-toO

20 log (Pm/q)X/L with normalized longi- REAR

tudinal distance X/L as determined from the
3,000 ft altitude data are: (-.

20 log (Pm/q)XL - 20 log (PmIq).. (2) FRONT

aU m 0 U lIdo
0 3,000 FEtT

-10 (1 - cos(aa X/L)

+ (0.33L/D-0.6)(1-X/L)J -5 I I I I
a 4 4 a 7

where: 20 log (P M/q)m - the Sound Pressure LIO

level at X/L - 1

a- 3.5 FiR. 15 - One-Third Octave Band Mode 2 Levels

32 6.3 from the Front and Rear of the
Cavities for 3,000 Feet Altitude and

03 10.0 Mach Number 0.82
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Fig.. 17 - Prediction Curve for Peak One-Third
-20--- _ Octave Band Level at the Aft End of

the Cavity

S-30.x

i MODE-40- The expressions for the normalized fluctuating

Spressures corresponding to the other mode fre-
0 0.5 1.0 quencies were determined to be

X
L

Fig, 16 - Comparison of the Prediction Scheme 20 log (Plmax/q) - 20 log (P 2 max/q) (4)

with Data for L/D - 5 from 3,000
Foot Altitude and Mach Number 0.82 -2(L/D) 2 

+ 26(L/D) -86

- 20 log (P 2max/q) -11

The solution of these equations re- 20 log (P 3 max/q) for L/D'4.5 (5)
quires the determination of

: 220 log (P /a~caq

20 log (P ) for L/D>4.5

for each mode frequency. The normalized
expression for the mode 2 maximum level was de-
termined from a second order least square Equations I through 5 enable the estimation
curve which encompassed all measured data of the amplitude, frequency, and logitudinal
points., This curve is shown in Figure 17 and distribution of the fluctuating pressures
is given by: associated with cavity resonance for cavities

with L/D ratios in the range of 4 to 7, In
20 log(P 2max/q) - 9-3.3L/D (3) order to predict the complete one-third octave

band spectrum broadband levels are also re-:'•*•+ 20 log ( -42 + 2M-0.7) quired.,

Where: P2max - mode 2 rms pressure The broadband levels are seen in
Figure 12, for L/D = 5, to increase towards

q - free-stream dynamic pressure the aft end of the cavity. This was aloe ob-

served in wind tunnel tests (References 2, 5
M = Mach number and 7), In general, this increase wa.; approx-
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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 FLW

linear variations were assumed., Figure 18
presenta one-third octave band apectra from 0 F
the front of the L/D - 4 cavity for an alti- A a D E
tude of 30,000 ft and for various Mach num- 00 c 0 0 0
bers with the data referenced to the free- .
stream dynamic presaure. The normalized Go
broadband levels are seen to increase with
increasing Mach number. Figure 19 presents -o
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- .3 0

band spectra are fairly constant with varia- Z '

tions in L/D ratio at the rear of the cavitie3 a -0

and the level of the mode 2 frequency decreases

with increasing L/D ratios For prediction
purposes the shape of the broadband spectrum L,

was assumed to follow the curve given in 0 . .

Figure 20 where the frejuency is normalized OOOFT ALTITUDE

* by the St'ouhal relationship. The maximum 9 -6C
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 I 0 to 0ooo
determined from the flight test 'ita, is: SFR6OUENCY Hz

20 log (Pbmax/q) - 20 log (P 2 max/q) (6)

Fig., 19 - one-Third Octave Band Spectra from
+ 3.3 L/D-28 the Rear of the Cavity for Mach

Number 0.82 for All L/D Ratios

+ 3(1-L/D)(I-X/L)

where Pb is the rms pressure in the peak one-
third octave band of the broadband spectrum.

I • • MACH NI-061

-20 ------ MACH -12:082
... MACH NI 1 05

l_30(Pns MACH 2O q. 1.30 /411.23 31,0-26+ 3111-LiDIIA1sL

40-

-0.

•-60-• ' 0

C ~-30
•' .0

STROU04AL NUMKNl

Fig., 18 - One-Third Octave Band Spectra from
the Front of the L/D - 4 Cavity at Fig., 20 - Broadband Level Versus Strouhal
30,000 Foot Altitude Humber
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Equations I 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 0o
for a Mach number range of 0.6 to 1.3, For
clarity an example of the application of this a HELLER

scheme is presented and the results are com- RtFLmAA,•4L:,
pared to those obtained using the method pre-

sented in Reference 2•

t 150
f. Example Ld

L ,REAR

Consider the case of an aircraft 1 40
flying at Mach 0.9 near sea level with an open 7, MIDDLE
nearly rectangular cavity 20 ft iong and L/D O
ratio of either 5 or IN It is desired to 130
predict the aero-acuustic environment at the O

rear of the cavity for LID - 5 and at the
front, center and rear for L/D = 7, The solu- 120

tion is obtained by entering equation3 1
through 6 and Figure 20 with the appropriate

parameters. . I s

V Equation 1 yields the first 3 modal FREOUENCV Mz

frequencies for both cases considered. Equa-
tions 3, 4 and 5 are used to determine the
maximum normalized amplitude for each mode fre- FWg., 21 - Comparison of Spectra from the
quency. Equation 2 is then used to obtain the orking Exmple and the Prediction
amplitude of each mode frequency at the de- Scheme from Reference 2

sired longitudinal location in the cavity,
The maximum one-third octave broadband levels
are determined from equation 6. Finally, FLOW
Figure 20 is used to predict the complete
broadband spectra. OF

The spectra obtained for the example
cases are shown in Figure 21 along with the 0 O 0

spectrum that would result using the scheme
offered in Reference 2, It is seen that the

scheme from Reference 2 is conservative for EMPTY

all cases prisented with conservatism being KO140

the greatest at the fore end of the cavity.
The current prediction equations account for
the variation of the resonant frequency amp- FILLED

litudes and their longitudinal distribution
as well as the variation in broadband levels.,
The effects of the cavity L/D ratio are also 120'

included in the equations which were not in-
cluded in the Reference 2 prediction scheme,
The spectrum for the center of the cavity 110,
does not show modes I and 3 due to the pre-
dicted longitudinal distributior of the
reso,,ant amplitudesý Figure 16 shows that
modes 1 and 3 have nodes near the center of
the cavity and thus the prediction scheme
takes thin into account, and results in the
spectra given in Figure 21 for this particular
location.

., Effect of Store in Cavity o0 o,000

In order to determine the effect a

store has on the fluctuating pressure environ-
ment in the cavity an ogive cylinder was mount- Fig. 22 - C parison of One-Third Octave Band
ed in the L/D - 7 cavity, This configuration Spectra from the L/D - 7 Cavity
was tested for the same flight conditions as Empty and with Store for Mach Number
the empty cavities. Figure 22 presents a con- 0.82 and Altitude of 3,000 Feet
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V

parison of the one-third octave band spectra REFERENCES
from the L/D = 7 cavity with and without the
ogive store mounted in it for a Mach number I, East, L. F., "Aerodynamical Induced Reson-
of 0.82 and an altitude of 3000 feet. The ance in Rectangular Cavities," Journal of
effects displayed in this figure are typical Vibration and Sound, May 1966..
of results obtained for all other test con-
ditions.. A major effect of the store is seen 2, Heller, H. H., Holmes, G. Covert, E, E.,
to be a reduction in the amplitude of the low "Flow-Induced Pressure Oscillations in
frequencies. This reduction was observed Shallow Cavities," AFFDL-TR-70-104, Dec 1970..
from the other test data to increase with
altitude for any given Mach number. The effect 3. Krishnamurty, K., "Acoustic Radiation from
of the store on the resonant peaks was diffi- Two-Dimensional Rectangular Cutouts in Aero-
cult to distinguish since the ptaks for the dynamic Surfaces," NACA Tech Note 3487,
empty L/D - 7 cavity were only of the order of August 1955.,
5 to 6 dB. Reductions of 3 or 4 dB were some-
times noted. However, for prediction purposes 4. Maull, D. J., and East, L., F., "Three-Dim-
it is recommended to predict the fluctuating ensional Flow in Cavities," Journal of Fluid
pressure environment of cavities with stores Mech 16, 620, 1963.

1 in them with the equations offered in this
paper., Since the flight data reviewed in this 5.ý Plumblee, H. D., Gibson, J. S., and
paper indicate that stores almost always re- Lassiter, L. W., "A Theoretical and Experi-
duce or have little affect on the fluctuating mental Investigation of the Acoustic Response
pressure in the cavity, utilizing these equa- of Cavities in Aerodynamic Flow,"
tions will result in conservative estimates. WADD-TR-61-75, 1962.

CONCLUDING REMARKS 6. Roshko, A., "Some Measurements of Flow in
a Rectangular Cutout," NACA Tech Note 3488,

1The experimental investigation reported 1955.
herein indicates the following conclusions:

7. Rossiter, J. E., "Wind Tunnel Experiments

1. The cavity resonart frequencies can on the Flow Over Rectangular Cavities at
be accurately predicted by the modified Subsonic and Transonic Speeds," RAE Rep
Rossiter formula, Nr 64037, R&M Nr 3438, 1966.,

2. The amplitude prediction methods in 8. Shaw, L, L., et al, "Aero-Acoustic Envi-
Reference 2 were conservative in predicting ronment of a Rectangular Cavity with a Length
both the resonant and broadband SPL observed to Depth Ratio of Four," AFFDL-',N-74-19-FYA,
in actual flight tests, January 1974.

3. The equations presented are recom- 9, Smith, D. L.: et al, "Aero-Acoustic Envi-

mended for predicting more realistic SPLs for ronment of Rectangular Cavlties with Length
cavity L/D ratios in the range of 4 to 7 and to Depth Ratios of Five and Seven,"
a Mach number in the range of 0.6 to 1.3. AFFDL-TH-74-79-FYA, April 1974.

4. The longitudinal variation of the rms
amplitude associated 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 levels 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
vu reduces the amplitude of the resonant fre-

•- oquencies.
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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
who 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 sh:,wed 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

j cavity, the side walls and the floor, were
constructed from V" thick aluminum and the
bottom plate was reinforced with angle iron.

• The flight vibration data indicated 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 reason why 6e found in
most cases that lower values were obtained
from the flight test than from wind tunnel
results. We realized this, but to correlate
the data with actual cavity data, I agree
there would be some variation. However there

are similar vibrations in actual iircraft
weapons bays and we feel that pod data would
agree with actual flight data better than wind
tunnel data which are obtained from rigid
modnts. I 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 IN TRANSPORT AIRCRAFT *

Harold W. Bartel
Lockheed-Georgia Company, Marietta, Georgia

A method is described for predicting structural vibration during preliminary design of now
tntransport 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 tests of 30 flat and curved skin-frame-stringer panels. The

variation of Aibration level with operating 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 trait. 'he data in these
all sources of vibration for representative missions and correlations could then be operated upon to accotnt
flight conditions. The success of the vibration unalyst for various factors and recorrelated, to reveal the
in predicting the vibration environment will, in large effects of the operations on data *.atter,
part, hinge on the quulity 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 love! and sound
pendent source. This investigation was conducted in pressure level, and 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 differential, and between
method for estimating transport category aircraft different vibratory directions. The test panel noise and
structural vibration which is induLed by impinging vibration data were used primarily to study the effects
noise, in a manner that permits tailoring the estl- of mass and rigidity on -ructural response.
mates to a specific structural mass and rigidity. All
of the work discussed herein was directed toward Aircraft Data - Airplane No. I had a fuselage dlame-er
that end. of about i4 feet and a maximum takeoff gross weight in

the range of 300,000 pounds. The No. 2 airplane
During the recent development of two large lower fuselage diameter was about 24 feet, with MTGW
contemporary military cargo aircraft, a number in the ratge 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 wall structure is a conve-%tlonal skin-frame-stringer
structure/equipment substantiation purposes. These arrangement, with circumfeintlol frames spaced atSrecordings were reasembled for use in this investi- approximately 20" and Iongitud~nol stringers "pcod at

gation. Additionally, a total of 30 flat 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 frames and stringers
recordings of noie and vibrntion data. The measured are tailored to match local load conditions, and vary
data were available in sufficient quantity and quality considerably. The wing, horizontal stabilizer, and

•. •to allow correlation of no!se and vibration levels in vertical sta~bilizer box structures are conventional

third-ctave frequency bonds, with confidence lines skin-rIb-spar arrangements, with widely spaced chord-

This paper is based on Lockheed research and development work funded by the U.S. Air Fnrce Flight Dynamics

Laboratory.
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wise ribs, full depth spars, and integrally stiffened and have no consistent relation to t-e major airplane
upper and lower skins, axes or to the earth. "Normal" means perpendicular

to the exterior surface of the structure, while "lateral"
Noise levels were recorded during engine runup with means perpendicular to the normal and also perpen-
the airplarie', parked on an open• runway, and during dicular to the lengthwise axis of the structural element.
flight a: 3 to 5 different speedi and altitudes. Micro- "Tangential" means perpendicular to the other two
phones were attached to the external surface of the directions, or the lengthwise direction of the frame or
structure at locations typified by Figure I for the stringer. These vibratory directions are depicted on
No. 1 airplane. Vibration levels were recorded for the flat panel structure of Figure 3.

v Figure 1. No. 1 Aircraft Noise Measurement
Locations

t the same ground and flight operating conditions as
were the noise levels. Miniature crystal occelero-
meters were bonded to tha aircraft structures at
locations typical of those shown in Figure 2 for the N... v..., .... ,

- No. I airplane. The accelerometers always
measured vibration on frames, stringers, boarrs, or
similar structure; never on skin plates. Figure 3. Definition of Vibratory Direction

Panel Data - A total of 23 flat, 200 x 30" skn-
; frm-str7"-nger panels were tested in pain in a
progressive wave facility as shown in Figure 4, to
determine vibratory rponse to acoustic excitation.
1he varying panel material, skin thickness, rib

kl- thickness, and rib spacing were typical of aircraft
structure, and provided a range of mass and rigidity."Noise levels were measured at the center of the

panel. Acceleration levels were measured of 6
locations on the frames and 6 locotiaisg on the

Figure 2. No. 1 Aircraft Vibration Measurement stringers, mokIng a total of 12 acceleration
Locations measurements oneoch panel. The accelerometer

locations an the panel structure were approximatelythe some in very case; 8 being in te normal dirtc-

In order to correlate vibration level with noise level, tion and 4 in the lateral. The noise and vibration
the noise levels measured at the fixed microphone data at *%ch measurement location were recorded
positions were corrected by interpolation or extrapo- at each of six different sound prowure levels (,PL%').
lotion to obtain noise levels on the exterior sur.oce The brood-band randam noise (150 to 2500 Hz) ued
at each accelerometer location. All accelerometer• to excite the panels typicall., ranged from a low of
were positioned In one of the three directions of 128 db overall to o high of 153 d6 overall, with 4
normaI, lateral, or tangential. These directions are intermediate levels.
defined relative to the structural component involved,

iSO
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f (a) Left Side of Progressive (b) Right Side - Test
Wave Chamber Panels in Place

Figure 4. Small Panel Test Facility

A group of 6 curved 48" x 72" fuselage wall panels Vibration levels were measured at six points on the
were also tested to determine vibratory response to frames and six points on the stringers for a total of 12
acoustic excitation. The test facility, shown In locations; 8 being in the norma! direction ond 4 in the
the conceptual rendition of Figure 5, consists of a lateral. The noise and accelertioan data were re-
reverberation room and an aoechole room vwith pro- carded on magnetic tape at the maximum and minimum
visions for installing curved structural panels in the SPL's as well as three intermediate levels.
wall dividing the two rooms. Five of the panels
hod a curvature radius of 7 feet; the sixth panel
radius was 12 feet.

The broad-band (150 to 2500 Hz) random acoustic

excitation level ranged from 107 dB to 132 dB overall.

C0L

(a) Noise Transmission Loss Tert Facility (1) Tet Panel Installed

Figure 5. Large Panel Test Facility
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Data Processin - All recorded noise and vibration ENSEMkE ROPIETIES
MEAN SIn 1 IX/n MaLAN rV •).

data, incO ing calibration signal, were first posed DATAE INEt OD • r

through on off-line third-octave band analyzer/ BY MsrAoo Of LEAST SOTE ,
digitizer. The third-octave band levels were con- TNDAED DEVIATION .. : =D

verted to a serial format by a coupler, coded, and CAYTIR FACTOR 1 1 i

recorded on on incremental digital tape recorder. r./
Following the off-line data processing, the digitized .

data were fed to a digital computer where the data * * • 0-
were corrected for the calibration value and gain/! " .I
attenuator setting to obtain noise and vibration -
levels in both dB and G rms. The aircrait noise

"Idata were further corrected (by interpolation or 3 .S~~~extrapolation) to obtain noise levels on the skin . ..

ssace at theame locations as the occelero- ... -

motors. The noise and vibration data were then
coordinated, and re-stored on digital tape. These low' a ~
digital top.es served as the data source each time a - ~ f*&*
specific operation on the data was perfcrmed withSAthe digital computer.

DATA CORRELATION .

The measured vibration levels and companion
noise levels were cross plotted in the style of -" / ( 5 •E/.

the well known noise-vibration correlation to AM $ O ufr SC.0

reveal the manner In which different types of
structure responded to noise. The correlations Figure 6. Definition of Statistical Propertleo
were also a useful tool for statistically quanti-
Fying the effects of flight condition, vibratory
direction, mass, and rigidity on vibration level.
To obtain these correlations, vibration levels and of the stonda.-d deviation corresponding to the normal
correspondin noise levels for any desired data distribution percentiles for the various confidence
source and frequency band were collected Into intervals. The confidence interval lines were locat•d
on ensemble in the computer memory. The through these coordinates, parallel to the regression
ensemble was In the form of common log vibra- line. The scatter factor was defined as the ratio of the
tion level (logl0Gris) as a function of sound vibration level at one standard deviation to the mean
pressure level In deciblls (SPL-dB). In essence level, i.e. (Y + a)/Vý. It is also the ratio of the level
then, a noise-vibration correlation plot of log at the 68.27% confidence Interval to the level at the
Gn. versus SPL-dB, typified by Figure 6, was regression line, at any SPL.
assembled In the computer memory; with the
capability to automatically produce this plot The aforemertioned parameters were always derived
when desired. The significant statistical for a group of data points on a lInear-lineor plot of
properties of the date points asembled In the format the farm SPL-dS veus loglOGri. For cormvenlence,
of Figure 6 were computed in every case. This in- however, such ensembles wonr always displayed on a
cluded mean SPL (R); mean acceleration level (Y); log-linear plot, so that vibration leve, and the
the coordinates of the regression line and various con- various parameters Involving level, could be shown
fidence Interval lines; the slope of the regression line and stated In terms of Gme. Illustrative exampIes
(i) t total number of data points In the ensemble (n); of actual data are shown In rigure 7. All measured
the correlation coefficient (r); the standard deviation aircraft date are Included In this correlation, for
(a); and the scatter factor. The mean SPL (R) and the all directions, all flight conditions, and all struc-
mean acceleration level (V) define the centrold of the ture and equpment locations. Figure 8 shows a
data plot (we Figure 6), and a sot of coordinates far similar correlation for tne panel data. This correla-
the regression line. The slope of the regresslon line tion plot contains the data from all panels (flat and
was defined using the method of least squares. The curved) for both the normal and lateral directions.
standard deviation of the acceleration levels QoglO Being all Inclusive, these data ensembles are too
Gtr,) was computed at the data centroid (R, ,,). general for prediction purposes, and are presenteý
The coordinates oa the confidence Interval lines were primarily to show the overall range, quantity.
defined by increasing or decreasing (0) by the multiple quality and trend of the data.
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Ftgure 7. Noise-Vibration Correlations - All Figure 8. Noise-Vibration Correlations - Normal
Directions and Flight Concjt ,ns for and Lateral Vibration - All Flat and

Aircraft Shell and Box Structure Curved Test Panels

A comparison of the vibration levels In Figures 7 and for the same sound pressure level. In investigations
8 for like frequency bands and confidence levels to reveal the effects of pressirized cruise flight,

shows the panel data to be consistently higher. This vibratory direction, and ma and rigidity, the
should not be construed as discrediting either of the Influence of the aforementioned factors was mini-
data ensembles. Same of the aircraft data in Figure 7 mized or eliminated by exercising selectivity in

Include measurements near equipment items, measure- compiling the data ensembles.
ments In the tangential or longitudinal direction, and
measurements in prewssrized cruise flight. All of these FLIGHT AND PRESSLRI'ATION EFFECTS
factors contribute to lower levels. Conversely, the
panel data were measured under Ideal conditions of Vibration in the fuselage structure changes when the
sound pressure incidence, in normal and lateral airplane becomes airborne at cruise spesd, and pres-
directions only, and with no other load or strain sur"zed. To determine this change in vi Nation level,
applied. Lastly, two factors which ore suspected noise-vibration correlations were prep4n d for on-

to be significant in the aircraft data have not been senbles of measurrd aircraft data for ground and
dealt with in this study-, one Is the mass and damping flight operation. Vibration measurements firm

effect of the fuel in the wing box; the other is the 52 locations were obtained, for 3 ground operating
mass/damping/decoupling effect of the soundproof- conditions and 4 flight operating conditions, on
Ing, wi-ing, and plumbing attached to the fuselage aircraft fuselage shell structure or on components

shell shucture. The net result of all of the afore- attached to it. These vibration data were collected

mentioned factors is for the aircraft vibration levels into two separate enembles; one for on-ground
in F;gur*e 7 to be lower than paml levels in Figure 8, engine run-up; the other for pressurized cruise



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 levels.

It would be risky to generalize that the difference in"" vibration response between the two operating regimes dl )25, ET 2$0 M I= "W
,• • T~tID-IOCt'AVI J~I, ND CENTERI FNIEWNCY "I

is due solely to pressurization of the fuselage; other () REGRSoIN LOA VIOLATION AT CONSTANT EXCITATON

factors could have similar effects. For example, the
fuselage structure is loaded and stressed differently- GROUND

for each condition, being supported by the landing
gear in the one case, and primarily by the wings in • R "",
the other case. Also, the character of the noise
excitation is different; the principal source In some ! ,
"frequency bends changing from engine noise to -

boundary layer turbulence with attendant differences
in incidence angle, and space-time correlation. •
However, for preliminary estimation of vibration THIM.-OCTAvI &D CENTS PHtONCY-.

response in other transport category aircraft of t.) 9CONsMoNc•r•. A ,TION ATCOANST,•VXlc•TATION

similar configuration and mission, these data are
considered to be a useful indicator of the relative
difference between vibration on the ground and in Figure 9. Comparison of Ground and Flight

pressurized flight. Obviously the chart In Figure Vibration Levels - Aircraft Shell and

10 Is not applicable to structure In the wings, Box Structure - Normal Direction
empennage, wheel 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 | .. . .. . .. .
20-

In both of the aircraft and all of the test panels. -0,

vibration data were measured and Identified In I -- -"
two or three directions of motion. These directIot 1 .0

were consistently defi n either normal, lateral, 0,, .e

or tangential, relative to the particular structural

predlc.:on method for each direction, If the level '00
Is knowo to vary with direction. If vibration data
from all directions are combined into a common
noise-vibration correlation, the data from the
direction of lowest level will tend to suppress the
men4 value. In som vibration prediction Instances,

(particularly for equipment where the installed n -- -

orientation is not known) it Is advantageous to pri- Ri,
dict vibration levels separately ior each direction .OW .I C.UVE MOtO - N.

and envelope the results to obtain the w•nt cce
fc. any direction. Therefore, a mians was derived
to relate lateral ond tangential vibration level to Figure 10. Flight Vibration Prediction Chart

the level in the normal direction.

Measured aircraft vibration data (and corresponding run-up were ued in order to eliminate ote extra-

noise levels) were assembled Into separate ensembles neous, environen•al Influeince. The ensembles can-
for each coordinate direction. Only data from ground slsted of data from 56 aircraft structural locations In
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the normal direction, 18 locations In the lateral .4

direction and 13 locations in the tangential direction. A.%
The data in each ensemble were correlated in the usual _A / •

form of Grns vs. SPL-dB, and the statistical properties .3/ ' -

calculated for each third-octave bond. Vibration 0 .oU
levels at a reference noise level were compared, as
shown in Figure 11 for the 50% confidence level. All
directions show a tendency to maximize in the 300 to -

600 Hz frequency range, indicating that the most
responsive structural resonance modes are influencing ... .

"vibration in all directlnns. Tangential vibration levels It"40-OCTAVE IIAN0 CdIN InOWNCY W.

oar consistently lower than normal or lateral, as ex- t.) *O10422SIO LINE VIOSAION Al CONSTANT ,XCITATN

"pected. The test panel vibration In the normal and
lateral directions was quantified in an identical
manner to independently check the trends observed 2
in the aircraft data. These panel results generally
collaborated the aircraft data. Lateral and tengen-
tial vibration levels were then quantified as a pro- .......
portion of normal vibration, In the form Glat/G ....- - . .
and Gton/Grm,• accounting for data scatterm and

Sslope of the corfldence lines independently in each ,M I "M
case. The resulting chorts ore shown in Figures 12 MI0.0D-ocAA SANOC• R IAI•U 44 c4022 -

and 13. These charts were derived from aircraft W PWOF A•54oT4oCINIIIA 1o NMMAL•O•I•IOVIOvAIIM

data limited to the on-ground case to avoid data
scatter from non-structural causes. However, the Figure 11. Comparison of Directional Vibration

charts are believed useful for all flight conditions. Levels for Aircraft Shell and Box
"= Structure

.4 ,A A A 1 l 3 , .1 .3 A.8.4 1 5 _

w .is-" -," I

CiI-I4l L|A.I A ACCItLIAAI404 SA~lI -IlO 00 2M.OENIIAL-• O.NDIMM iO

Figure 1?. Lateral Vibration Prediction Chart Figure 13. Tangential Vibrution Prediction Chart
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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
that is similar in size and structural configuration. AREA Ap

However, if the new airplane structure differs (]A OF TOI. ANA)

significantly from these airplanes, the prediction
method becomes less applicable. The applicability

A can be maintained, however, by incorporating a
means for correcting the predicted vibration levels b . .
to account for the effects of changing structural NOT , PLN IS
mass and rigidity. Such was the intent herein. NEUTR.AXIS

Analytical Develoent - In transport aircraft the air- 1- STRUCTURE

frame bending modes are well below 100 Hz. The
modes in the range above 100 Hz tend to have wave

1, lengths which are short in comparison to the diameter
"* or thickness of the body component, and are, there-

fore, not readily excited by fluctuating pressures.
However, the surface structure tends to be relatively
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 resonance
responses which are a few wavelengths removed. Many
resonance modes can be excited in the vicinity of any > FRAME

point on the shell surface, making the rms level in any
given frequency bond the summation of the contrlbu- sING(R i. AI f

tions of all modes In that bond. These resonance res- 0", '.

ponses are usually linear, whereby the majority of (b) SHELL STIUCit5

" modes In a given bend will vary with sound pres-
sure level in similar proportions. Figure 14. Coordinate System for Shell and Box

Structure
Thus, it may be reasoned that *coustically excited
structural vibration levels are approximately pro-
portional to the response of an arbitrary single shell
mode. Space does not permit a presentation of the
derivation, but it con be shown that with simplify-
ing aisumptiow., this proportionality Is approx'mately
given by

where the bracketed quantity with the expor-ent of known variation In and rigidity ar normal-
.25 is rigidity, and the bracketed quantity with lied to a coinon meo and rigidity. The reduction
the exponent 1.25 is ms of the structure. The In scatter of the data (on a noise-vibration caem -
nomenclature are defined in Figure 14 and in the lotion plot) would be a meaur of the ability of
list of symbols, the relation to detect the effect of mm and

rigidity.
This relation con be used to Investigate the effects
of maSS and rigidity In the measured vibration data Letting the bosline or *nomsal" structure be denoted
by emloying a normlizing techuique. In this by the subscript n', and the structure on which the
technique, vibration data from structural locations data were measured be denoted by the sukcpt .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:

Fy+y'~2  h (P +,*A+PYAY 1.25
Gn 0~ bi n P 2 2
Grm[X El +El1 LY .2 A (ph + ?k-+ PVAV 1(2)

For convenience, let

D = X(x + E lb in 2  (3) DATA ENSEBEALL FAT ANDICURVED PAELs

and2.

'AA\M ph+PA lb/in. (4) 2.6 - NORMAIZED TO --- ~ -

Then the normalization equation can be simplified to- _______ ___

DG( 2 5~ /M \ .2 5  a

Temnand rigidity of the structure of each test-
panel was camputed, using Equations 3 and 4 withI t
a surface area of 40" by 40", which was the UNMUI
minimum square are that would encompass at least M U
two frames and two stringers in a~ll cases. The 1...
vibration data from all of the flat and curved panels
were then normalized to a common mass and rigidity
using Equation S. The data normalized were limited .
to vibration In the normal direction only, since the
analytical development and quantifications of mass
and rigidity are only valid for the normal direction
of structural motion. The mass and rigidity effects I. L.....
on lateral and tangential vibration are not consid- WMaooA>VAs BAND C3IN PUOSNCY - ii,
ered herein, so until such time as mass and rigidity
effects on lateral and tangential vibration are Figure 15. Effect of Normalizing Panel Data With
Investigated, predictions for these directions can Theoretical Equation
be based on mass and rigidity corrected predictions
far the normal direction. In essnce, this assumes
that mass and rigidity effects are the same In all variable, wherein
directions./ 

D

After normalization, the noise and vibration G n 0 (6)
levels were correlated In the farm typified by
Figure 6, and the statistical properties of the carte-
lotion were derived. A comparison of the scatter In this form, at and 9 are undetermined exponents to
factors for the normalized and nannormalized dat be emipirically derived from the measured 40ao.

correlations, Is given In Figure 15. The comparison Subsequent correlations then revealed tha a and
thanredcingit.Indcatins ereobtained when a single optimum combination of

that the actual effects of mass and rigidity were not values for a and 0 was used with Equation 6 to
being corractly described by th theoretical exo normalize th. data. A three-dimensional platting
nents on the mass and rigidity tema. Equation 5 procedure was emtployed to derive the optimum
was subsequently altered to nab. the exponents combinations of a and 0 for each freqency band

and each data ensemble.
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Normalization Results - Optimum exponents were DATA ENSEMMI -FLAT ANDCU5WDPAMLS

derived for 'sev'e~ral diferent ensembles of panel 1

and aircraft data. The results of only the most
significant ensembles are summarized here. Figure 16 INOMLE
shows the variation in the optimum exponents with 2.- -

frequency for an ensemble which included all flat-
* panels and all but two of the curved panels. The

52.2 -

DATA ENSEMILE --FLAT AND CUEVED PANELS -

.4"

THEORETICAL 2.0

2 ___NO PJLIZED TO

I. ----- j-- ----
THIRD-OCTAvE SAND CENTER FREQUENCY - Ha

N~MLID T G *T1115O-OCTAVE BAND C&4T1R FRQEOLCY - f

Figure 17. Effect of Normalizing with Optimum
2.0 -Mass and Rigidity Exponents

- - formity of panel aspect ratio, material, and fabri-
~ A cation methods, and a good rasge of mass and

1.0 -rigidity variation) the optImum a anld $ values were
still less than the theoretical values, as can be isme
In Figure 18. The optimulm exponent fr t

.4

IHHD-OCTAVE SAND COOTK FIOUsICY - Ha

Figure 16. Variation of Optimized Mass and
Rigidity Exponents with Frequency

optimum exponents are consistently lower than the
theoretical values and exhibit oone variation with
frequency, whereas the theoretical exponents were si
independent of frequency. The averag exponent MID-Min AID33 CWIW N-3M

values (for all frequency bands) are approximately 01 . I!,i
one-fourth of the theoretical values. These 1000

optimum exponents provide some degree of reduc-
tion In the data scatter in every band when com-
pared to the unnarmalized cc"e, as shown In FigureI*
17; whereas In Figure 15 the theoretical exponents
Increased the scatter factor in all frequency bands.

Similar results were obtained with the other dafta0
ensembles used. In these investigations It become.
evident that as the quality of the data ensemble
approached the Ideal, the a and 0 exponents
approached the theoretical value. By quality 1s -

meant the ladk of extraneous factors which scatter 3111 sl
the data and are not detected in the normalizing lUINb.0551Y SLD emu5 MOMs- 2.

process. However, for the boot ensmble of data Figure 18L Variation of Optimized Ma. and
(a group of nine panels which hod the mast uni- Rigidity Exponents for bust Ensemble



ensemble exhibit less variation with frequency than excited by a noise level of 120 dB, were then normal-
the other ensembles and also show a reasonable ized to a common mass and rigidity, using:
reduction in data scatter, as evidenced by Figure 19. o Optimum exponents based on panel ensembles;

BEST ENSEMBE - NINE FLAT PAN Eaopt; fopt variable with frequency

2 . (Equation 6)

0 Average exponents; a = 0. 15; =0.86

2.6 -- -UNNCX'"UW 
(Equation 7)

The results of these comparisons showed that the
2.4 difference in vibration level between the two nor-

malizations was minimal, both cases giving similar
levels. This is not surprising since even with the
optimum exponents (minimum data scatter) the

Smaximum reduction in scatter factor was only about
25%.

2.0 - - Additional investigations yielded similar results.
It was concluded that the elimination of frequencyINotiZEi TO dependence, by using a weighted average for a

1.4 .3.17y (~f]and p in the mass and rigidity relations, justified
s .• G. "the small sacrifice of accuracy in accounting for
WH "mass and rigidity. Thus, Equation 7 became the
WITH OPTIMUM a's P's preferred means for accounting for mass and rigidity

" . .effects in the vibration prediction method.

'.4 VIBRATION PREDICTION METHOD

1H I-OCTAVE BANDC CENE auNCY-H. In establishing the nolse-vibration correlation
charts to be used for vibration prediction purposes,

Figure 19. Effect of Normalizing Panel Data the aircraft vibration data were subdivided into

with Optimum Mas and Rigidity two broad structural types -- shell and box struc-
Exponents ture. rhe vibration data in these two sets were

normalized to two reference man and rigidity

values using Equation 7. For the shell structure,
the reference mas was 0.59 Ib/'i ano~the

Accounting for mass and rigidity effects In vibration reference rigidity was 4.38 x 10' lb in . For the
predictions would be much sImpler If the exponents box structure, the reference mass was 21R 4 lb/In,2

aandl were net frequency dependent. Toward this and the reference rigidity was 1.7 x 10'u lb In."
end, single values were derived, and comparisons Thuse quantities are based on a structural surface
were made to determine the dlfference In vibration size of 40" by 40", and are approximately the
level due to normalizing with single values of a mean of the values computed for all of the air-
and• opposed to using a separate a and for craft shellnd box structure from which data
each frequency band. The a and fi values In the are used.
frequency bandi In which reasonable quantities
had bee obtained were weighted according to The complete set of normalized noise-vibraltion
their effectlvenees in reducing data scatter, and prediction charts are Included In Figures 20 and
then averaged, resulting In 21 for shell and box structure, respectively.

avg = 0. 15; P an= 0.86 To avoid excessive clutter the date points In

thes correlations have been omitted. Further,
These exponents were incorpotated Into Equation (6) the otatistical scatter Is described by "confl-
to give the empirical equion donce level" ines as opposed to 'coafldence

"itra'I lines. Confidence level Is the like-
lihood that any data point will fall below the

Gn = G (7) line. Thus the 50% confidence level is the
mean lIne through the data; the 80% confdence
level Is the line below which 80% of the data

The aircraft shell and box structure vibration levels, lie; etc.
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Vibration levels derived from Figures 20 or 21 may be In these equations, the characteristic surface area
corrected for values of structural mass or rigidity other width and length X has been taken as 40 inches.
than the reference value by using Equation 7, re-
stated below for convenience: The application of the vibration prediction charts

can thus be summarized in the following proceduret.
(MR\).ocae odnos lvl

Gp = G DR D MR ) (7) 1. Estimate the third-octave band noise levels
R Mp for the new structure.

The subscript 'P' refers to the new aircraft structure, on 2. Determine which of the two sets of predic-

which the vibration levels are to be predicted, while tion charts (shell or box structure) is more

the subscript 'R' refers to the reference structure and applicable to the new structure.

vibration level of the prediction charts. The values of 3. Select a confidence level for design of the
GR, DR, and MR are thus obtained from Figures 20 new structure.
or 21. 4. Enter the selected prediction charts with
SFor convenience, Equation 7 was formulated into a the third-octave band noise levels for the
Fomograph for gncphical solution, and is presented appropriate frequency band, and read the
as Figure 22. third-octave band vibration level directly
a rat the selected confidence level.

• 5. A vibration spectrum con then be plottec --
7 Lvibration amplitude versus frequency -- that,4 a is valid for on-ground, normal-direction

See vibration of the new structure, if its moss and
ks rigidity approximate the values from 'he

Ie e 4 prediction charts.

3 2 6. If a mass and rigidity correction is desired,
3 ,or required, compute the rigidity ard moss

0 U 4 by Equations 8 and 9. The corrected vbra-
,01 2 tion level can then be computed by Equatlon 7.

a I (The mass-rigidity correction con also be
S• = -,, .I J •obtained directly from the nomograph of

7. Determine vibration levels In the lateral

and tangential directions by using the
9 .J .'" .3 homographs of Figures 12 and 13 and the

2 above computed normal vibration levels.

(ElB. Obtain vibration I evels in pressurized crise
AN 2. a an .o flight from the nomogran of Figure 10 wsing

06f thn tobe gerlutld nowear vibration levels.

llt IIA14, OBSERVATIONS AND CONCLUSIONS
A as .e07

G, D ).4 1a 3 It + lev"l dourng thresaurived croise flelexig te

P. T, a 1 consistently higher vibratio levels in lobomto

rtet pols thn it does in airraft structure of• c g. + • . %similar mcx+ rigidity, ck• configuration.

F ig u re 2 2 . M a ss a n d R ig id it y, C o rre c tion N o m o g ra p h t h s b " so• h t I n t a s o t a r r f h l
type structure, vlib-otion levels on the from$,

The values of rigidity, Op, and mass, Mp, for the new str'ingers, etc,, are of similar mognituds in the
aircraft structure con be estimated from the following- ormffal OMd ImtWl dirn•tions. Vibration in the

•,•.El E l(.. \ n" ntiol dir~ tion is consistently lower.
% F+40(1.--. + +) Ib-in 2 ()Vibratlor, On Structure and equipwet in the

aressulied fuselage of two trrer aircraft
p€ Ax pA\ W06 found to be gewnerly lower, at an)y given

M 0wp ýL bI 9 noise level, dtolng prowx~rxed cruis nlight
MP ~ ~ tha dp _+ Iin ()•cu.-rg engine ronup on the g~rout.



It was found that there was considerable scatter x Coordinate direction
in the data which the normalizing equation, X Lnt fpnli -ioto nbeing limited to mass and rigidity effects, does X Lnt fpnlI -ieto n
not detect. Variation in other factors such as R Mean value of abscissa

structure, uncon ientional vibratory response, y Coordinate direction

space-time corre'otion, and sound incidence, Y Length of panel in y-direction - In.
could account fos much of the scatter. The
normalization expressions could be much im- V Meom value of ordinate
proved by including a means for accounting for a Exponent of rigidity ratio

-~ such other factors.
4 ~ Exponent of mim ratio

It was found that mass and rigidity effects were in p Weight density - lb/in3

opposite directions - Increasing mass decreased response ~ Sadr eito rmtema
while Increasing rigidity increased response. Thus, a tnaddvainfo h en2)/
they tend to be offsetting. The vibration daft scatter ~ jAcoustic pressure density - (lb/in
attributable to mass and rigidity were therefore rela-
tively small. The mass and rigidity of the structure
used herein is thought to be typical of most coo~veoi- Abbreviationsj tional transport aircraft strnucture, whereby t~t net
effsect of mass and rigidity om, vibration woutd typically dB Decibel (Ro- 0.0002 microbar)
be small. Exceptlaons ame not uncommon, however, and

jmany Instances ore conceivable wherm mass and rigidity rms Root-mean-square
could deviate greatly frmm th, trend found here (%~g., SPL Sound Pressure Lovel - AB
Ir. high strenigth-to-weight structure such as honeycomb
and caipoiltes, and in low strength-to-weigk structure Sbcit
such as used in high temperature *ni-ironment,. '
such Instances the effect of masand rigidity on vibra- C Corected quantitytion level could be substantial.

SYMBLSABBEVITION AN SUSCRPTSF Flight Quantity
SYMOLS ABREVATINSANDSUBCRITSL Lateral direction

mn Measured quantity

c Dimension of paroel bay In tne x - direction, In n Normalized quantity

A Croass~ectior *I area, surface or"o -, N omldieto

b Dimension of panel boy In the y-dirertion - In. P Prdtevau
C Crretio fR Reference value

0 Rigidity - lb-In 2  T Tangential direction

E Modulus of elasticity - 16,4n 2  x, xx Value referenced to axis In A direction

fr Resonance Frequency - Hit y, yy Value referenced I* axis In y directiootG Acceleration In multiples of garviltaional
acceleraton; G Mai A is item aiccleration
In inches/sec2; gti 386 Inche/sec

h Panel skin thicknum- In.

I Cram-sectionall are mam..nt of inertia - In 4

; Slope of leow squvares regression line

M Mss- lb/in
14 ~~n Number of pointsIn dataeonsemble for

statisticall analysis

I 6S



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. Barrel: There is no relation between the
direction noted and the vehicle axis• Normal,
laterml, 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

.• 1 longitudinal frame, stringer, beam, or spar..
Tangential is always teangentiu, 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?

SMr. 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
aircraft data, but it came as a secondary1a effect and it was generally cleer that panel
tests, or laboratory cests of penal structures,

always give higher vibration levels for a
given noise level then would be obtained on

- aircrdft structures. And there are a number
of reasons for that, the correlation of the
sound presjures a:e different, and I am sure
you realize that the damping in the structure
is different.

Mr. Sen Gupta: (Eoeing Company) Why did the
scatter factor reach a peak of 2.4 between
800 Ht or 1000 Hs?

Mr, Bartel:, It is thought that the type of
resonance that exists in the structure in
that general frequency range is of the basic
akin-boy-frame bending type, or beam-bending
type, which I. formulated by rather simple
equations. It was adapted from a single
degree of freedom response beam type resonance;
at the higher frequencies I think there are
other resonances such as rolling, warping.
and twisting of the frames and stringerx; and
there are coincidence type resonanLes at those
frequencies end oer expressions d& not account
for those.

Mr. Moskel: (Rockwell International Corporation)
Have you wade any comparison between other vsll
known prediction techniques such as Mehaffey-
Smith cr Condos-Butler?

It• *•artel:: 1o.,
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SIMPLIFIED TECHNIQUES FOR PREDICTING

VIBRO-ACOUSTIC ENVIRONMENTS

K. Y. Chang and G. C. Koo

Wyle Laboratories
Huntsville, Alabama 35807

ABSTRACT

A simplified method has been developed to predict broad frequency range
vibration criteria which account for both primary and comrnonent load
impedance for structures excited by random acoustic eScitations. The vibro-
acoustic environments were predicted by a one-dimensional equation which
utilizes four types of parameters at equipment mouw ring locations. These
parameters consist of input Impedance of support structure, ncoustlc mobility
of structural system, input impedance of component package, and blocked
pressure spectrum. A set of nomograms and design charts was developed to
evaluate the force response graphically with minimum amount of manuai
computation. The accuracy of the equation in predicting force responses has
been verifled satisfactorily and the method Ias proved to be a practical and
useful preliminary design tool for aerospace vehicles. Two example problems
with different structural configurations were used to demonstrate computation
procedures. Satisfactory agreements between analytical predictions and
expe-Imental measurements were observed.

INTRODUCTION efft cts of component-primary structure coupling and the
approach is designated as the "Force-Spectrum" method.

The prediction of localized vibratory criteria for space This approach requires sophisticated measurement
Svehicle components due to acoustic excitation has been techniques to define the dynamic parameters required

accomplished based on the empirical techniques as for the prediction equation. The objective of this paper
described in Reference I , These techniques provide is to present a simplified computation procedure to
standardized approaches to predict vibro-ocoustic allow performance of quick estlma'es on force spectra.

* environments with sufficient conervatiom to satisfy It is recognized that several analytical mettods, such
design and test requirements for unloaded primary as the direct Integration method and other numerical
structures. The testing of components to such criteria methods, can be used for the prediction of loads on
is valid only when the impedance of a primary structure finite cylindrical structures. Nevertheless, the result-
is sufficiently higher than that of the attached com- ing equations are either too sophisticated or too general
ponent. Otherwise, there is a strong possibility that and are not practical for performing quick estimates
the specimen would be overtested. with adequate accuracies. Considering the fact that an

i ot overage engineer does not have ample time to thorough-
A complementary technique by which the vibratory ly analyze each individual problem; therefore,
criteria ore to be specified in terms of actual forces simplified methods are needed to solve complex problems
acting on components has been considered [2), Test with a minimum amount of calculations and yet provide
specifications ore given in terms of the power spectral adequate accuracy. This is accomplished by the use of
density of a force environment which account for the charti and nomograms to reduce complex computations.
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FORCE-SPECTRA EQUATIONS Due to structural complexities of space vehicles, precise

analytical approaches to obtain the parameters defined

The force-spectra equation is derived based on a one- above are not practical. Therefore, in order to
dimrensional structural impedance model [ 2 ]. By validate Equation (1), approximate equations along

applying Thevenins' and Norton's theorems to this with measured data were used to predict the force
model, the eauotion which relates the force-spectra to spectra quantitatively.
external excitation forces, component impedance and
dynamic properties of support structures, such as struc- An alternate approach to compute the driving force
tural impedunces and acoustic mobilities, is established, spectrum could be achieved by replacing the produce of
The final equation is oitained as follows: I *w) 12 . op(W) by *R(W) , which is defined as the

-I 2 .velocity response spectrum at the component mounting

LZS 2points of the unloaded primary structure. Thus,

*L(u) = • 0(53) •p(W) (I Equation (1) can be written as follows:

ZLLS S

where 0 (W) Predicted driving force spectrum(U) = R) (2)
LL S

Zs(u) Input impedance of primary structures
and this spectrum may be acquired from the available

experiments on the selected test specimens. A flow
ZL(W) Input impedance of component chart indicating the computation sequence to determine

the force spectra is explained in Figure 1.

a(w) Acoustic mobility of primary structure

*p(u) Blocked sound pressure spectrum

,ilcked SawWd

('vcot.,cI Comsue Lo. htiwe e-

............................. •......L..........................................

S, , 1"

L------ ------. 2 ! . •,.
.' .--------------

Figure 1. Flow Chart for Predicting the Fpree Spectra of Structures
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TABLE 1. SUMMARY OF INPUT-IMPEDANCE EOUATIONS OF BEAMS, RINGS AND SHELLS

StructureStfed
Bearn Ring Shell Stfelld

Freq"uency

Low Frequency 48 E.25 E h S +
Range 4K8El _K El KK Eols• Kz ° Kt

~B R0.15R32 S ,Z +K/.
2requeny 1fzL K/u

"Fundamental El 0.427 Er 0.375 Elh
Frequency, f1  A *i2 I TA I2 V -

2Intermediate ZB 2(1 ýi)pA Z=; 2 Nf pA Z 7 ph ZT Z ZB
•Freque ncy Range "

('L' S eEl.[l + Z•
PI,

Ring
Frequency, fi

.,,,Z Z=Z
SHigh Frequency S3

Range Some as Some at 4 h; Z Z Z8

(f fR) Intermediate Intermediate l 4T

Input impedances in the force-spectra equation are impedance at any location follows the stiffness line,
specified in terms of the "force/velocity" format, this stiffness being equal to the summation of the stiff-
The cylindrical type structures considered herein are ness of the individual structural elements that are
stiffened by stringers in the axial direction, and ring present in that location. Two cases are considered In
frames are attached inside the shell wall. The direc- this frequency range, namely:
tion of vibratory response under consideration is referred
to as that normal to the skin which is excited by imping- If the stiffness of the ring is small in
ing acoustic pressures. The approximate equations for comparison to the stiffness of the stringer
predicting the input impedance of the above structural or the unstiffened shell, the overall stiff-
components are given in Table I in three different ness can be computed by adding the stlfW-
frequency ranges as defined below [ 3: nest of the properly modeled structural

elements that are present at the input
9 Low frequency range or frequencies below location, as follows:

the fundamental frequency of the shell,

4o Intermediate frequency range, and K - K, + E Ka + E KR (3)

e High frequency range or frequencies
above the ring frequency of the shell, where K static stiffness of shells

Therefore, the evaluation of the stiffened shell imped- K static stiffness of stringers
ances is obtained for these three frequency ranges as B

follows: 
or beams

Low Frecuencr Impedances - The static stiff- KR static stifness of rings

ness is to'rtdominont factor which influences the Thu t1he input impedance of a stiffened
input impeaance. Due to the lack of theoretical cylindrical shell at low frequency follows
expressions for input impedances of stiffened cylindrical a stiffness line whose value can be computed
shells, it is assumed that at low frequencies the input from the sum of stiffnesses of structural

elements at that point.
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a For a stiffened cylindrical shell, if rings are individual impedances of the two stiffeners
sufficiently stiff in comparison with the - the ring impedance and stringer
entire shell, these rings act like the impedance.
boundary of structure panels. Then the
characteristic impedance of the shell can be Acoustic mobility, a(o), is defined as the ratio of the
determined from the length of the spacing mean-square spectral density of the velocity of the
between two adjacent rings, mean-square spectral density of the fluctuating pressure

driving the structure. This quantity is expressed by
Equation (6) as follows:

s. M4 U

The characteristic impedance represents the TM= (6)

impedance of a structure of such a length P
that reflections from the boundaries are
negligible. In other words, the resonance where S. (w) has units of (in./sec)/Hz, and ,p (u) 6l
modes of a structure with any non-dissipative the blocked pressure spectral dPm.4t) having units ofI ,budr cniin are identical to theblceprsuesetadeithvngntsoboundary conditions a redenticture (psi)2 /Hz. The blocked pressure includes the effectsresonance modes of a supported structure of reflection and thus accounts for the pressure doublingwhose length is equal to the distance effect when an object is immersed in a random pressure
between the node lines, field.

Intermediate Frequency Impedances - Within
the intermediate frequency range, which extends from Generally, the acoustic mobility for a given structure
the fundamental frequency to the ring frequency, the would be calculated based upon modal analysis or
input impedances of the test specimens can be evaluated statistical energy analysis. However, for the purposes
as the combination of the characteristic impedances of of presenting simplified design curves for acoustic
the primary structural components. Nhe equation is mobility derived from acceleration data of a wide range
written as: of vibro-ocoustic measurements are shown in Figure 2

for two values of damping: 0 = 20 and 0 = 200 (3).

z =z + 1 ZB + I ZR ( b) Dosed on the empirical curves of Figure 2, the a-term
Is dependent on the structural damping, 0, the
diameter of the cylinder, D, and the unit surface

, characteristic impedance of shells weight, m, where f is the frequency In Hz. For
structural damping values other than those shown In
Figure 2, the acoustic mobility term may be Interpo-ZB caraceritic mpeanceof triners lated since an increase in 0 by a factor of 10 results in

z characteristic impedance of rings an Increase In the acoustic mobility term of one decade.

The blocked pressure spectrum, p(), is defined as the
High Frequency Ime~dances - The irput effective acoustic pressure acting on a primary strucuire.

impedance of a stiffened shell at high frequencies The pressure Is equivalent to that acting on a rigid
depends on the location of a measurement point and Is cylinder which has the identical geometrical dimensions
evaluated by the following rules.: as the primary structure. This pressure can be deter-

[ e Unstiffened (skin) Point - The input mined from the far-field sound pressure measurement
impedance approaches that of on Infinite and Is given by (4 ):
plate of the some thickness.

9 Stiffe+.ed Point - The skin and the 3 = r 4(rkR,) . H' (,R) (
stiffener(s) decouple dynamically at high P2 1 mO I
frequencies, therefore, the input imped for

ance approaches that of the stiffener(s).,
~ ' ~where FPf measured sound pressure levels

e Stiffened Intersection Point - The '-put f without the presence of
impedance at the centers of short stiffeners flexible structures
segments are generally higher than those of
longer stiffener segments; and the imped- k = wave number = 2 xrf/c
once at an intersection of the stiffeners is
approximately equal to the sum of the
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c = speed of sound in acoustic medium; All equations listed in Table 1 contain a frequency
for air c = 13,400 in./sec dependent and a frequency independent term. There-

fore, by evaluating the frequency independent terms,
R = radius of cylinder and later, combining with the frequency dependent

term, the impedance curve can be easily constructed.
m = Neumann factor = 1 for m = 0, The approacihes, which are based on the separation of

2 for m 0 the frequency dependency to simplify the impedance
prediction, are presented below.

H' (kR) = derivative of Hankel functionSof order, m Nomographic Charts - A nomograph, in its
simplest and most common form, is a chart on which

SThe foregoing equation is derived for an infinite panel one can draw a straight line that will intersect three
and does not account for diffraction effects of structures or more scales in values that satisfy an equation or a
with finite length. However, the error due to diffrac- given set of conditions. The equations summarized in
tion effects is considered as insignificant and will not Table 1 were converted into nomogrophic forms, and
influence the final results. In the frequency range of are shown in Figures 3 through 8. Figure 3 evaluates
interest, the RMS blocked sound pressure is approxi- the static stiffness of the ring frame. By knowing the
mately 40 percent higher than the measured sound values of radius, R, and the flexibility, El, of the
"pressure and such a conversion factor generally leads ring, and connecting these two values on the R scale
to conservative estimates of the force spectra. and the El scale with a straight line, the intersection

point in the K scale represents the computational result
:OMPUTATION CHARTS AND GUIDELINES of the given equation.

In order to minimize manual efforts in performing force- Figures 4 and 5 perform similar computations for static
spectrum computations, it is necessary to reduce the stiffness of beams and the frequency independent part
derived equations into the forms of nomograms or charts of rings, respectively.
so that lengthly computations can be avoided.

- Acutic -ebihly ,n./-/0)
m SurFace ... Qht d.-lty (01/, .•
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FIgure 2. Velocity Acoustic Mobility Levels for Cylindrical Structures

[4 (Based on Slacked Pressures)
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Fgure 7. Nomograph for Determining Figure 8. Nomograph for Evaluating

Zf of Unstlffened Cylinders impedance of Infinite Plate

Figures 6, 7 and 8 are four-variable type nomograms ing the proper Zr value of the structure is determined
for evaluating the frequency independent part of the from Figure 5. The stiffness lines represent the Imped-

remaining equations shown in Table I. For example, lines represent the
in Figure 6, by using one additional axis, T, which once at low frequencies and the Zr

lies between the I and R axes and need not be impedance at high frequencies. The intersection of

graduated, the four-variable equation was broken into these two lines determines the Nrndamental resonant

two three-varioble equations and are handled as tOe frequency of the structural system. In this figure and

proceeding way, i.e., connecting the I scale and the the following figures, a scale factor is used to obtain
R scale with a straight line, then joining the intersec- correct scale values for the standard diagrams.
tion point on the T axis and the h scales with another

straight line, the intersection point on the K scale is The driving-point impednce for unstiffened c/lindrical

the resulting value, shells is shown in Figure 10, where the Z lines arer

Charts for Computing Structural Impedance - replaced by the Zf lines. The lines represented the

The impedance of an IWeal damping, spring and mass proper stiffness, Zf, and infinite-plate impedance are

system may be represented by three intersection lines. obtained from Figures 6, 7 and 8, respectively. At low
By using this approach, the driving-point impedance oetaied the impedanc of cylinetsvfl low

*0, for beams and rings based on the equations of Table 1 frequencies, the impedance of cylinders follows a

can be represented by two sets of intersection lines stiffnes line and at high f iequencies the imped• ca is
varying with the frequency as shown in Figure 9. In equal to the impedance of on infinite plate which has a
this figure, the line representing the proper stiffness range, the inleit impedance may be fresented by the
value is obtained either from the result of Figures 3 or zr line.

4 for rings and beams, respectively, and the line defn- l
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The fundamental frequency and the ring frequency )f on Figure 15 for final computation. The curve repre-
cylinders are determined by the intersection of these senting the sum of these two curves is the resulting force
three characteristic lines, spectrum for the design structural system. Note that all

charts developed are in same length scale and the trans-
Figure 11 represents the impedance curves for the com- fer of data curves from one chart to next chart can be
ponent package which are defined as cn ideal damping, easily done by overlay technique.
spring and mass system. The graph shown on the upper
portion of these two charts will be used to compute EXAMPLE PROBLEMS
the logarithmic sums of two impedance curves. The
application of the logarithmic summation chart is To aid in understanding the computation procedure, two
explained in example problems. examples are illustrated. The first example is used to

demonstrate the procedures used to predict structural
Charts for Computing Blocked Pressure impedances of a stiffened cylinder. The predicted

Spectrum - The conversion of a far-field sound results were then compared with the measured data [5 ]
pressure spectrum into a corresponding blocked pressure to evaluate the accuracy of impedance predi-tion
spectrum is achieved by multiplying the far-field spec- equations. The second example is used to illustrate the
trum by the correction coefficient, 3, as described in procedures in computing a force spectrum based on the

* Equation (7). To facilitate graphical computation, structural configurations and the loading criteria used
Equation (7) is converted to Figure 12, in which the in Reference 2. The measured force response data was
abscissas scale is expressed in terms of fO; where f is used to evaluate the accuracy and conservatism of the
the frequency in Hz, and D is the cylinder diameter predicted force spectrum.
i ;n inches. To obtain the NP -co -fficient for a

particular cylinder in the frequency scale, it is accom- Example of P~ediction of Structural Impedance
plished by shifting the fD scale in Figure 12 to the The specimen used in the prediction consists of a basic
left for the amount corresponding to the cylinder cin sel it udin stsiof a two
diameter, D. For example, if the diameter of a cylindrical shell, four longitudinal stringers and two
cylinder is 36 inches, the ' -coefficient for that ring frames. The basic cylindrical shell has overall

VT dimensions of 96.0 in. (length) x 48.0 in. (diameter)

cylinder is obtained by shifting the fD scale by a factor x 0.08 in. (wall thickness). All structural elements
of 36 to the left, as shown by the 4T -curve in were made of aluminum. The ring frames are built-up
Figure 13. The blocked pressure spectrum of the for- channel sections which ore attached to the inside sur-
field pressure spectrum is then obtained by adding the face of the shell wall by means of rivets; and, the

stringers are angle sections which are similarly
N-3 values at each frequency point to the far-field attached to the outside surface of the shell wall. Two

heavy end rings consisting of angle sections were weld-
pressure spectrum. ed to the inside surface at the two ends of the shell

CgRespo Stum - The wall; and, thick circular plywood bulkheads weree oityspose Copeutis staoned tS e product bolted to the end rings, and are used to provide radinl
constraint at the ends of the shell wall. Overall

of the blocked pressure spectrum and the velocity
acoustic mobility. The normalized acoustic mobility dimensions of the specimen ore listed in Table 2.
curves as shown in Figure 2 must be converted to

verus reqenc fomatforusein espnseThe computations of static stiffness, Z r and ZfI for

S2 versus frequency format for use in response tthe primary structure components have been demon-
computation. The conversion can be acc,'F, iished strated previously as shown in Figures 3 through B. The
graphically by shifting the abscissas scale to the left impedance computations for the configuration with two
corresponding to the diameter of a cylinder, D; and ring frame and four stringers are illustrated in Figures
shifting the ordinate scale downward corresponding to 9 and 10. In these two figures, the plotting scale is
the quantity (m/D)2 . For example, by applying the 10 times the true value as denoted by Factor = 0.1.
above procedures to an aluminum cylinder with In the computation, it was assumed that these two
D = 36 inches, 0 = 20, and (m/D)2 - 10- lb/in., rings act like end bulkheads with high structural rigidity
the velocity mobility for the cylinder curve is obtained so that the effective length of cylinder becomes the
as shown In Cigure 14. The velocity response spectrum length of the middle segment which is equal to
is obtained by summing up logarithmically the velocity 32 inches. In Figure 9, the impedance for one stringer
acoustic mobility curve and the blocked pressure spec- and four stringers are plotted based on the value
trum curve. The response spectrum is indicated by the obtained from Figures 4 and 5, Similarly, the imped-
dashed-line, once curve representing the unstiffened cylindrical

shell is plotted in Figure 10, in which the Impedance
Chart for C.omputing Force Spectrum - The representing the sum of four stringers is also shown,

response spectra and the structural impedance obtained except that at high frequencies whore the structural
from Figures 14 and 11, respectively, ore again plotted system decouples dynamically, and the impedance
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TABLE 2. SUMMARY OF DIMENSIONS, STIFFNESS AND MASS PROPERTIES
OF CYLINDER ANLU ITS COMPONENTS

Structural Itemr
Property Dimension Ring - Stringer Shell

, ,o-,- ,l!/ -

Mean Radius, R (in.) 23.0 ... 24.0

Overall Length, I(in.) 144.57 W6. 96.
Shell Skin Thickness, h (in.) 0.0

Crag-section Area$ A (in?) 0.215 0.123 --

Moment of Inertia, I (in! 0.135 0.012 ..

*Weight per Unit Volume, pip (lb/inh) 0.1 0.1 0.1

I ! 1 1001070 107o

Moduit of Elasticity, E (lb/in?) 10 1

Weight per Stiffenrw (Ib) 3.10 1 1.18 1 116.0

Two rin3, spaced at 32" in the longitudinal direction and fw longitudinal
stringers spaced at 37.7" in the circumferential direction.

1781

Men- -dus-R( -. 23. --- 24.0

Shell Ski-Th-.kn-----(in.)... ... O.O



approaches that of one stiffenir only. The impedance was obtained from the experimental testing. The
of the stiffened shell as shown in Figure 10, is equal to impedance of the comoonent package is estimated and
the linear summation cf these two component impedance is shown in Figure 11. The measured impedunce for the
curves and it is obtained in the following way: stiffened cylinder is also presented in the some figure,

which is approximated by two inclined straight lines as
* At any frequency point, measure the shown. In this figure, the plotting scale is 100 times

difference of two impedance values and the true value as denoted by Factor = 0.01. These two
use this length as the abscissas value in the impedance curves are then combined according to the
logarithmic summation chart (LSC). logarithmic summation technique as described for the

impedance of the stitfened shell except that the resul-
* The ordinate corresponding to the abscissas tant curve is obtained by subtracting the length of the

in the LSC is the resulting value for these ordinate coordinate from the lower impedance curve,
two curves in Ingorithmic summation. i.e. , by summing the two individual mobility curves.

The summed curve given is the impedance term in the
* Add the length of tne ordinate to the upper comptatiton of the force-spectra equation.

impednce curve, the resulting curve
denotes the linear combination of theis two The measured sound pressure and the blocked pressure
impedances. spectra for this example have been obtained according

to the procedure as described previously and the results
Figure 16 shows the experimental Impedance data are shown In Figure 13. The response spectrum is then
obtained from Reference 5 along with the predicted obtained by summing the acoustic mobility curve and
impedance for comparison. Generally speaking, the the blocked pressure curve as shown in Figure 14. The
comparison Is considered quite satisfactory both in low resulting curve as shown In Figure 15 is the computed
frequency and high frequency ranges. Fair agreem ant force spectrum. In Figures 14 one 15, the piotting scol
is also observed for frequencies just below the ring scale is 10,000 times the correct value as denoted by
frequency. Some oitzrepancies are observed in the Factor = 0.0001. The measured force response spec-
intermediate frequency region. Such discrepancies trum obtained from Reference 2 is shown in Figure 17
ire attributed to the errors incurred in summing the along with the computed force spectrum. The predicted
impedances of the stringers. However, it may be con- force spectrum was slightly high, but was judged to be
cluded that the equation and guidelines presented are acceptable, since the computed results provide the
adequate for determining the structural impedances for more conservative estimate for design evaluation.
design purposes.

CONC LUSION$
Example for Prediction of Force Spectra

A simplified procedure has been developed to predict
The structure used in the second example was a stiffen- the interoc~lon force between a component and its
ed aluminum cylinder whose dimensions were 36.0 in. support structure (space vehicle) which is subjected to
(diamete-) x 36.0 in. (length) A 0.02 in. (thick). broadband random acoustic excitotions. This method
The cylinder consisted of five aluminum rings spaced at was derived from a one-dlmermional Impedance model
6 inches in the longitudinal direction, and 24 longitu- and the computation was performed by ways of nomo-
dinal stringers spaced at 4.7 inches ;n the circumferen- grams and design charts. The conclusions resulting
tial direction. All stiffeners were mounted to the from this study are:
cylinder w-1l by rivets. The dimensions of the curved

% panels formed by the stiffeners were 6 Inches and 9 The force-spectrum equation provides
4.75 In•hes. Two steel rings of angle sections were satisfactory results on the predicted force
riv•tted at both ends and two circular sandwich plates environnits of components mountid on
were bolted to the end rings, space vehicles. This eauation is valid for

* the prediction of forces in the radial direc-
The simulated component package consisted of a 1/2 in. tion of the support structure. However, the
aluminum plate with lateral dimeionsl of 8.0 in. x sam concept can be expanded to include
8.0 in. The plate was supported by four sets of leaf the coupling effects induced from the longi-
springs at its corners. The bottom of each spring was tudinal and tangential directions so that the
fitted with a load washer assembly. The total weight complete description of fcr:ces in all three
of the component package was 3..i pounds; the directions is feasible.

*.% .resonant frequency of the package was measred at
i .0 "t.I The simplified computation method as pro-

sented has been shown to be accurate and
In order to estimate the fac~c ipectro, the analytic conservative within current acceptabls
procadures used to predict the impdanc. of the tolerance limits. The computation process
stiffened cyiinder are essentially the some as that requires minimum manual effort and no
described in the preceding example. Hence, no coirputer assistance is required.
onalyt;cal prediction was made and the impedance
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USE OF A SEMI-PERIODIC STRUCTURAL CONFIGURATION
FOR IMPROVING THE SONIC FATIGUE LIFE OF STIFFENED STRUCTURES

G.. SENGUPTA
Boeing Commercial Airplane Company

Seattle, Washington 98124

A light weight panel stiffened by a set of stiffeners at regular intervals is used
in many structural configurations. Such panels are often subjected to various dy-
namic distur.bances, 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 developed during recent years, The purpose
of this paper is to study the effect of any deviation from periodicity of stiffen-
er locations on the panel response and sonic fatigue life, For this reason, the
existing wave propagation method has bLen combined with the transfer matrix method
to generate a solution which is applicable to semi-periodic structural configura-
tions. Such a configuration consists of repetition of a basic unit which contains
sections of unequal length and/or stiffness properties, In ths st,,dy, such a
method has been applied to predict the response of a semi-periodicilly supported
beam in which the basic unit is made up of two sections of unequal lengths. The
excitation considered is band-limited white noise at normal incidL'nce. 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-periodicpeily
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 of the higher mode decreases,

Because of the combination of these two opposing trends, the total response jassesthrough a minimum for a particular semi-periodic configuration, for which one span

length is about 33% shorter than the other (i.e., for a span ratio of about Z/3),
For this configuration, the maximum r.m.s., stress I. reduced by about 18% compared
to that of a periodic structure of equal weight. The sonic fatigue life is cor-
r-spondingly increased by a factor of thre', to five. Alternatively, the skin
thickness and the panel weight may be reduced by aoout 14%, for the same stress
level and sonic fatigue life, This work, therefore, shows that there is a pos-
sibility of Increasing the sonic fatigue life 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-
ing, by as much as 10%, would not cause any noticeable increase in the r.m.s.
stress level in the skin.

INTRODUCTION large "coincidence" peaks appear at that fre-
quency in the structural response and radiated

practical structures consist of a large noise spectra. In high speed aircraft, 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- structure is excited under coincidence condi-
ally blown flap (EBF), the engine nacelle, and tions over a prolonged period. Since r.ms.s-
also the submarine hull are typical examples., skin stress is generally maximum near the

, During takeoff, the aft fuselage is subjected stringer locations, fatigue cracks on the skin
ta intense noise levels from the jet engine op- develop near the stringers. In addition, the
erating at maximum power. During cruise, pres- rivet holes cause stress concentration, aggra-
sure fluctuations due to boundary layer turbu- vating the situation even further.
lence also excite the fuselage skin and support-
ing structure, When the convection or the Many ýtteimpts have so far been made to pre-
trace velocity of the pressure field coincides dict the response of such structures to
with the natural flexural wave speed in the noise. The theories range from simple (1)
stiffened skin at a particular frequer y, single degree of freedom approximations to
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more (ophisticated sta~iitical energy analy- mining the response of semi-periodic structures
mis2, finite element 3  and transfer matrix it is helpful to be familiar with the free vi-
(4) methods and i/gle propagation and periodic bration characteristics of such structures, The
structure theory . Attempts have also been response spectrum is easier to diagnose, once
made to evolve simplified sonic fatigue design the variation in natural frequencies with vari-
procedures t can be used at the preliminary ous parameters is fully understood.
design stageM'. At Boeing, many carefully
planned flight tests have been performed for The free v'bratlon characteristics and the
obtaining a better understanding of the res- wave propagation properties of periodic struc-
ponse of complex, practical structures so that tures are well known. In an infinitely long
the existing design methodology can be improved periodic structure, free flexural waves can be
and the structure can be optimized frqm cabin propagated in certain frequency bands called
noise and sonic fatigue point of vew(7). It "free propagation zones." The free vibration
is indeed hoped that all these diversified ef- modes of an N-bay periodic structure have
forts will eventually give rise to a superior groups of closely spaced natural frequencies.
technology in the near future. The various modes and natural frequencies

lie within various free propaqation zones, As
Returning to the analytical approaches, a the number of panels is increased, the number

significant development has taken place in of natural frequencies in each group increases
utilizing the theory of wave propagation in and in the limit when the number of panels is
periodic structures to predict structural re- infinity, the natural frequency groups are re-
sponse to nojlell d convected boundary layer placed by frequency bands identical with the
fluctuations -- In these studies, the free prooagation zones of the flexural waves.
structure was considered to be perfectly pert- A more detailed discussion on this subject can
odic, i.e., no variation in stiffener location be found in Reference 16.
or spacing was allowed. In real life, of
course, the structure is nominally periodic. In the present work we are interested in the
"The effect of any non-periodicity tiffener natural frequency bands and free propagation
location was first studied by Ford(13) who con- zones of a semi-periodic structure. This is
sidered the response of a two spanned beam on done by solving the free vibration problem in
three simple supports. Since, in the case of absence of any external loading. The detail:"fuselage structure excited by jet noise, more of the theory for predicting the response are
than two panels as well as stringers and frames given in the Appendix. The free vibration
participate in the response, the conclusions problem is analyzed by equating the right hand
drawn by Ford from his simple two-span model side of equation (Al7) to zero. A non-trivial
need to be re-examined, solution exists provided

The free vibration of a multi-spanned struc- det [S2 ] [EAI2:J [EAWA(I[s 1] (1)
ture with grrgular stringer spacing was stud- I
ied by Linl I/;. More recently, Lin and Yang(li; [EX(15)-e4"l[EA(-LI)] 0
have presented an elegant theory for predicting
the free vibration characteristics of a multi-
spanned structure in which the stiffnesses and This equation can be solved for the wave
spacings fluctuate in a random manner., It will Thise euatincan be solved or the ve
benumber k which, in the context of free vibrationis affected by kuch irregularities p problem, corresponds to the wave-number of thefreely propagating structural waves at a par-

ticular frequency (o .. Since the above deter-
It is difficult to fabricate an absolutely milnart is of the order 4 x 4, four different

perfect periodic structure and it is also not mplex vs of k can be foundiafeien
known whether it is essential to have an ex- complex values of k can be found at a given
known whetheritis essructren trom hc fanuex frequency. Two of t.ese are equal and oppositeactly periodir structure from sonic fatigue of the other two. Physically, the two unique
voint of view. The purpose of the present values of k represent the wave-numbers of two
,aper is to examine this problem by comparing v al bending wave -numbe o two
the response of a periodic structure with that orthogonal bending waves. The two negative
of a semi-periodic structure of equal •eýht values of k corresponW to the same waves prop-of. a ) he semi-periodicst cture onfiequraltin n agating in the opposite direction, along the
(Fig. 1), The semi-periodic configuration con- structure. Further discussion on this aspect
sists of repetition of a basic unit which con-
tains sections of unequal length and/or stiff- of the problem can be found in Reference 10.
ness properties, The results of this study in-Itimuhesrtovuazehewe
dicate that the sonic fatigue life of a stif- p tio mchanism an ideutliz the move

fene st~ctue cn b proongd, mrel byPropagation mechanism and identify the modesferted strbzture can be prolonged, merely by and the natural frequencies bounding the free

arranging the stringers in a particular semi- agation foeswencte stringers arec""lPeriodic configuration. propagation zones when the stri ngers a~re con-
sidered to be rigid in bending but flexible in

FREE VIBRATION CHACTER!STICS OF PERIODIC AND torsion. One ca- then identify only one uniqueSEMI-PERIO0CC STRUCTURES value of k at a particular freqiency. bLithin
the free propagation zones, the imaginary part

r lof k is zero, and the real part varies with
SBefore looking into the problem of deter- frequency.

184



At the frequencies bounding the free propa- velocity of sound waves on the structures,
gation zones, k is either t r or zero. Uti- which is about three to five times the speed of
lizing this relationship between the bounding sound. Mead's work was later extended by the
frequencies and the limiting values of k, the author and it was observed (see Fig. 3) that
various free propagation zones or the natural beyond an excitation wave-speed of about 150
frequency bands can be found from equation (1), ft/sec, the r.m.s. response was insensitive to
for any combination of El and %2, This was variations in either the speed of convection of
done for a semi-periodically supported beam and excitation or the rate of decay of correlation.
the results a,e shown in Fig. 2. The stringers An excitation with an infinite trace-velocity
were replaced by simple supports (K - 0, (i.e., an excitation at normal incidence) and
KT = - ) so that the mode shapes at the various zero decay rate is therefore generally adequate
"bounding frequencies could be easily identified for sonic fatigue design. In this work, such
The shaded areas represent the frequency bands an excitation was therefore used for computing
within which the natural frequencies lie and the response.
free wave propagation cin take place, If the
structure is excited at a frequency falling In the theory, variation in stringer spacing
outside any of the shadid areas, the structural as well as stringer stiffness are allowed with-

* waves decay rapidly with distance. Only the in each semi-periodic unit. For the sake of
first three natural frequency bands are shown simplicity, only the stringer spacing was vari-
in Fig. 2 since in most sonic fatigue problems ed and the effect on the response was observed,

Sthe coincidence response at low frequencies is A structural model consisting of a beam on
the most severe and is of major concern. (A simple supports was used, so that the frequen-
similar variation of the natural frequency bands cies of peak response and the corresponding
with the span ratio is expected at higher fre- mode shapes could be related to the resultsI quencies.) shown in Fig. 2.

The frequencies in Fig. 2 have been non- In designing structures for sonic fatigue,
dimensionaltzed with respect to the fundamental usually the root mean square (rms) stress is
frequency (fs) of a beam of length I on simple calruiated first.ý With the help of an S-N
supports, It is interesting to observe the curve applicable under random loading, the
variation of the natural frequency bands with sonic fatigue life for the calculated rms
the span ratio : I~l/12. When the ratin a stres: level is then predicted( 6 ). For this
1, i.e., the spans are of equal length, the reason, the rm.s. stresses at various points
structure is periodic and the bounding frequen- on the supported beam were computed, for many
cies are readily identified with the natural different values of the span ratio z. The maxi-
frequencies of a beam of length t , with vari- mum r.m.s., skin stress was then calculated for
ous boundary conditions. As a is reduced from each span ratio. The results are plotted in
1.0, i.e., the intermediate support in each two- Fig. 4. The r.m.s. stresses are non-dimension-
span unit is moved from the center, th: width alized with respect to the maximum r.m.s. stress
of each natural frequency band changes and ul- that occurs when the structure is periodic and
timately as e tends to zero, the bands narrow the two spans are equal (a - 1).,
down and converge to the natu,:! frequencies of
a beam of length 2E. , clam.ed at botn ends. How- As the span ratio 1(4t1/42) is reduced from
ever, at e a 0, the structure becomes periodic 1,0, the maximum r.m.s. stress drops. At z
once again, being supported on simple supports 2/3, the maximum rm.s. stress reaches the
at an interval of 2t. The lower boundary fre- smallest value which is about 18% less than the
qtsencies of the free propagation zones of this level corresponding to v - 1. This, therefore,
structure correspond to the natural frequencies represents the most preferable semi-periodic
of a beam of length 2t., simply-supported at configuration. In Fig, 4, the r.m.s. stress
both ends, and these are marked by solid tri- di',,ribution along the beam length for this
angles along the ordinate in Fig. 2. semi-periodic configuration is also compared to

that of the periodic configuration.
ANALYSIS OF RESPONSE TO NOISE

Reduction of r.m.s, skin stress by 18% in-
The response of a semi-periodically stiffened creases the sonic fatigue ia by a factor of

panel to a random pressure field convected at a the order of three to fivei /. Alternatively,
given speed along tne length of the structure using this configuration one can reduce the
can be calculated from equation (A18) developed skin thickness and therefore the panel weight,
in the Appendix. by about 14% and still have the same skin stress

level• A span ratio of .67 corresponds to about
Meadi 5 ) has shown that the r.m.s. stress re- 20% deviation in stringer location from the

sponse of a flat stiffened tructure reaches a periodic structure. Therefore, this work shows
""maximum for a conveCti)n speed that excites the that, within the limitations of the assumption
"stringer-torsion mode" of the panel under co- used, a variation of up to 20% in support loca-
incidence conditions. For typical .04" thick tion is allowable and in fact, is likely to be
panels stiffened at 9" intervals by stringers, beneficial, and the flatness of the curve
this velocity corresponds to about 90 to 100 around the minimum suggests that slight varia-
ft/sec and is much below the usual trace- tions from the most preferable semi-periodic
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configuration would not cause any major prob- similar effect was observed by Ford(13) in his
lem. work on the response of a beam pinned at three

points.,
As the span ratio is reduced beyond 2/3, the

maximum r.m.s. stress increases and finally, as CONCLUSIONS
z tends to zero, the maximum stress reaches a
value twice as high as that at e 1 1, and this This work shows that there is a possibility
is to be expected. of increasing the sonic fatigue life and/or re-

ducing the skin stress level and weight merely
Next, the computations were extended to see by arranging the stringers or the stiffeners in

if the effect predicted in Fig. 4 was any dif- a particular semi-periodic configuration, This
ferent if the excitation spectrum was wider has potential application in Areas where panel
than what was originally used in the calcula- buckling is not the main problem. The aft sec-
tion. It was found that excitation with a tion of the fuselage is a good example, since,
wider band caused only a slight change in the generally, the skins remain unbuckled during
r.m.s. stress levels and the level at e = 2/3 takeoff when this portion of the aircraft's
relative to that at a = 1.0 remained virtually structure is subjected to intense noise levels.
unchanged. There is also application potential to wing and

nacelle st,ucture since these skins are usually
Similarly, increasing the beam or skin loss buckling resistant and are also subjected to

factor also had no effect on the percentage high intensity noise. Aircraft which utilize
difference between the levels at r 1 and r = upper surface blowing should have greater areas
2/3. of application for the technique since sonic' fatigue requirements usually design a larger

In order to understand the reason for the portion of the total structure,
existence of the preferable semi-periodic con-
figuration, one needs to look at the response The theory presented in this paper is applic-
spectra. The response spectra were plotted and able to flat, stiffened panels., The conclu-
analyzed for various span ratios., It was found sions were derived from a study of stiffened
that for all the semi-periodic configurations beamn models and it is hoped to extend the comp-
considered, the response spectra were dominated utation, using a range of structural data typi-
by two peaks. As the span ratio was varied, cal of skin-stringer panels used in various
the relative peak levels as well as the fre- aircraft. Gererally, takeoff conditions are
quency separation of the two peaks varied, as most severe from sonic fatigue point of view
one would expect from Fig. 2., Comparison of and therefore the effect of fuselage pressuri-
the spectra with the natural frequency diagram zat!or need not be considered. This work is
of Fig., 2 showed that the frequencies of the concer,.ed with the percentage difference (rather
lower modes for various semi-periodic config- than absolute values) in response of a periodic
urations fell on the curve marked L, On the and a semi-periodic structure and the typically
other hand, the frequencies of the higher modes large radius of curvature of fuselage structures
fell on the curve marked H. Generally, the would probably have a secondary effect on that
modes associated with these two curves are difference.
symmetric and only these modes are therefore
excited by white noise at normal incidence. ACKNOWLEDGEMENT
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APPENDIX I: ANALYTICS s5 uS, e"k 1

Let us row consider the equation of motion
INTRODUCTION of the skin panel

The analysis uses the simplified model shown 4 __y__3

in Fig. 1. In this model the skin edges along w+-31-h 0 Yt (A3)
the frames are considered to be simply support- D,0
ed. The stringers are placed at distances of
La and L2 is shown in the figure. The whole
structure therefore consists of an assembly of Since the skin edges at the frames are sim-
two panels of unequal length repeated indefin- ply supported, the solution of this equation is
itely. given by

OUTLINE OF THE RANDOM RESPONSE ANALYSIS wn A e A * a C* 1121

In this paper, we consider the response of *D e"X*21 + ,(

this styucture to random acoustic plane wave% D, 1kAx)ik0 -X) (A4)
simulating jet noise, traveling with a trace-
veluc;ty Ct. The spectral density of the
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From this equation for the deflection, the Substituting for (A2 ) in equation (AM)
equations for the slope, bending moment, and
shear force at any point in the panel can be { E (t )] [So j A[)] (A
derived., Expressed in a matrix form, 14 1 X 2)] [EO ]1 11

(zoc)) - [E•XW] (A) + P e -" (K) (AM) + P[Eý(12)] [E "o]1([S] [I (A15)

Let us choose the location of stringer 1 as -,k {
the origin of the x-co-ordinate. Then for + e J[K

. -J panel 1

",[ ((Therefore, from equations (A13) and (A15)

(z.(z(o), [EA(] fAj + P(K) (A7 () + [ [ [( [S ] (A)
• , + {[,] [[�,xtz [EoIf"([s,] ('16

and for panel 2 _[1]) -' - L J, XK]1(z 3)=(zo0)=[{q (o]A2 ) +P(K) (A8)

From equation (A2)

(}d(zL2)=[E1(,] ,,)+p .k'"(K) (Ag) (z,5) z " (z,)
Therefore from equations (A6) and (A16)

Now considering continuity of deflection and [s2 ] [EItI)][Ej, -[S1 ] [, :O]{(Ai}
slope at the stringer 1

g3 " W2 (Al÷) r - I ke" 1-

a -92 +[SZ] (LEx('z)] týJMIJ(IS , j ]+ e jK

""id co•sidering the equilibrium of the stringer, ý4 Wt -, (k

M3 - M2 -KRI '2

(AllI)

-3 2 *-KTI W2  J[S] ~ a [E(o)f 1[S1j (EX(0]

Expressing in matrix form,-'s' rI

(0 2- [ s] (zIk ( Azt) - 1 1 1 (A )

Similarly,(z " z,) (A([] 3) ])+ [s][,,]

Substituting for (Z,) and tZ ) from equa- [E(lo)1(rs71] i,11d
tions (A7) and (M)fin equat oA (A12) " (Al)

[E (0 A+PK =-S ]ý(0) (A,+P[Sl K

Therefore Equation (All) can now be solved for (AI1)and .equation (A14) can then be used to sove for

A )A2 Utilizingequation (AS) any of the re-
"AZ) (,, (Ol)-[ ]" ] [•Eo] '} sponse quantities at ian nt in the structure

Scan be computed. Tlhe stres response function
(AM) W can be directly calculated from the

+ P[E,%hq -S+,])(Ko b1AJ.di3 ) momen t reusedst suneon• .o
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APPENDIX 11: LIST Or SYMBOLS 1 0 0 01

A,B,C,D Coefficients used in equation (0) [Sil ] 1 0
LAi = LAi Bi Ci Dij , I = 1 for panel K 1

i = 2 for panel 2

b Panel width or frame spacing t Time co-ordinates

c t Trace-or convection velocity of the w Skin panel deflection" ~fluctuating pressure field

•DSK Skin panel flexural rigidity ,y Saec-rits

e _X e - ,x e lX2z e 2x2x

[E~X]W 1 2 2

I 2 XA " . 2 -- , X111 2 A x ,2 -, XAIe ý ikA^0 "2 e k 0' - e .* k

D A e D, I 2e -

hS alt e Stress response admittance functionh 
as defined in equation (Al)

f Frequency Y -D ( ,2 A I2 ) ( A,2  
2 )

fs Fundamental frequency of a simply-
supported beam of length tt1/12 the span ratio

[t] A unit matrix ,f order 4 x 4

iZ 11 4w1  9t N1 s.V
KR ,KlR2 Rotational stiffnesse% of stringers g Skin panel slope

see Figure 1

KT , st nsTranslational stiffnesses of A " ;A

'T,." stringers, see Figure I1s

tKJ L1 -1k -k2 
1S tk 3 DkJ A . A2 +(2) 2

SR sk 1

k Wave number 2 2

L' I*j L2 Stringer spacings as defined in 2

Figure 1

M Bending moment Psk Density of skin panel material

, . Separation distance
1o Amplitude of pressure fluctuation W Circular frequency

p(xy.t) Pressure field distribution in x,
y. t co-ordinates

S Shear force

S p(W Power spectral density of the ran-
dorn pressure field

Cross power spectral density of the
P pressure field at two points sep-

arated by F.

So la Power spectral density of stress
response
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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

Ssome 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
conclusions from this depend upon the spatial

I correlation or the pressure being the same
over several panels? How good is this
assumption?

Mr. Sen Gupta:, We assume that the excitation11 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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