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INSTRUMENTATION
A PRACTICAL APPLICATION OF ACCELERGMETER CALiBRATiONS

R. R. Bouche
Endevco
dynanic Instrument Dlvision
Pasadena, California

Recent advances in caiibration techniques and instrumentation now make it possibie
to perform complete calibrations on accelerometers. High frequency shakers which
are virtually free of distortion and transverse motion are used to perform cali-
brations depicting the true performance of accelerometers. A recently published
standard Is wmost useful as a guldelIne In performing callbrations. This standard
describes which calibrations need to be performed and how to use the results.

The sensitlivity, frequency response, and resononce frequency are the most impor-
tant callbratlons.

The sensitivity callbratlion Is performed at 100 Hz on accelerometers _intended for
ordinary use in shock and vibration measuremunts. However, it is also importamt
to obtaln a contlnuous plot of frequency response and resonance fregucncies to

detect any undesirable characteristics and unwanted resonances in the accelerom=

problems are encountered In thelr use.

eter. Good performance Is indlcated by a callbratlon which demonstrates that the
accelerometer operates as a single-degree-of -freedom mechanicai system. Some
accelerometers have Irreqular frequency response characteristlcs and possess
several resonances. By performing these calibrations the accelerometers with
marginal performance are detected and judgments can be made regarding possible
effects when making shock and vibration measurements.

Another use of resonance frequency caiibrations is to detect damaged accelerom-
eters. It Is practical to cull out these accelerometers before any serious

INTRODUCT iON

The recently published American Na*ional
Standacrd for the Selection of Calibratlions and
Tests for Electrical Transducers Used for Meas-
uring Shock and Vibration, $2.11-1969 {1], is
useful for determining which calibrations to
perform and kow to put calibration resuits to
practical use. Many of the caiibrations and
tests specified in 52.11-i969 are used to
verify the performance characteristics of
accelerometers. Some of these caiibrations and
tests are performed at the time of design and
manufacture and need not be repeated thereafter.
Other calibrations shouid be performed at time
Intervals ranging from three months to one
year, depending upon usage. These important
calibrations include sensitivity, frequency
response, and resonance frequency. The sensi-
tivity caiibration must be performed in order
to use the acceierometer accurateiy. The fre-
quency response caiibration is usefui for
detecting unusuai performance characteristics
and the resonance frequency caiibration is the
most accurate means for determining the oper-
ating condition of acceierometers.

SENSITIVITY AND FREQUENCY RESPRISE

Primary accelerometer standards previously
calibrated by the reciprocity method and
recently deveioped shakers are required for
performing accurate sensitivity and frequency
response caiibrations routinreiy. With these
instruments it is practicai to detect unusuai
performance characteristics. The use of
inferior acceierometer standards and shakers
makes it difficult to determine whether unusual
results are a characteristic of the acceierom-
eter or are errors caused by the instruments on
which the caiibration is being performed.

Accelerometer Standard

in order to estabiish the performance

characteristics of acceierometer standards, it
is necessary to perform the caiibrations and
tests iisted in $2.i1-i969. These calibrations
and tests determine that the standard will per-
form accurateiy under aii conditions of use.
The periormance characteristics of an acceier-
ometer standard now in use in many faboratories
are fisted in Tabie i. This standard is used



TABLE |

SHCCK AND VIBRATION STANDARD ENOEVCO® MODEL 2270

—
Performance Characteristic Specification
Sensitivity Error $0.5 per cent
Sensitivity Stability at 100 Hz $0.5 per cent/year
Mass Effect on Sensitivity at 100 Hz $0.2 per cent/i00 grams

Frequency Response and Relative Motion
Sensitivity Change, 5 Hz - 5000 Hz

with up to 100 grams attached mass =2 per cent¥
Sensitivity Change, 5 Hz - 10,000 Hz
with up to S0 grams attached mass +h per centk
Amplitude Linearity Sensitivity Change +0.1 per cent/1000 g
Transverse Sensitivity Ratio +3 per cent
Temperature Response Charge Sensitivity £0.5 per cent/10° €
Strain Sensitivity 0.001 g/u 1n/in

*Estimated maximum error of correction made from curves showing nominal response Is
%] per cent.

for both shock motion and vibratlon callbra~
tions. It Is necessary for an accelerometer
standard to have fow strain sensitivity and
certain other characteristics In order to per-
form accurate callbrations cn the standard and
demons trate that the sensitivity of the stand-
ard vemains unchanged for long perlods of time
{2]. These high quality standards are cali-
brated by the reciprocity method. This abso-
Tute calibration method has a unique advantage
in establishing the sensitivity of the standard
with an error not exceeding 0.5 per cent.
First of all the standard must possess good
performance characteristics to make small
errors achievabie and the reciprocity method
must be used to obtain small errors. Conse-
quently, the use of the reciprocity method
helps to estabiish that the standard possesses
good performance characteristics and, there-
fore, can be used to accurately callbrate other
accelerometers.

Sensitivity Calibrations

The sensitivity calibration of most accel~-
erometers is usually performed at 100 Hz. This
calibration is very important because it is
impossible to use an accelerometer accurately
without it. The sensitivity caiibration is
performed routinely at periodic intervals as
specified in §2.i1-1969. The caiibration
resuit is used to determine the required gain
setting on accessory amplifiers and to compute

the accelerations being measured during test Fig. 1 - High frequency shaker and instrumen-
applications. The sensitivity calibration tation used for automatically plotting
basicaily serves this sole purpose. it is not the frequency response and resonance
very useful for determining other characteris- frequencies of accelerometers

tics or the operating condition of acceferometers.
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Shaker Requirements

Almost any snaker can be used to perform
sccurate sensitivity callbrations on most
accelerometers ar a single frequency. However,
It Is important to perform a frequency response
callbration throughout the range of Intended
use. Accurate frequency response callbrations
can only be performed on shakers having low
acceleration distortlon, and little transverse
motlon, Flg- I. (f the shaker used does not
have these characteristics, It |s necessary to
previously determine the frequencies of exces-
sive distortion and transverse motions and
avold these frequencies durlng the caiibration.
Since inproved shakers have been developed
(3, 4], 1t is good practice to avoid the use of
other shakers. The use of good shakers 1s
necessary to determine the true performance of
accelerometers such as detecting abnormal | ties
in frequency response.

Frequency Response: Cal ibrations

Frequency response cal Ibrations serve two
useful purposes. One Is to estabiish the
operating frequency range. The second and per-
haps more Important practical use of frequency
response cal ibration Is to determine that the
accelerometer is free from sbnormal response.
Does the acceierometer have erratic response
at any frequency within the operating range?
This question Is answered through the use of
calibration shakers having the above mentijcned
characteristics. Normally, the fregquency
response of accelerometers is as shown in Fig.
2. Most of the acceierometers calibrated have
the characteristlc of no minor resonances and
increasing sensitivity at the hligh frequencies.
However, there are a number of acceierometers
which have responses simliar to those given in
Flg. 3. The irregular response in Flg. 3(a) is
due to the performance characteristics of this
particular acceierometer. The minor resonance
at 7300 Hz may be due to a resonance in the
acceierometer case. Another accelerometer,
Flg. 3(b), has a minor resonance with unusualiy
high sensitivity between 8000 Hz and 9400 Hz.
Fig. 3(c) shows an erratic frequency response
vhich sometimes occurs in accelerometers having
very small size. The frequency response of an
accel erometer having damaged mounting threads
Is shown In Fig. 3(d). These resuits are
extreme examples of certain accelerometers.

It Is important to know that the frequency
response is normal throughout most, if not all,
of the operating frequency range. The presence
of large sensitivity changes in narrow frequency
Bir ds might be overlooked or mistakenly attri=
buted to shaker characteristics if the calibra-
tion is performed on shakers having excessive
transverse motion or acceieration distortion.
it is also important to use standards having
low relative motion [5] in order to be sure
that unusual response at the higher frequencies
Is due to the accelerometer rather than being
caused by excessive calibration error. In some
test applications it may be Important to avoid

SENSITIVITY CEVIATION PERCINT
-
L

Flg. 2 - Frequency response callbration per-
formed on an accelerometer having the
characteristics of a singie-degree-
of -f reedom mechanicai system with no
mlnor resonances

the use of accelerometers having pocr fiiquency
response such as those given in Fig. 3. it is
easy to cull out these acceierometers when per-
forming routine frequency response calibrations.
Abnormai frequency response in accelerometers
may be due to internai damage, internai iead
wire resonances, connector resonances, accel-
erometer case )esonances, cabie effects, etc.

-RESONANCE FREGUENCY CAL iBRAT 1ONS

Al though sensitivity and freguency response
callbrations are required for the accurate use
of acceierometers, the piot of resonance fre-
quencies is a very important and definitive
calibration. The resonance fregquency cailbra-
tion is the oniy method for evaluating the
basic performance characteristic of accelerom-
eters and their operating condition. The
resonance frequency calibration determines
whether or not the accelerometer operates as a
single-degree-of ~freedom mechanical system.
Perhaps even more important is its use for
detecting internal damage. in order to per=-
form rescnance frequency calibrations it is
necessary to use a high frequency shaker, Fig.
1, in which the resonance frequencies "1, 3] of
the shaker moving element exceeds the resonance
frequencies of the acceierometers being cali-
brated. The resonance frequency of most accel-
erometers is Jess than 50.000 Hz. However,
some accelerometers used for shock measurements
have their resonance frequency above 100,000 Hz.
Even with these accelerometers it is useful to
perform resonance frequency caiibrations up to
50,000 Hz to detect any unusual performance
characteristics at fower frequencies.

Ideai Acceiercmeters

Marny accelerometers now being used operate
as the ideal accelerometer shown in Fig. 4. |t
has a singie resonance and few., if any, minor
rescnances. This ifdeal resporse is very similar
to the theoretical response given in ANS| Stand-
are 52.2-1959 [6). It is good practice for the




user to perform resonance frequency callbrations
o acceierometers to establish thelr perform-
ance characteristics and to vetect any changes
in future years. This practice shald be foi-
l-wed on accelerometers used for important and
accurate measurenents. The resonance fregquency
cal ibration should be repeated vhen there is
evidence that the accelerometer was subjected
to severe environments or rouch handl Ing.

Al though there may be no external indications,
internal damage may occur.

Anotiter reason for performlng resonance
frequency caiibration Is to determine if the
response is iike the ideal accelerometer. The
use of accelerometers having a single resonance,
Fig. 4, may be preferred for some appllications
vhere high accuracy and reliability ‘re required.
On the other hand acceleroxeters having multl-
ple resonances, Fig. 5, are quite sultable for
most applications and are used because of other
desirable characterlstics such as special slze
and shape.
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Damaged Acceleromster

Although It is difflcult to danzge many
plezoelectric accelerometers, the design of
some accelarometers makes thom vulnerable to
extremely high shock motions. it Is possible
to apply high shock motions above the rated
environmental limlt by rough handling. Reso-
nance frecuwency callbration Is the most
accurate eethod for determining accelerometer
damage. Flg. 6(a) and 6(b) show the resonance
frequency callbrations before and after an
accelerameter uas subjected to excessive shock
motion. The resonance frequency of the accel-
erometer is decreased from 32,000 Hz to 29,500
Hiz and a minor resonance is present at 9000 Hz,
Fig. 6(b). The decrease in resonance frequency
Is a definite indication of Internal damage.
it Is Interesting to note that thls Is the same
accelerometer used durlng the frequency response
cctlibration in Fig. 3(b). On the basls of the
frequency response callbratiun alone the minor
resonance at 9000 Hz may have been overlooked
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Fig. 3 ~ Frequency response calibrations performed on accelzrometers having unusual characteristics
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Fig. 4 - Typica) resonance frequency calibra-
tion indicates performance charac-
teristics of an Ideal accelerometer.

Phase angie calibration provides
supplemental data at resonance
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F1g. 5 - Calibration of an acceierometer having
several resonances
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Fig. 6 - Calibrations performed on an acceler-
ometer show a resonance frequency of
(a) 32,000 Hz before damage and (b)
29,500 Hz after damage

because the response is acceptable at iower
frequencies. However, the resonance freguency
calibration in Flg. 6(b) establishes the fact
that the acceierometer is damaged and probably
should not be used in important tests.

It is becoming routine to perform reso-
nance frequency calibrations as supplemental
information during shock motion calibrations
to detect any changes in the operating charac-
teristics of the acceierometers. In most
accelerometers no malfunction is detected. An
exception to this is the acceierometer shown
in Fig. 7. The resuit of the shock motion
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Flg. 7 -~ Calibrations performed on a damaged
accelerometer show (a) normal response
during 1000 g shock motion callbration
and (b) unusually low resonance fre-
quency which indlcates the accelerom-
eter has intevnal damage

calibration, Fig. 7(a), is perfectly normal.

No unusual response is present in the oscillo-
gram and the shock motion sensitivity agreed
precisely with the sinusoidal calibration.
However, the routine resonance frequency cali-
bration, Fig. 7(b), shows multiple resonances
and a resonance frequency of 28,500 Hz. The
nominal resonance frequency of this accelerom-
eter is 35,000 Hz. The low resonance frequency

2gain is a definite indication of internal
que'

Failures in damaged accelerameters include
such things as cracked piezoelectric elements
and epoxy joints, piastic deformation in screws,
defaced acceierometer mounting surface, deformed
acceierometer case, etc-

Minor Resonances

Minor resonances detected during the fre-
quency response caiibration are the resuit of
rescnances in iead wires, acceierometer cases,
etc. These resonances in some acceierometers
occur at frequencles above i0,000 Hz which is
the upper iimit of most frequency response
caiibrations. The acceierometer in Flg. 8(a)
has a minor resonance at 37,000 Hz. it is
known that this is a minor resonance because
the phase angle changes abruptiy to i00 Jdegrees
at the resonance and returns to zero degrees
above the resonance, and because the sensi-
tivity changes only 20 db. Although this accei-
erometer is usually used for shock motion
measurements, the presence of the minor reso-
nance shouid have fittle effect in many test
appiications. However, it is desirabie to be
aware of the iocai resonance during the selec-
tion of accelerometers particufarly in those
instances where very high frequency characteris-
tics are measured (7). The caiibration in Fig.
9 shows the response of a shock acceierometer
having nc ninor resonances up to 50,000 Hz.

Acceieromater Effects on Structures

It is desirabie to have resonance fre-
quency data on acceierometers when considering
the possiblie effects of the acceierometer on
the motion of the structure. Negiecting the
effects of rotary inertia, the motion of the
sturcture with the accelerometer attached is
given by the foilowing equation: [i]

Ay Mg
A S ——
Mg + My
where: A = amplitude of motlon of the
structure with acceierometer
attached

A, = amplitude of motlon wlthout
accelerometer attached

Mg = point dynamlc mass of the
structure at the accelerometer
mounting locatlon In the sensi-
tive direction of the acceler-
ometer

My = dynamic mass of the accelerom-
eter in its sensitive directlon

The dynamic mass of the accelerometer at
all frequencies below the lowest resonance is
equal to the total mass of the accelerometer
measured statically. However, it should be
expected that the dynamic mass of the accel-
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erometer changes significantly at minor reso-
nances particularly If the response has 2
rather large sensitivity change at the resc~
nance [8). The largest ckanges in dynamic
mass should occur at the accelerometer reso
nance frequency. it 1s usually difficult to
compute the change in response of the structure
as a result of resonances in the accelerometer-
However, a reasonable prediction of the effect
can be obtained through the use of the above
equation by knowing the resonance frequency of
the accelerometer and the characteristics of
the structure being tested.

Accelerometers With pamping

p resonance frequency calibration on a
piezoresistive accelerometer with oil damping
is shown in Flg. 10. puring manufacture the
damping is adjusted to approximately 0.7 of
critical damping in order to assure that com=
plex vibration and shock motions are measured
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Fig. 10 - Frequency response calibration on a
pieznresistive accelerometer using
internal damping to produce pro-
portionate phase response




accurately. in crder to avoid distortion In
the accelerameter output it is necessary for
the phase anyle to vary linearly with frequency
vhich is indicsted in Fig. i0 by taking into
account the use of the ifogarithmic frequency
scale. The wavel 'rm of the acceierometer out=-
put is identical to the waveform of the meas-
ured acceieration oniy when the phase angle
responsc has this characteristlc or is zero
degrees as in the case of undamped accelerom=
eters. The accelerometer is seiected so that
proporticnate phase response is malntalned at
ali significant frequency components of the
motion to be measured. This usually requires
that the proportionate phase response be main-
tained at frequencies up to about two=thirds

of the naturai frequency for damped accelerom-
eters. Damped acceierometers are preferred in
applications where it Is desirable to filter
out frequencies present near and above the
natural frequency or resonance frequency of the
accelerometer. However, if the damping changes
significantly for any reason, the output will
be distorted when the damping exceeds the .
range of about 0.5 to 0.85 of critlcal damping.
Large changes in Jamping can occur at tempera=
ture extremes due to viscosity changes in

oil damped accelerometers. it is important
that no large changes in damplng occur for
unknown reasons, Such as might be caused by
damage or air leaks. Resonance frequency
calibrations performed periodicaily shouid be
useful for detecting changes in damping by
comparing the response to that of an jdeal
accelerometer [61.

SUMMARY

With the introduction of new testing pro-
cedures using primary acceierometer standards
and high frequency shakers, routlne resonance
frequency calibrations are performed in addi-
tion to sensitivity and frequency response
calibrations. The sensitivity is obtained
merely to determine the calibration factor for
using the accelerometer in making shock and
vibration measurements. Tha frequency response
caiibration determines the operating frequency
range,and is useful for evaluating certain per-
formance characteristics.

The resonance frequency calibration is
used to determine how closely the accelerometer
operates as a single-degree=of ~freedom system.
It also identifies minor resonances which may
affect the accuracy whiie making shock and
vibration measurements at high frequencies. A
very important use of the resonance frequency
calibration is to detect changes in the accel-
erometer's operating condition and determine
whether or not the accelerometer has suffered
any internal dama ,e. Resonancs frcyuency
caiibrations should be used in laboratories
responsible for verifying the operating condi~
tion of measuring instruments.
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DISCUSSION

Mr, Schell (Shock aad Vibration Information
Center): 1 noticcd on a curve that the resonant fre-
quency had shifted from about 35 down to 28 KHz, ,
yet the calibration curve still looked prefty good,

Is thia still a useful acceicrometer or is it damaged
beyond use ?

Mr, Bouche: It is still a very useful acceler~
ometer, However, it is desirable to be aware of
this situation since once an accelerometer is dam-
aged. it can be further damaged more easily, It
might have, for exampie, cracked ceramics inside
the 1ccelerometer, If you are aware that you have a
damaged accelerometer, for important tests you
might set that one aside, However, as long as it is

tot damaged further it will operate just as indicated
by that response curve,

Mr. Peete (Naval Undersea it and D Center):
After first deicrmining the resonant {requency re-
sponse of a given accelerometer dynamically under
shock, does the effect of the swech rate when ap-
plying a vibratory input signal cause any variation
on the sensitivity when determining the resonant fre-
quency under vibration?

Mr, Bouche: I think that you are asking whether
the magnification factor might be affected by the
rate of sween when measuring the resonart fre-
quency. It is, Frequently, when going up to 10 or
15 KHz, we slow down the sweep speed as we ap-
proach resonance,
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DESIGWING AN IKSTRIMENTED TEST EGG FOR DETECTING IMPACT BREAKAGL

William L. Shupe
USDA, Agriculturel! Research Service, Transportation & Fecilities Research Div,
University of Cslifornig, liavia, California

and
Robert M. Lake
. formerly with
USDA, Agricultural Research Service, Transportation & Facilities Research Div.
University of California, Davis, Californis
preaent addresa
Mayo Clinic, Rochester, Minnesota

An electronic shock aensing device for detecting areas of egg breskasge occurring
in commercial grading ané packing equipment was designed, constructed, and
1aboratory tested. A small accelerometer and transmitter ayatem wms built into

a plastic eggz-shaped container. The aignal gemerated by the accelerometer

« ‘used by any sudden impact encountered wae recorded cn the screen of an oscillo-
# Jpe, The image was a aharp apike that vas readily meaaured, aa to severity,

o1 the screen's grid. The height from wvhich a normal egg can be dropped onto a
ha, ' surface without cracking was measured. Then the "spike” that appeared on the
osc.l1ngcope screen, when the test egg waa submitted to the same treatment, was
weas .&d and identified as the peak, at or beyond wkich a normsl egg will crack.
The test 2gg was then run through a component of a mechanized egg grading system
and the image of the impact signal on the oscilloscope screen was identified

ard photographed. Although difficulty was encountered in precise replication of
the image signals, the locsticn of pointa where varlous degrees of shock occurred
could be readily identified. The laboratory tests indicate thal this method is

a feasible one for detecting impacts invclving egg-against-egg or egg-againat-
equipment collisions that cause egg brea'wage In commercisl egg grading and packing
operations that employ high-speed meckarized equipment.

SUMMARY BACKGROUND

A miniaturized accelerometer and radio During 1368, the United States poultry

transmitter system tl.at senses shock (impact)
forces and transmit3 the information as an
electric sigral to an oscilloacope screen

was constructed and senled into & plastic
container having the shape and size of a hen
egg. The force range necessary to crack an
average egg was determined ty tests and
replicated with the instrunmented plastic egg.
The Intensity of the electric signal, plctured
as 8 splke-1like image on the oscilloscope, was
equated to the impact force necessary to cause
egg breakage. The test egg was then run
several times through a component of a commer-
cial egg grading and packing line., During
each pass through the machine, shock peaks
appearing on the oscilloscope screer. occurred
at identical intervals, validating previous
signals and identifying areas of mistreatment
by the machine to the egg. Test results
indizate that the miniature sensing device
will be useful in pinpointing machine design
feetures that caucre egg breakage.

industry produced approximately 5.8 billion
du2en hen eggs (1). Varlous mechanized
systems were used to grade and pack most of
these eggs and, in the process, a consider-
able number of egga were cracked or smashed.
Breakage was estimated to range from 3 per-
cent to 10 percent. Assuming that the
breakage betwesn the time of gsathering the
eggs and packaging averaged Y percent, the
loss to the poultry industry amounted to
approximately $34 million during 1568, The
$€34 million loss is based on a complete loss
of 28 million dozen smashed eggs valued at
30¢ per dozen and 260 million dozen checked
eggs decreased in value by 10¢ per dozen.
Although an undetermine.’ amcunt of this loss
was caused by poor shel:i quality, prellminary
studies show that much of the breakage was
causcd by machire handling, regardless of
shell condition.
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Pased on these findings, research was
inftiated to develop sensing «quipment
desivned teo neasure che shocks (impact forces
of egz-against-egy and egg-sgainst-equipment)
to witich an egg is sut jected during mechaniged
grading and packicg.

MATERIALS AND METHODS

A search of literature on the subject of
the telemetry svstems iound that Deboo amd
Frver lad developed a small biopotentfal
transnission svsteri (2) and Harrison had
developed a triaxial accelercmeter and trans-
miccer svstem (3), which, although too large
to fit in an egg-size packsge, appeared to be
similar co che reeds of this study, A minia-
cure impacc (acceleration) sensing and trans-
mitting device was cthen developed that could
accurately meagure shocks to which an egg
was subjected as it moved through mechanized
egg grading and packing equipment. An acrylic
plastic material was machined to simulate the
surface shape of a hen egg with a cavity
machined inside within which to mount the
accelervmeter and transmitler system.

During the development phases several
methods of assembly were tried. First, the
accelerometer was mounted in wax (inside s
polyvinylchloride (PVC) 2gg) (4) and wired
directly to an oscilloscope for indication
of voltage output from impact. Several
initial measurements were made with this type
of assembly., The next assdmbly and packaging
arrangement included a reed magnetic switch
(single pole, double-throw switch hermetically
sealed in glaaa) co permit turning off the
transmitter without disassembly. The wirirg
arrangement waa so designed that the switch,
upon reaching the proximity of a permanent
magnet, would open the circuic. The switch,
alchkough moCeratly successful, proved to bte
toc expensive and fragile. Next, plaster of
paris was molded inside the egg-shaped package,
then a space was hollowed out and the acceler-
ometer glued in place. All cf these typea
of assemblies were discarded because of the
difficulty in disassembly tor maintenance.

In the final effort, an acryvlic rod was
machined into the shape of an egg, shown in
Fig. 1. The top or large end of the acrylic
egg was cut off and threaded for easy removal,
The tranamicters were mounted (glued) on a
1/16 inch circular piece of sheet acrylic.

The accelerometer was glued into the lower
cavity with its leads coiled loosely. The
removable top permitted ready access to the
cavity within for installation of the trans-
mitter, removal of the batterv, or adjustment
of components. After all of the parts were
in place, the cap was screwed on and the
ingtrunented, waterprocf, egg-shaped shock
senscr package was ready for testing, shown in
Fig. 2,
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¥ig. 1 - Egg-shaped conta’ner with threaded
cap remcved to permit access to
miniaturized components

Fig. 2 = Instrumented egg-shaped package
next to a normal hen egg
(extra large size)

The shock meaaurement device used in the
inatrumented egg waa a miniaturized single
axis accelerometer. The technique selected
to measure impulsive shock was a piezo-
electric voltage generated when a crystal
such as quartz or barium titantate was dis-
torted by application of an external force.
The accelerometer contains a crystal and an
inert mass mounted on the crystal. Any motion
of the accelerometer causcs the crystal to
oppose the inertia of the mass. Thus, the
crystal distorts or bends, producing an
electrical signal. The signal can be related
directly to the distortion of the crystal and
the movement of the container in which it is
mounted., The accelerometer, though small,
proved extremely sensitive,




TRAMSMITTER DESICN

The characteristica of a piezo2lectric
accelerometer that made the design of a
reliable trangmitter difficult were the
extresely high output impedance and the very
low power output. These characteriatics
sade a conventional amplifier circuit useleas.

The design of the transmitter was
linited by the size of the package enclosing
it and by the available power supply. The
size limitation in turn limited the number
of components that could be used and the
pownr supply (the battery) limited the
maximu peak-to-pesk input voltage.

The transmitter, shown in Fig, 3, was
designed besically as an emitter-follower
preamplifier and a weltage-controlled
frequency modulator.

The transistors Ql and Q2 sade up the
preampl ifier and Q3 made up *he modulatsr
stare. The pover supply wes a mercury-cell
battery. The source of the signal wes the
piezoelectric accelerometer, described sbove,
with a sensitivity of 3 millivelta per g
(vherel g ig the acceleration of gravity =
32 ft./sec.“). The mmber and the availability
of micro-miniature components allowed Lhe
transmitter, including the battery, to be
packaged in a plastic matrix 0.5 in, x 0.5 in.
x 0.3 in.

The particular arrangement of transistors
Ql and Q2 in the preamplifier was in a super
alpha NPN/PXP pair (5) where sdvantages of
high input impedance and power amplification
were used,

R,

T Lev
Lcs ac.
TF‘

PREAMPLIFIER i

FREQUENCY MODULATOR

LEGEND
CAPACITORS  RESISTORS  TRANSISTORS
Ct— 680 pt RI-5.6M  QI—D-26E5GE
C2— 22t R2-18M Q2-NSC-6201
C3- 68 pt R3-3.7M Q3-D-26GIGE
Ca—10pf R4.-10 K
c5—-47pt R5-5.6M |
— THREE TURN
C6 —.068uf R6_27 K NO.-28 WIRE
R7-390n

Fig. 3 - Diagram of trausmitter circuit
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The frequency modulating (VM) stsge of
trangultter was a Colpicts oscillator tuned
to a carrlier frequency in the standard PM
brvadcast band. Thig carrier frequency was
modulated by applving a signal at che base
of transistor Q3. The maxi{mm power output
«f the unit was 5.4 millivatts under ideal
conditions for a transmission distance of
25 to 30 feet,

BREAKAGE TESTS

Upon completing the ccenstruction of the
instrumented egg-shaped package, drop tests
(impulsive shock) were conducted to determine
a range of values within which the shell of
a normal egg (weighing approximately as much
ss the instrumented package) would fracture.
A pendulum, with a cradle attached to the
free end for the support of an egg (or the
instrumented package), was susperded in front
of a scale graduated in 2° intervals of arc
to the left of a vertical line az shown in
Fig. 4.

Fig. 4 - Drop test equipment showing egg In
pendulum cradle touching Impact
block (A)

A steel impact block (in Fig. 4) was
fixed in place at the point where the shell
of a test egg would make contact when
reaching the bottom of the pendulum arc,
Thus, when an egg was placed in the cradle,
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dravn back and released, the angle at which
breskage occurred couid be determined.
Breskage (cracked shell) was detemmined by
the sound produced at impact and confirmed
by examination before a candling light.

When a cleur bell-like sound was noted, the
shell was asswmed to be unbroken. WUhen the
impact resultod in a dull "cluXk" sound, the
egg wvas assumed to be cracked.

An accurate measurement of the pendulum
length, showr in Fig. 5, and angle of drop wes
used to determine the height of wvertical drop.

X = {(1-cos @)

Fig. 5 = Relstionship of pendulum length (f),
angle (@), and vertical drop (X)

The first part of the test involved the
use of eggs (extra large size, grade A) that
had been carefully candled to exclude checks
and ghell sbnormalities,

A test of 90 eggs showed that variations
in the shell caused eggs to crack at various
levels of impact force, The range at which
breakage occurred was within a range of 8°
(equivalent to a drop of 0.2 inch) and 12°
(equivalent to a drop of 0,5 inch),
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The sscond part of the pendulum drop
test involved the use of the ingtrumemted
egg in lieu of hen eggs. The aignal produced
by the instrwmented egg at time of impact wea
transmitted tc & receiver. The redio
frequency of 98 mega-tlerts (€iz) was modulated
by the receiver to a wave form vhich vas
recorded directly on an oscilloscope screen
and photographed, shown in Fig. 6.

‘.
0123485678910
HUNDREDTH SECONCS

Pig. 6 - Typical shock curve from
oacilloscope calibration testa

From the oacilloscope record, the maxi-
mm amplitude of the signal waa assumed to
correapond to the point at which egga break,
However, precise replication of the wave form
was difficult, probably because of variations
in the point of impact as related to the
angle of the accelerometer axis.

A practical application of the test
involved the use of s mechanized egg conveyor,
as shown in Fig. 7, with a motor driven belt
vith arms to move the egg over a path which
had some dropa in it large enough to break
an egg.

The machine was started and the instru~
mented egg placed on the conveyor belt. As
the egg was moved along, a sharp spike
similar to that shown in Fig., 8 was noted on
the oscilloscopu screen.
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Fig. 7 - Laboratory mechanical egg conveyor

Fig. 8 ~ Photograph of three cscilloscope
traces (recording from the same
starting point in the equipment)
show replication of critical
shock peaks

By observing the position of the egg
and when the impact aignal was greatest
(peak on spike-like images), the critical
impact areas were easily detected. Replica-
tion showed similar traces with vertical peaks
coinciding with locations in equipuent where
a vertical drop of 1/2 iuch occurred.
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CONCLUSION

Placing a miniaturized accelerometer
and radic transaitter systen into an egg-size
package to detect breakage-causing situstions
in mechanized egg handling systems and
receiving snd recording the shock infommation
(the wave form) on 8 remote oscilloscope vas
proven to ve fedsible. However, there sre
equipment factors, such ss, transmitter design
and consistency in gignal replication that
require further study. 1t should also be
noted that detection was limited to impact-
type shock in one direction., Further, this
study limited test situations to shock
equivalents experienced by an egg striking
against nonresilient surfsces at a point
on ity small diameter. With this impact
detecting device, only limited breakage~
causing situations can be observed during
handling snd use of pracessing equipment.
Experimentation with and modification of the
test equipment is necesssry to detect impact
shocks caused by glsncing blows, impact
shocks involving resilient surfaces, and
impact shocks on the loag diameter of the
shell, Other techniques will have to be
developed for detecting breskage caused by
comnression (crushing) or expansion {th:ough

heating) that also contribute significantly
to egg breakage in wmechanized egg handling
systeus.
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DISCUSSION

Mr, Renius (Army Tank-Automotive Command):
Werce you able to locate any areas in your machine

handling that you werc able to improve as a result of

this test?

Mir, Shupe: We have not vet, We have not
gotten to that point, Wc have found three particular
areas that are problems,

Mr, itenius: You are still working on that?

Mr, Shupe: Most of the problems that we en-

counter are in the areas where the cgg is moved,
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Those are the points where they get the most rough
handlirg,

Mr, Lucbke (C and O Railroad): Could you use
similar techniques to develop vibration and shock
data on other food stuff being moved cither in trucks
or railroad cars?

Mr, Shupe: 1 would think this technique would
be applicable to transporiation and handiing of any
commodities, The problem is the transmission of
the signal, I am sure it can be deveioped if we used
integrated components and get parts that are small
cnough, It would be well within the range of possi-
bility.
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AN ACCLEROMETER DESIGN USING

"Jack G. Parks

PERROFLUID ULTRASONIC INTERFEROMETRY

U. S. Aimy Tank-Automotive Command

Warren, Michigan . ' -

£luid).

motion: of the ferrofluid.

are dlscussed.

An acceleronetet design is described which incorporates the

principles of ultrasonic interferometry and ferrcfluid dynammS7

| The chamber of a two trans@ucer ultrasonic interferométeér con-

. 5z1ns two immiscible liquidsy ‘one of the liquids being a £fluid
fch responds ‘to- a magnetic field gradient (i.e,, a ferro~

" The interferometer is operated at a constant frequenCy
. which is slightly different than the resonant frequency caused

- | by reflections from the liquid-liquid interface.

. ehamber disturbs the interface and thé consequent variation in

acoustical path length provides an output signal varxatxon.

'Dalpang is accomplished using a magnetic field to modify the

System variations due to ligquid

selection, magnetic field intensities, and operat;ng parameters

Motion of the

INTRODUCTION |

For several years research has
been conducted at the U. S. Army Tank-
Automotive Command Laboratories on
liquids using ultrasonic techniques.
In addition to this _effort, the appli-
catiOﬁ of ferromagnetxg fluids to
automotive purposes has recently been
initiated. These programs have con=-
tributed to the design of a sensitive
accelerometer which may have engi~
neering applications.

The present paper describes an
ultrasonic interferometer which con-
tains a ferrofluid and a secondary
inmiscible liquid as the intra-trans-
ducer medium. The response of the
system to mechanical vibration is
described as a function of physical
parameters and electronic conditions.

ULTRASONIC INTERFEROMETER

The standard ultrasonic inter-
ferometer concgists of a source of
longitudinal sound waves (nermally a
piezeolectric crystal) mounted at one
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end of a fluid column and a flat
metallic reflector at the other end.
By suitable use of electronic circuits,
one may observe the variation of cir-
cuit parameters as the standing wave
pattern within the chamber is altered.
This pattern is created by the inter-
action of the sound wave produced by
the transducer and the wave reflected
by the flat plate. Pattern changes
can be affected by either moving the
reflector along the principle axis of
the chamber or by varying the frequency
at which the transducer oscillates; in
both cases the ratio of p..tt length to
wave length in the fluid is changed.

The movable plate, single crystal
interferometer was first constructed
and analyzed by Pierce [l]. It was
used for the determination of velocity
and attenuation of sound waves in gases,
The application of this device to
liguids was accomplished by McMillan
and lLagemann [2]. Increased sensi=-
tivity, especially in the presonse of
fluids with largc absorption coeffi-
cients, can be obtained Ly replacing
the reflecting plate by a sccond

S5
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crystal, identizal to the transmitting.
crystal. Changes are then detected in
the circuit associated with the second’
transducer. The two-crystal inter-

ferometer was first analvzed by Fr;'[}.

FERROFLUIDS

A ferromagnetic fluid (or ferro-
fluid) is a colloidal suspension of
submicron-sized ferrite particles in a
carrier fluid such as kerosene, with a
dispersing agent added to prevent floz~
culation, When a magnetic field is
applied to such a fluid, a body force
is developed within it which is suf-
ficient to change radically its gross
behavior without altering its fluid
characteristics. It is thus utterly
unlike a magnetic clutch fluid, whose
particles chain tojether and solidify
under applied fields. :

By carefully arranging the con- = -

ditions under which a ferrofluid is
exposed to a magnetic field, such a .
fluid can have its internal pressure
augmented, its velocity increased, or
its free sur face elevated. These
phenomena. and others lead to a variety
of novel application, one of which is
presented in this paper.

Experiunce with ordinary colloids
teaches that particles that are suf=-
ficiently fine can be suspended indefi-
nitely in a ligquid even though the
particles specific gravity differs
greatly from that of the liquid. The
Medhaliism That nakes this }05:17;-1& is
Brownian motion. Should the particles
be magnetic; however, there is an
energy of attraction to be overcome if
they are not to flocculate and then
settle. Although calculations made on
colloidal phenoimena often suffer from
considerable uncertainty, it,is none
the Teos worth while =0 ery wo skerzh
a rough picture.

To begin with, the magnetic energy
of uniformily magnetized, tangent
spheres is proportional to the square
of the magnetization and to the cube of
the particle radius. Thus, by miking
the particles very small the magnetic
{flocculating cffcct can be reduccd.

At somc size, then, thermal agitation
alone should prevert flocculation pro=
vided that the mayretic energy is lcss
than the thermal eneryy kT (where k is
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the Boltzmann constant, and T is the

absolute tesperature). Computation -
indicates that particles 25-100 aag- =~ . -
strome in diameter should be stable on

this basis, for the range of -agnetzc

matgrials available. Calculations of

the sed;mentation"equilibrxnn for" par~ -
ticles of this size show- also that even .
a magnetic force field cannot separate ‘
the particles from the fluid. Such a
field can; however, create a plxticle

density gradient.

However, we have to face another
factor that looms in the realm of par-
ticles as small as those in. ferrofluids.
This is the attractive van der Vaals
force, whose origin is the attraction
of a.flocculating electric dipole for
a neighboring induced dipole. Accord-.
ing to theory, the enexgy for two
distant particles is ptoportional to
the inverse sixth power of distance.
For equal-sized spheres, this attrac-
tive energy equala the thermal energy

‘KT when the two surfaces are about one

sphere radius apart - a result which

is valid for any size sphere. As the
spheres approach gach other closer ‘than
this, the attractive energy. 1ncreases
rapidly. Hence, to avoiﬁ'f‘occulat.on,
it becomes essential to prevent. such _
close approach of the particles. e

It turns out that the necessary .
separation can be achieved by coating
each particle, during its manufacture,
with a dispersing agent (such as oleic
acid) which provides an elastic sheath
uru.nu} eadl yul"i\:le. Tllc =iZe '—t e
typical particle made in this manner is
100 £ and is somewhat less than the
dimensions of a single magnetic domain.
The dispersing agent can be visualized
as a monomolecular layer absorbed on
the surface of each particle. When two
particles approach each other, com-
rregsion of The musting {widsl iz ESut
20 X in the case of oleic acid) pro-
vides an elastic repulsion to oppose
the attractive force that would other-
wise cause flocculation.

The resulting colloidal mixtures
are found to kehave, when they flow,
like true homogeneous fluids.' But they
have the extra characteristic of a high
susceptibility to magnetic fields. The
magnetic force on these fluids origi-
nates within the particles whose par-
ticle nunkter -twrocntration is  on

L
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the order of 10'7 per cm . Since

these particlas-are sub-domain in size,
each is an individual pexmanent magnet.
Under -the influance of a uniform mag-
netic field, the particles experience
a torque and line up with the fieid.
But when there is, in adﬂ,uon, a
gradient of the magnziic field, the

 particles experience a force and at-

tempt to siip through the fluid. This,

dn-{urn, transmits drag to the fluid,

causing the dispetsion to move as a
whole.

ExPBRIHBHrAL DEVICE

A schemati¢ of the bifluid ultta-'
sonic interferometer is shown in Figure
1. 1In operation a-hkigh freguency sig-
nal is applied to an ultrasonic trans-

ducer (1) that is an integral pa::: of

a chamber ‘containing two immiscible
fluids. The first fluid (“} is any -
liquid which is. chemlcally pure,- does
not react ﬂ:lth liqaid (3) or the wans
of the: ehambet. and possesses low
attenuation for the ultrasonic ﬂaves
being .generated by transducer_ _{1).
Liquid (3) is a ferrofluid which is in
contact with the top of the chamber.
The. sound wave generated by trans-"
ducer {1) propagates th uqh hqmds

as the output sxgnal of the ,‘.‘dev;cea.

The ferrofluid used in_this
experiment employed kerosene as a
carrier liquid and possessed a mea=-
sured permeability of 3.59 X 107
newtons amp =2, This value corresponrds
to a magnetic susceptibility of 1.85.

A limited number of liquids were tested
for use as a second fluid in the
accelerometer and were judged on the
basis of compatibility with kerosene
and low acoustical attenuation.

Licguids acceptabls on this basis
include distilled water, glycerol,

and ethylere glycol.

Sound waves originating from
transducer (1} establish standing wave
patterns in the chamber that are caused
hy the interference betwzen the trans-
mitted sound wave and waves reflected
from the liguid-liguid interface. This
phensmenor reguires proper selection
of liguid volunes.
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© Figure 1
Schematic of Device

~

The freqnency response: of the “-
device is a Series of’ peaks or "nodal
rescnances” (Figure- -). The. frequencics.
waere these resonances occur may be
determined by -the first order expréssion

V positive o
f, = nV/2L ; n = e (1)

where V is the velocity of sourd pro-
pagation in liquid (2), and L i3 the
distance from transducer (1} to the
liguid~-liguid interface.

A typical single nodal resonance
is shown in Figure 3. When thc intrr-
ferometer is operated at an off-reso-
nance frequency, fc' (f # £,) a rignal
amplitude will bz producded at the out-
put cf the device which is completely
determined by the shape of the asso-
ciated resonance. The application of
an acceleration to the device will
distort the liquid-liguid interface
and thereby alter the value of L. The
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modification of L has the effect of
moving the nodal resonance curve along
the frequency azis (see dotted curve
in Figure 3). The machanical dis-
placement of the liguid-liquid inter-
face is recorded as a change in the
amplitude of the output signal of the
device. A source of magnetic field
gradient is used to cortrol the damping
coustant of the device by altering the
rigidity of the ferrofluid.
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Frequency Spectrum of Device
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Figure 3
Typical Nodal Resonance

The shape of a typical resonance
shows some distortion near resonance
and anti-resonance frequencies. How=-
ever, linear operation between these
extremes was demonstrated to be prac-
tical for accelerations up to 50g.
Irreqularities observed in the fre-
quency spectrum are caused by sound
reflections from the chamber walls and
the receiving transducer and should be
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avoided as they distort the linear
response of the device. MNovement of
the nodal resonance Jue to teamperature
variations give rise to changes in
static output and do not significantly
alter the shape of the nodal resonance
curve.

Figure 4 is a photograph of a
pilot model of the device. The chamber
is one inch diameter pyrex tubing.
Transducers were encapsulated barium
titinate crystals cut for a basic
resonance near one megacycle. The
black liquid in the upper portion of
the chamber is a ferrofluid and the
secondary fluid in the lower half is
ethylene glycol.

Figure 4
Pilot Model of Device

TEST RESULTS

An electromagnetic shaker system
was used to analyze the vibration
response of the device. By means of a
servomechanism control the shaker was
operated at constant acceleration from
10 to 100 Hertz. Piezoelectric accele-
rometers were mounted to the device for

the purroses of calibration. The mag=-
netic field required for damping was a
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permanent magnet mounted on the fixture
holding the device and positioned near
the liquid=liquid interface. Output

of the device was rectified, amplified,
ac=dc converted and recorded on an X=Y
plotter as a function of shaker excita-

tion frequency.

The combination of water and
ferrofluid showed a response exempli-
fied by Figure 5.

A el e

100 200 300 400HZ
EXCITATION FREQUENCY

Figure 5
Typical Vibration Response

Table 1 lists the operating parae=
meters used in testing this liquid
combination.

The quantity f. is the operating fre-
quency of the transducers, gain is the
slope of nodal resonance at £, mea-
sured in wlts per kiloHertz, and the
entries undexr the column labeled f,
indicate the order of the nodal reso-
nance (n) and whether £, is less or
greater than f,.

The remaining values tabulated
in Table 1 were based on analysis of a
mechanical analog composed of a resis-
tance (R), spring (k) and inertial mass
¢m), elements arranged in parallel.
This model leads to a mechanical impe~
dance of the form.

2> =R + l;w-;"—,]z (2)
|
vhere W/21 is the excitation fre=-

quency. The resonance which results
from such a model may be characterized
by the following parameters.

o =fkm/R (3)
T = Q/w, (4)
R = RC/ZQ (5)

where Q is the quality factcr of the
resonance, 7 is the relaxation time of
the system, w,/2T the resonant fre=-
quency, and Re is the value for

TABLE 1
FERROFLUID-WATER TEST RESULTS
fo = 250 Hz

RUN £ GAIN B £fn Q T

(kHz) (v/kHz) | (GAUSS) (MSEC)
1 760.40 0.61 0 < fg 6.42 4.09
2 767.15 0.86 0 > fg 5.51 3.51
3 823.19 1.13 0 < £ 5.53 3.52
4 827,22 2.30 0 >, 4.15 2.64
5 903.91 1.26 0 < £y, 4.59 2.92
6 906.65 2.81 0 > £, 2.80 1.78
7 760.75 0.61 43 < fg 5.40 3.44
8 907.16 2.81 43 > £, 2.35 1.50
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critical damping,

The effect of the rcagnetic field is
shown irn Table 1 by runs nuabered (7)
arnd (8). Some distortion of the nodal
resonance was observed when the maanet
was positioned next to the device. The
operating frequency, fgo, was therefore
adjusted to provide the same dain values
as observed in entries (1) and (6).

Results for tests conducted using
glycerol as the secondary liquid are
shown in Table 2.

f

| TABLE 2

'  PERROFLUTD-GLYCEROL TEST RESULTS

o fo = 190 Heriz

| 2N fo B (] T

! {ktiz) {(GAUSS) (MSEC)

P 1

i1 | 8e9.48 ! o 6.05 | 5.07

i

i 2 | 895.82 o 5.87 | 4.91
3 963.59 1] 5.06 4.24
4 | 870.23 | 43 5.08 | 4.26
5 896.14 43 4.94 4.14
6 964.06 43 4,25 3.56

The lower valuve of f, (natural reso-
nance observed from vibration testing)
is primarily due to the greater speci-
fic density and lower surface tension
of glycerol compared tc water.

The use of ethylene glycol as a
secondary liquid provides the fol-
lowing test results.

TABLE 3
FEZRROFLUID-ETHYLENE GLYCOL TEST RESULT!

fo = 380 Hertz

RUN fo B Q T
{kHz) | (GAUSS) {MSEC)
1 804.61 o 8.57 3.59
2 962.12 0 4.48 1.88
3 802.50 | 43 7.05 2.95
4 | 961.56 | 43 3.84 1.61
5 803.16 | 103 4.52 1.89
6 { 960.89 | 105 2.46 1.03
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Low frequency resonances were
observed for the liquid combinations
described above. These resonances
were Jdetected from phase angle varia-
tions evident during vidbration testing
and through the application of sinu-
soidal magnetic fields applied to the
interface region. Typical findings are
presented in Table 4.

TABLE 4
LOW PREQUENCY RESONANCES
Pluid fr(Hz) | Vvelocity
(CM/SEC)
Water 0.75 8.27
Glycerol 1.22 13.20
Ethylene Glycol 0.99 10.90

The presence of these widely separated
resonances are a direct consequence of
the hydrodynamical theory of super-
imposed liquids as presented by Milne-
Thomson [4]. When curface tension and
the thickness of the liquid layers are
considered the velocity of wave pro-
pagation is given by

2 g(P-P) [ A 2nT |27n
= comnare— — — [
€ FTF [2 e

where g is the acceleration due to
gravity,P( ') the density of the lower
iapper) liquid, A the wavelenyth of
the disturbance, T the surface tension
at the ixterface, and h is the depth
of the liquids (here considered to be
equal). At low frequencies and large
wavelengths, the first term of equa-
tion (6) predominates and the velocity
is given by

2 g(P-F)
= —— 7
c 1P )

At higher frequencies, wave motions
termed "ripples” predominate and have

a velocity 3
) [2"] Th
¢ = l—] 8)
1P (

)\JP




It is to be noticod that wave-
lengths deduced from Table 4 are con-
sistent with those derived from a
boundary condition analysis of oscil-
lation modes as giver by Lamd [5].

The amplitude of Qisturbances
arising from the low frequency reso-
nances were negligible compared to
high frequency displacements. Typical
ratios of 100 to 1 were observed for
high freguency amplitudes compared to
low frequency displacements.

All tests showed a mark dependency
between gain, operating frequency (f.),
and Q values. This relationship has
its nrigin in the following analysis;
Assume that displacements of the path
length, L, are given by the standard
relaxation equation

dL at

A

(9)

vhere T, is the relaxation time for
the motion of L. Now from equation
{1) we have, upon differentiation

dt

+ £ -
n

T

daL
- X

T (10)

af, = - £,

wvhere use has been made of egquation
{9). If one further assumes that the
response of the device is linear with
respect to changes in f,., then

{11)

a = - B af,

where B is the slope of the nodal
resonance at the operating frequency,
fc. Equations (10) and (11) may be
combined to yield

at
A =-ff —

(12)
"

The typical response of A for small
excursions in terms of a relaxation
time, T, is given by

da/A, = - dt/T, (13
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where Ag is equilibrium value of A.
Coupling equations (12) and (13) gives

Bf, = ‘-”6-'- AT (14)

where use has been made of equation (4).
It is therefore evident from this simple
calculation that the product of Af, is
inversely proportional to the observed
Q value. The quantities We, Ay, and

. are constants as a result of fixed
values of the physical parameters and
positioning of £..

CONCLUSIONS

The device described in this
paper was found to be extremely sen-
sitive to small amplitude displacements
of the liquid~liquid interface. The
limit of detection of interface dis~
placements for the observed gain values
was on the order of fifty microns. Tkis
limit was largely independent of liquid
selection. It is possible to reduce
this limit further by increasing the
value of the operating frequency, f¢.
and by decreasing the acoustical path
length, L; both alterations result in
an increase in dA/dL where A is the
output signal ampiitude of the device.

The principle disadvantage of the
present device ic the relatively low
frequency of the natural resonance.

In accelerometer design it is desirable
to have a nmatural freguemcy at least
twice as high as the highest frequency
of the accelerations to be recorded
{6] . The liquid combinations tested
have a useful freguency range of 0 to
190 Hertz. At this value, the device,
with damping, has only seismic appli-
cations. This situation can be improved
to some extent by choosing a liguid
combination with high surface tension,
such as water and mecury. Further
research on this aspect is planned.

The observation of the dependency
of measured Q values on the selection
of operating conditions (8 and f)
indicate to this author that the iInhe-
rent Q resulting from the interface
motion can be significantly altered by
tuning the electronic components asso-
ciated with the interferometer. Tiis
means that the ferrofluid primarily
serves to reduce the low frequency
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ngcrilations {(rear 1 Hiz) but that the
high frequency resonance can be easily
modified by proper selection of liquids
liquia thicknesses and opera*ing fre-
quencies (f.). The true resonance
shape of the interface motion is theo-
retically ohservable by examining the
device response at f. values selected
for zero gain (j.e. at node or anti-
node conditions}. Bxperimental
attempts at these frequencies were not
concliusive. however, due to the rapid
change of B8 with frequency at these
frequencies.

The device may be operated in a
manner opposite to that depicted in
Figure 1. The transducer in contact
with the ferrofluid may serve as the
transmitting element or, equivalently,
the roles plaved by the transducers
shown may be preserved and a secondary
liquid used which has a density less
than the density of the ferrofluid
(i.e.., the ferrofluid is at the bottom
of the chamber). The response of the
device in these circumstances differs,
from the normal configuration, in terms
of received amplitude and nodal reso-
nance frequency spacing. However, the
basic operation of the device remains
uncharged.
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DISCUSSION

Mr, Stein (Arizona State University): You said -

that the low frequency mechanical resonance was
ciiminated by the magnetic field. Could that be in-
terpreted as matching the impedance across the in-
terface of the two liquids, and that one might be
abie to infer the dynamic mechanical impedance of
an unknown lower liquid by the magnetic field that
was necessary to control this phenomenen?

Mr, Parks: I think that is a correct statement,
There were many aspects observed during the ex-
perimentation that seemed to indicate that a system
such as this could have other applications than as an
accelerameter, One thought that occurred (o me
was that it might be an excefient way to measure the
surface tension between two liquids: which is nor-
mally a very difficult thing to do. However, there
are some aspects of this device that can ve used to
arrive at that,

Mr. Dort (Naval Rescarch Laboratoryv): In
which direction did vou shake this device?

Mr, P'arks: It was prirurily shaken in a ver-
ticad mode, We observed that when the aeceler-
ometer was canted at 1 or 5 degrees off the vertienl
the presernce of the magnetie field maintained a
Tevel of the interface perpendicular to the axis of
the instrument, So it could be used off axis but
within ecrtain limitations,

24

Mr, Bert: Is the mechanism of this device the
change in shape of the interface because of the
ehange in curvature of vour meniscus?

M, Parks: Yes, It i3 actually the movement
of the interface which brings about the actual analog
output of the device,

Mr, Rymer: In regard to the previous question,
that seemed to touch on cross axis sensitivity, the
normal off-the-shelf tvpe acceleromcters that are
used in aircraft testing eross-axis sensitivity can be
a problem, If this device were further developed
into a practical useable unit for sale, would you ex~
pect high values of cross-axis sensitivity, or do you
think it eould be developed to overcome that prob-
fem?

Mr. Parks: We are not in the business of sefl-
ing this device, huwever we have examined the
transverse seasitivity of the deviee and we fecl that
it ean be countrolled, both by using higher magnetic
fieids, maybe two or three hundred gauss, and also
by changing the dianwtcr of the vesscl cantaining
the iiquid, We feel that there is quite an influenec
due to surface tension on the aspects of transverse
oscillations, However, we did not have available a
shaker that would give us any indication of trans-
verse motion,
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HYBRID TECHNIQUES FOR MODAL
SURVEY CONTROL AND DATA APPPAISAL

Igtert A. Salyer
TRR Systems, Inc.
Redondo Eeach, Lalifornie

The subject is introduced by triefly revies:ing the objectives of a "da?
Survey and examining the problems generally encountered during the pre-
paration for and performance of a modal survev. A logical growth path
to eliminate these problems has culminated in a Computer-Oriented Modal
Control and Appraisal System {COMCAS) which utilizes Luth analog and
digital techniques for reduction of modal response data.

The hybrid techniques employed in COMCAS are discussed. COMCAS provides
amplitude control of the totz! force distribution, frequency slewing to
maintain resonance, conditioning and filtering of the control force gages
and acceierometers, A/D conversion and multiplexing of control parameters
to provide computer intervention if the forcing distribution is disturbed,
resolution of response data into vector components that are in- and-out-of-
phase with the applied force, A/D conversion axd multiplexing of the
resclvedi response data and real-time displays of raw, engineering unit and
general ized coordinate data. Orthographic ard stereographic plots are
generated immediately after all response data have been acquired.

The performance of COMCAS during a recent modal survey is reviewed and the
results of tne modal surver are discussed. A final upgrading of the system
is proposed to utilize sweep techniques in which the computer plays the
major role of providing foreground interactive control of excitation,

data acquisition and reduction, and data appraisal with mode documentation
being performed concurrently on a background basis. Incorporating these
features into the present system will result in a “hands-off” capability
which will significantly reduce the cost of performing a modal survey.

IHTRODUCTION

The dvnamic behavior of a structure result-
ing from transient loading events is an extreme-
1y importent design consideration, especially
for one whose size and design is such that its
modal response is significant at or near any
transient fundamental frequency. Severe Toading
will result, for instance, if a first axial moge
of a satellite is excited by the boost vekicle
staging event; similarly, root structure over-
stressing can occur on large aircraft during
taxi if the first wing bending mode is excited.

During the initial design phase, the dyna-
mic behavior of a structure is predicted by
constructing a math model and performing para-
meter studies. The validity of the results
obtained during these studies is, at best,
questionable due to the gross assumptions that
must be made in order to construct this model.
Obviously, this method is the only choice for
obtaining characteristic response data until a
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structural modei is available, at which time a
modal survey can be performed to allow an ex-

perimental assessment of the analytical results
obtained with the math mode!. Additionaily,

these experimental results provide a basis for
updating the math model so that frture analyti-
cal studies will yield accurate and valid data.

A modal survey is conducted over a fre-
quency range in which all significant modes
reside and in which all notable transient inputs
are included. Orbital loads, i.e., those in-
duced by deployment of on-board devices or orbi-
tal maneuvers, are not usually considered signi-
ficant; hence, the modal survey of a satellite
is customarily performed to define its behavior
due to ascent transients which fall generally
between 5 and 52 cps. !f tne rigid body modes
are desired, however, the frequency range of
interest will begin at approximately 1 cps.

A typical time history of a payload input
transient due to Stage 1 shutdown is shewn in
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Fig. 1 - Typical Stage 1 Shutdown Transient

Figure 1(a). Figure 1 (b) is a family of shut-
down transient response spectra for the cases
of structural damping noted on the curves. As
can be seen in Figure 1(b), the damping factor
should be high to avoid structural damage as a
result of transient inputs. This gives rise to
an interesting and unavoidable paradox since
the theory of modal testing to determine the
normal modes of a structure is predicated on
zero structural damping; the frequency shift,
however, due to the damping is considered in-
significant.

Objectives of a typical modal survey of a
satellite are to determine the frequency, damp-
ing and shape of all modes of the structure
configured to meet the desired end conditions,
e.g., rigid base, free-free, from 5 to 50 cps
which are significant in the determination of
ascent loads. The participation of the higher
frequency modes is slight compared to those
which are closer in frequency to transient fun-
damental frequencies; consequently, the impor-
tance of modes to the loads analysis decreases
as the freguency increases.

The usual approach to performing a modal
survey is divided into three phases: the pre-
survey analysis of the structure, the survey to
acquire and record the data and the post-survey
data reduction. Generally, the pre-survey
analysis is accomplished by a group not involved
with the actual survey and after the survey is
complete this same group receives the data for
appraisal of validity and subsequent use in the
loads analysis. Several major problems are
eliminated when the performing group partici-
pates in the pre-survey analysis. In this man-
ner the intimate knowledge of the structure and
its predicted behavior which is required to
efficiently perform the survey is acquired,
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limitations of the modal facility, e.g., number
of exciters or of transducers, can be considered
when constructing the mass model or transforma-
tion equations and software required for data
reduction can be used for pre-survey analysis.

There should be no post-survey appraisal or
reduction of data. Too often this is accom-
plished after the structure has bean removed and
the setup is disassembled and there is no chance
to repeat the survey when serioys anomalies are
found. Fragmentary or questionable modal survey
data 1s worse than no data at all. Rarely will
it correlate exactly with the analytical data
above the first bending modes and it must be
completely accurate i1f it 1s to be used to cor-
rect the math model and to perform a loads
analysis of the structure. For this reason, the
complete appraisal of modal data must be accom-
plished as data for each mode are acquired.

This results in an extremely high confidence
factor for all data as soon as data from the
last mode is obtained and appraised.

The foregoing considerations have led to
the development of a Computer-Oriented Modal
Control and Appraisal System (COMCAS) which
utilizes both analog and digital technigues to
acquire, reduce and document modal survey data
on a real-time basis.

A GENERAL MODAL SURVEY OVERVIEW

It is appropriate at this point to briefly
discuss the various tasks associated with per-
forming a modal survey. Although the treatment
of each task is condensed, it will provide the
reader having limited modal survey experience
with some understanding of the purpose of each
task.




Fig. 2 - Satellite Structure and Mass Model

Pre-survey tasks consist of the preparation
of the mass model and the generation of the
plots of al1 modes which are predicted by math
model analysis.

Briefly, the steps required in construct-
ing a mass model are: deterwine properties
of all components of the structure; judiciously
combine the component masses and assign the
Tumped masses to appropriate coordinates; deter-
mine the mass and inertia values for each lumped
mass; and, assign degrees-of-freedom to each
mass point. Gross checks of the mass model so
constructed are: about each axis the sum of the
moments-of-inertia of the individual Jumped
masses must equal the moment-of-inertia of the
total structure and along each axis the sum of
the masses assocfated with each node must equal
the mass of the total structure. A typical
satellite structure is shown in Figure 2(a) and
the mass model of the structure is depicted in
Figure 2(b). Each node of the mass model, rep-
resented in Figure 2(b) by the darkened circles,
has associated with it the degrees-of-freedom
required to define its behavior. A sample of
the mass model tabular data is given in Table 1,
in which the inertial property of each degree-
of-freedom is 1isted. Each node of the mass
model in Figure 2{b) is, of course, numbered;
these were deleted from the figure for clarity.
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Care must be taken in preparing the mass model
since errors due to poor techniques in construc-
tion can easily overshadow errors attributable
to instrumentation. Possible causes for error
in constructing a mass model are: important
secondary structure may be lumped into nodes
containing many other small masses; inaccuracies
may exist in the calculated moments, masses and
coordinate locations for each node; and the
model may contain an insufficient number of
degrees-of-freedom to properly describe the _
behavicr of the structure. Use of the mass
model in performing orthogonality checks is
discussed in the latter part of this section.

Analytical mode plots are generated from
data obtained from math model studies of the
structure. These plots represent the best data
available until the modal survey is performed
and are used for analysis until the experimental
data is obtained and plotted. Although the
analytical plots are not entire'y accurate, they
generally are correct in representing the gross
motion of the structure and are useful in pre-
dicting optimum exciter locations for each mode.

Tasks associated with the actual perfor-
mance of the modal survey are excitation of the
structure, acquisition of the response data,
analog and digita‘l reduction of the data,
1isting of data and appraisal of the results.
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TABLE 1
Sarple Mass Model Tabular Data

Station{!nchos) Inertia valus (LB or L8-IH2) Degree-
Node X Y Z Mx hy Mz Ix ly Iz of-Freedom |
9 0 e 60 .15 10.26 - - - 15,000 139,140,141
60 0 0 87.3 11.15 10.26 - - - 15,0650 | 142,143,144
€1 A0 33.0 e¢7.8 231.66 13.22 0 - - - 145,146,147
62 -34.0 34.0 67.38 15.83 15.83 0 - - - 148,149,150

63 -10.5 15.2  38.1 100.00  100.00
64 ~-10.5 15.2 104.85 | 100.00 100.00
65 0 0 Yy 13.75 13.75

100.00 94,700 100,000 100,600 | 151-156
100.00 94,100 98,010 100,600 | 157-162

13.75 94,100 98,600 190,000 | 163-168

Perhaps the most important asp~ct of modal
survey performance is the proper excitation of
the structure. Budd's Procedurs [1] is gen-
erally followed in performing a modal search.
The forcing distribution, i.e., the application
of in-phase or out-of-pnase forces of varying
amplitudes, must be such that energy is applied
throughout the structure at the proper phase,
amplitude and frequency to excite a desired
mode. Although various and sundry tuning tech-
niques are available to excite & given mode
while another mode is simultaneously being sup-
pressed, these are usually a matter of exper-
jence and no attempt will be made to 1ist or
explain these here. A prime consideration is
that the amount of energy supplied to the struc-
ture must be sufficient only to excite the mode;
any additional enargy will tend to distort the
structure ang give erroneous results. Co/quad
analysis {2], i.e., resolution of acceleration
signals into coincident and quadrature vector
components which are in- and out-of-phase, res-
pectively, with a reference force signal, of
the structural response data is generally the
method used to determine if resonance is
achieved. The purity of the mode is checked
by performing a modal decay. This consists of
observing tke signals from selected accelero-
meters and simultaneously removing all excita-
tion from the structure. The lack of beating
in the response signals indicates only the mode
of interest is excited.

After the wode is deemed acceptable, exci-
tation is reinstated and the data is acquired.
Data acquisition and analog reduction consists
of conditioning and filtering the acceleration
signals and resolving them into coincident (Co)
and gquadrature (Quad) components.

At this point a myriad of mathematical
operations must be performed. The data must be
translated from accelerometer coordinates to
mass coordinates. The generalized mass and the
sum of the mass-phi procducts, which provide a
goneral definition of the predominant structural

28

behavior, e.g., torsional about the longitudinal
axis, must be computed. Normalized deflections
for each mass point are reguired to perform
orthogonality checks between the mode being in-
vestigated and all other modes for which data
has been acquired. These orthogonality results,
along with modal decay data and modal plots, are
used to aopraise the quality and validity of the
acquired data.

todal plots are generated to completely
define the character of the mode. These plots
also provide a fast and sure method of assess-
ing the effectiveness of the exciters located
about the structure in exciting the mode under
investigation.

COMCAS - A HYBRID SYSTEM

COMCAS was conceived as an extension of a
previous system which utilized a time-share ter-
minal to process data. As this earlier system
was used, it became obvious that the survey was
outoacing the data aporaisal and mode plotting
cavability. An evaluation of the system perfor-
mance [3] indicated that the excitation control
and the analog acquisition and reduction sub-
svstems were adequately designed but that the
system should inciude a computer with sophisti-
cated I/0 capabilities, supported by a software
package capable of real-time performance of all
analytical tasks associated with a modal survey.

A simplified block diagram of a tyoical
channel of the excitation control sub-system is
shown in Fiqure 3. This sub-svstem features
amolitude servo control of the total forcing
distribution, frequency slewing to maintain
resonance conditions, computer cognizance of
control parameters to orevent data acquisition
if the forcing distribution is perturbed and the
display of control parameters and any out-of-
tolerance messaaes on a CRT displav unit. The
CRT display unit includes a keyboard which is
used for assianing 1imits on the force levels
for a given forcing distribution and for
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Fig. 3 - 8lock Diagram ¢f Typical Control Channel

entering bookkeeping data such as date, time,
mode number, exciter locations, and so ferth,
in core memory.

A force gage/accelerometer pair is located
at each force input. A selected pair provides
signals to each of their associated tracking
filters. The filtered signals are applied to
the co/quad analyzer which operates on the force
and acceleration signals to provide co and quad
components of acceleration. Proper tuning of a
mode is evidenced by a peaking of the quadra-
ture signal as shown in Figure 4, As can be
seen in the co/quad ptot, mode 11 is suppressed;
the adequacy of suppression is confirmed by per-
forming a modai decay. This consists of observ-
ing the unfiltered signals from selected accel-

,
—e——a k]

Fig. 4 - Cn/Quad Components of Acceleration
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erometers as excitation is removed. A clean
decay, i.e., no beating, indicates that proper
tuning techniques have been employed to effec-
tively eliminate adjacent mode response. Typi-
cal decay curves are shown in Figure 5. After
the decay curves are obtained and the modal
purity scems satisfactory, the excitation is
reinstated in preparation for acquiring modal
data.

The output of the filters are also fed
simul taneously to the phase-lock system, an
oscilloscope used to monitor the force/acceler-
ation lissajous pattern and to the A/D con-
verter, which interfaces the control and acqui-
sition console with the computer. If the fre-
quency of resonance should change the phase-lock

M/WWV\N\NWWV\N\N\AMMW
\NVVV\ \/\NV\I\/WVV\/\MNV\ANWVV\.
f\/\/\/\/\/v\/\/\/\/\/v\NWW\AMMMw
WWMAMMWAMWMANAAMAAAAAN

L’u VY WAVAVAVANVAAMNAAAAAAAA

Fig. 5 - Modal Decay Curves




system causes the osciilator to change frequency
to maintain a resonance coadition. The A/D con-
verter, which includes multinlexing, is pro-
gramwmed to constantly update control parameter
data. If, after the forcing distribution is
established, any force leel exceeds pre-estab-
lished limits the acquisition of data is ter-
minated, an error message appears on the key-
board and the out-of-limit parameter is con-
tinuously scanned until the prcper correcticen

is made. These limits may be changed or removed
at will by a manual entry on the zeyboard.

The data acquisition and aralog reduction
sub-system resolves the respons2 accelerometer
signals into co and quad components and pro-
vides this data, along with range data from the
various units which operate on the reference
force gage and the response accelerometer sig-
nals, to the A/D converter and multiplexer. A
block diagram of a typical response channel is
given in Figure 6. The symbols are defined in
Appendix A.

After a given acceleroweter signal is
selected as an input to the co/quad analyzer,
all range switches are optimized and an entry
on the CRT keyboard initiates a dsta scan on
the multiplexer. The computer receives the
data, stores it in core memory and displays the
value read at each data point on a monitor CRT.

Although absolute amplitude is not a pro-
perty of a normal mode, it is convenient to
cancel out the force contribution to the co and
quad components, thereby obtaining values in
units of acceleration only. In other words, if
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the quantities
Co = |F{ |A! Cos @ 1)
Quad = |F] {A] Sin o 2)

were converted from voltage to engineering units,
dimensionally they would have units of 1bs
force-G. In Appendix B, the conversion equa-
tions are derived so as to cancel out the force
to give

and

Co = |A] Cos o 3)
Quad = JA] Sin e 4)

and

with dimensional units of G. The equations,
derived in Appendix B, used to convert the data
from voltage to engineering units and corres-
pording to equations (3) and (4), respectively,
are, using symbols defined in Appendix A,

Cv "5, xZ
CO.F.X—F_- 3-13)

v

Qv X Sa xZ
Quad = R A 0 8-14)
v
where

- ] .
xp x10Expi6, X10ExpLA,
The engineering data are then translated
from accelerometer coordinates to mass point
coordinates for each degree-of-freedom. This
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Fig. 6 - Typizal Response Channel
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technique, which takes advantage of any rigid
body motion which the various components may
tend to exhibit in given coordinates, eliminates
the need for an inordinate number of transducers
to adequately define the behavior of the struc-
ture.

A brief treatment of a simplified method of
computing the orthogonaiity between modes {is
given in Appendix C to complement the following
discussion. This serves the purpose of limit-
ing any cxtraneous discussion in the develcpment
of the relationships as well as allowing only
the useful results to be used hera.

The generalized mass, Gy, for the rth mea-

sured mode of a system with n degrees of frvedom
is calculated easily by performing the summation

n
X~ 2 g
Gr -%_;‘ m 55 .r (c-2)

where ®; denotes the mass or inertia property of

here instead of displacement since acceleration
is equal to displacement multiplied by a con-
stant, and, as wentioned earlier, amplitude is
not a dcfining property of a normal mode.

The generalized mass is used to normalize
the translated accelerations so that the gener-
alized mass of the normalized data is equal to
unity. As shown in Appendix C, this allows the
determination of orthogonality to be performed
in a simple and straightforward manner. The
normal ized acceleration value, fy ,, for the ith
degree-of-freadom of the rth measured mode is
chtained by dividing the translated acceleration
value 3§, p by the root of the rth generalized
mass, Gp

%ir° ‘e‘i"'r'l/z ° (c-10)
T (6,

Utilizing the normalized deflection values, the
orthogonality, or mass coupling, p,s0 18 cal-
culated by performing the summation

the ith degree-of-freedom of the mass model and n
8§ is the acceleration which has been translated LI ’?: LAY PR P {c-11)
to the ith coordinate. Acceleration may be used * =] ol
e s = -
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where n is the number of degrees-of-freedom, mj 1 Yo
denotes the element of the diagonal mass matrix : =é:ﬁ]°ge el {r)

corresponding to the ith degree-of-freedom, and
@i,j denotes the ith normalized deflection for
the jth measured mode.

These calculated gencralized coordinate
data are listed on a hardcopy printout im-
mediately after data acquisiticn is complete.
A flowchart of these operations is given in
Figure 7.

Various methods exist to calculate the
damping factor. The most convenient is to
determine the frequency points of maximum and
minimum coincident response [2]. Looking back
to Figure 4, the maximum, «p, occurs below res-
onance and the minimum, .4, occurs a2bove reso-
nance. The damping factor, :, is a function of
the ratio of these frequencies and is given by

(.. 7.5.)2
RPN W IOt (%)
2T %0
An alternate method [4] is to utilize the rela-

tionship based on the logarithmic decrement of
the decay curve given as
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in which the damping factor is a function of the
initial amplitude, Yy, and final amplitude, Y,
of the peaks of a decay curve, as shown in
Figure 5, and n is the number of cycles included
within the initial and final amplitude peaks.

As no real advantage is gained by verform-
ing these calculations on a computer, since the
values must be read from a record, the computa-
tions are performed manually.

As soon as the data is reduced and the mode
is deemed acceptable, the plotting sequence is
initiated, The COMCAS software includes a plot
routine which generates three orthographic views
and two stereographic views of the structure.
Two images appear on each plot: the undeflected
structure in black and the perturbed structure
in red. Plotting parameters, which are manually
entered on the keyboard, o« e v: iable to allow
the structure to be viewed at any anodle and at
aay focal point. Hence, if any key portion of
the structure is obscured, the operator need
only enter new parameters on the keyboard to
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effectively swing the viewpoint around the
structure. The plot format is shown in Figure
8 ia which the lighter lines, plotted in red on
the arigiral plots, irdicate the perturbed
structure. The stereo plots, when viewed with
a stereoscopa, provide a three-dimensional view
of th= structure. This stereo view is very use-
ful when working with higher order modes having
complex shapes.

Yery often the mass medel of a structure is
constructed in such a manner that large rigid
objects are modeled with a singie mass point
with multiple degrees-of-freedom. A useful
techrigue in this case is tc employ transfor-
mations by which the motion at this mass point
is projected to synthetic nodes estabiished at
the corners, edges or other easily icentified
points of the gbject. These synthetic nodes
are then also plotted to more clearly define
the gross behavior of the object.

APPRAISAL OF SYSTEW PERFORMANCE

A modal survey vas recently performed on a
large tandem-satellite payload with excellent
results. All significant modes met the ortho-
gonality goal of ten percent, which is generally

N

IS

accepted as a realistic requirement for ortho-
gonality. Minor exceptions to this goal existed
in three higher frequency modes. These excep-
ticns were attributed to participation of secon-
dary structure which was not adequately defined
in the mass =odel.

The phase-lock and amplitude servo control
systens are very necessary to maintain rezonance
during data acquisition. Limits imposad on the
forcing distribution during dwells was +5% of
the required level and seldom was any readjust-
ment required during the modal dwells.

Co/quad analysis has proved its worth in
varigus tasks. As ooposed tn the out-dated and
extremely inferior technigue of observing the
total response of each accelerometer to deter-
mine resonance, the co/quad technique has proven
to be an extremely fast and accurate method of
detecting resenance and, in fact, has almost
eliminated the need for a large number of ex-
citers to be placed around the structue. Ffour
exciters rated at twenty-five force-1bs have
been sufficient to properly excite large ard
complex structures when the data is resolved
into co and quad components before computing
generalized coordinate data.

Fig. 9 - Modal Survey Control Poom
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Fig. 19 - Modal Survey Daza Package

8 real-tice data appraisal and documenta-
tion capabiiity :¢ a distinct advantage and a
recessary safeguard against the jeopardy of
traring down the t-33 sctup before poor data
£an pe identified and i-proved. Modes exhibit-
1ng So0r ortaggonality with previously defined
=odes wer? identifieq irwediately after acqui-
s1tign of response data, the forcina distribu-
2ion was izproved 2nd moda] data were again
acquirsd and examined.

Complete visihility of all uperations was
achieved by lccating all cunsoles and coeputer
f:1 devices, with the exception ¢f the line
printer, in a control room adjacent to the
ztructure under test. A photo oF this controi
room is included as Figure 9. The CRT/keyboard
unit, th:cugh which all system activity is
dir-_ced, can be seen in the foreground. A
second CRT/keyboard unit, not shown in the
chotograph, was availadble for use by tre engi-
neering staff to recall data from previous modes
without interfering with system operations.

Imzediately after data for the last mode
were acguired, a complete package cf data wac
avarlable for loads analysis. This package in-
ciuded raw voltage data, engineering unit data,
generalizad coordinate data, ortnogonality
resulte and modal plots, shown pictorially in
figure Ii.

FUTURE SYSTFM UOGRADING

Studies are presently in progress to con-
vert the system to one utilizing sweep-mode
techniques. This will allow a modal survey to
pe accomlished corpletely in one slow sinu-
snidal sweep with the computer providing fore-
ground control of tire freguency, forcing dis-
tritytion, data acguisition and purity apprai-
sal. Documentation will be accomplished on a
non-interference background bacis.
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A control technique has been devised [5] which
will eliminate the unwanted mass effects of un-
used exciters, This is important to the overa.l
concept of accomplishing a modal survey in a
single sweep since exciters will be required as
key locations throughout the structure to allow
excitation of all predicted modes. The ampli-
tude and phase of each exciter and the excita-
tion frequency will be controlled by the com-
puter through A/D and D/A interfaces. A con-
ceptual block diagram of the control loop for a
single exciter is given in figure 1. The
velocity at a given excitation point is utilized
as an indicator of the effect of the exciter for
the mode at hand. If it is not assisting in ex-
citing the mode the oscillator input to this
channel will be removed; however, the velocity
feedback still remains to provide enough energy
to the exciter to have it appear to the struc-
ture as zero mass. The function of the rest of
the system is identical to the present control
system. All manual functions, e.g., ranging of
the units, selection of inputs, etc., will be
eliminated by auto-ranging amplifiers and random-
access crosshar switching networks.

The test will proceed by slowly sweeping
until the computer determines that a resonance
condition is at hand. The resonance will be
optimized by varying phase, amplitude and fre-
quency for maximum quadrature peaking of key
accelerometers. After data acquisition has been
completed, the sweep will resume. Computer
foreyround activity will continue in search of
the next mode while background activity will
commence to document the modal data just ac-
Guired.

CONCLUSION
The performance of TOMCAS during a modal

survey of a large complex structure has demon-
strated the value of interleaving analogq
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Fig. 11 - Conceptual Block Diagram of Automatic Contrel System

and digital techniques to reduce data and docu-
ment the results on a real-time basic. Maximum
visibility of raw voltage, engineering unit and
generalized coordinate data is provided as the
survey is performed to allow an immediate
appraisal of the adequacy of the forcing dis-
tribution and the validity of the acquired data.

Integrating a co/quad analysis capability
into the system has provided a precise method
of determining resonance ard eliminated the
need for a great number of exciters to be
placed about the structure. One must realize,
however, even when utilizing co/quad techniques,
that some experience is still required in plac-
ing exciters to achieve a satisfactory mode,
although it is no longer the difficult task
that it was when only phase and total accelera-
tion response were available to determine reso-
nance.

Interactive computer control is a logical
extension of the present capability and will
result in a significant reduction in the cost
of performing a modal survey. This reduction
will mainly stem from having to locate the
exciters only once at the beginning of the
survey. The computer will carvy the burden,
through judicious programming techniques, of
performing the many i*erations required to
adequately tune each -ode. This approach,

-coupled with the present system capability of
providing a complete package of reduced data
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minutes after the last mcde is acquired, will
represent a significant increase in the state-
of-the-art.
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fefinition
Apelied force
Total Acceleration

Sensitivity of Force Amp.

Gain of force Gage Filter

force Level

Gain of Co/Quad Ch.A
Sensitivity of Accel Amp.
Gain of Accel filter
Acceleration Level

Gain of Zo/Qu~d Ch.B
Coincident Level

Phase Angle Between
Applied Force and Total
Acceleration

Quadrature Level

Coincident Component
(5 FsAt Cos )

Quadrature Component
(5 FsAt Cos )

Coincident Component
(1\t Cos )

Quadrature Component
(At Sin -}

Force Input to Co/Quad
Multiplier (¥ rcuit

LN NN R N B B N B 2 4

The various analytical procedures now per-

formed effortlesslv bty the computer are @
resuit of 3 great deal more effort erpended by
Dick Strom, Chung Hwang and Rich Schlothauer.

APPENDIX A
LIST OF SYMBOLS

L8

G
LB/Volt
db

Volt

db
G/Volt
db
Volt
db
Volt
Deq.

Volt
L5-6

L8-G

Volt

Symbcl Definition Units
t\“l Acceleration Input to Volt
Co/Quad Myltiplier Circuit
LA Element of Mass Matrix L8 or
o LB-IN2
[n] Mass Matrix L5 or
LB-IN2
i Deflection at Point
' of rth Measured Mode Inch
b Modal Column of Inch
rth Kaasured Mode
G Generalized Mass of LB or
r rth Measured Mode LB-IN2
Cr s Mass Coupling Between LB or
c rth and sth Measured LB-IN2
Modes
. Magnitude of Mass Scalar
* Coupling Between rth
and sth Measured Modes
M} Generalized Mass Matrix L8 or,
For A1l Measured Modes LB-IN
1} Modal Matrix Containing Inch
Columns For A1l Measured
Modes
’Hr s! Ganeralized Mass Matrix For LB or
U e rth and sth Measured Modes LB-IN2
2 Element of Modal Coiumn __ IN
’ Normalized to Unity (L8 I.‘z)nz
Generalized Mass s
Mr} Modal Column of rth Measured
! Mode Normalized to Unity IN
Generalized Mass (Ls-m2) 172
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APPENDIX B

A block diagram of the co/quad analysis
system is given in figure 6. This system gper-
ates on signals from # selected reference force
gage and the response gccelerometers.

T-acking analyzer 1 filters the reference
force gage signal and the 100 kc output is ap-
plied to the input of Channel A of the co/quad
aralyzer. Siailarly, the 100 kc acceleration
signal is applied to Chanmnel 8 of the co/quad
analyzer. After ranging of all units has been
optimized, the co or quad cutput of the co/quad
analyzer can be selected as the input to a
digital vcitmeter to read 31 voltage which can
be converte¢ to the cv or fuad component of
acceleration, with rerpect ts the reference
force gage signal, for each selected accel-
avometer. The filtered 0.C. outputs of the
force or acceleration tracking analyzers can be
selected as the input to the digital voltmeter
to read a voltage Jevel which can be converted
to the reference force level or accelerometer
total response, respectively. Ranges of all
units are required to convert the readings from
vnltage to engineering units.

The co/quad analyzer operates on the force,
F, and acceleration, A, signals through phase-
shift and filtering networks to give the co and
quad components of the acceleration which are
defined as

- _FA :
C()fa = -5 Cos = B-1)
and
7 P )
Quadfa 8 —2— Sin - N B 2)

where = is the phise angle between the applied
{reference) force and the total acceleration
measured at the selected response accelero-
meter,

However, the co/quad analyzer also con-
tains a multiplier circuit in which there is a
fixed gain of 10, i.e., with force and accel-
eraticn inputs having levels and phase angles

of

a) F=0.71V rms b} F =23.71 Vrms
A=0.7 Vrms A=0.71 Vrms
:=0°, ~ = 45°,

and

c) F=0.71 Vrms
A=0.71 Vrms
- = ]5='

3

-

the resulting co and quad outputs are

a) Co = 2.5 vDC
Quad = 0 VBC,

b) Co=1.76 VOC
Quad = 1.76 VDC,

and

c) Co = 2.45 VOC
Quad = 0.66 VOC.

Therefore, the U.(. voltage read at the co <nd
quad output must be divided by 5 to obtain the
analog representation ot FA Sin : and FA Cos -.
in other words, the voltages read at the co and
quad outputs actually represent

Ct)fa = 5 FA Cos ~ B-3)

and
()uiul_,a =5 FA Sin =, B-4)

which will be used in place of equations B-1)
and B-2) ir the remainder of this discussion.

The force, Fg, imnosed cn the structure at
the reference force gage location is given by

- Fv X Sf
s 10 Explgfghﬁi

where Fy is the level of the filtered D.C. out-
put, Gfg is the gain of the reference forcs
gage tracking analyzer and Sfg is the sensitiv-
ity of the ‘orce gage amplifier.

B-5)

The total acceleration, At, seen by the
seiected response accelerometer is given by

A - Av X Sa

t xp(G,/20) °
where A, is the level of the Filtered D.C. out-
put, G3 is the gain of the accelerometer track-

ing analyzer and Sa is the sensitivity of the
accelerometer amplifier.

B-6)

The voltage read at tnhe Co output which
represents FA Cos -, denoted by C,, and the
voltage read at the quad output which represents
FA Sin -, denoted by 0y, are given by the fo"-
lowing equations, in which Fy and Ay, are the
force and acceleration inputs to the multipiier
circuit and the constant 5 is included to ’
account for the gain of 14:

cV

¢

v

H

5 Fm Am Cos - B-7)

5F A Sin - B-8)




APPENTIX B
{Continvea)

Now, Fm is related to the force applied to the
structure, the sensitivity of the force gage
amplifier, tae gain of the tracking filter and
the gain, Ag, of channe! A of the co/quad
analyzer as

3

xS
- n f o
Fs'T—ETWT_Tg—E_mTO = - < ik, 8-9)

Similarly, the relationship between the total

acceleration and Ay, the acceleration input to

the sultiplier circuit, is given by
A-n b3 Sa

A = ; , B-10)
t - TG Exp\Ga/?.OF x 10 Exp‘ﬁaho,

where A, is the gain of channel B of the co/
quad analyzer.

Solving equations B-9) and B-10) for Fy
and Ay, respectively, and substituting into

Likewise, after substitutien into equation B-8)
the expression for quad is obtained:

o:SszxAtxYxSina 8-12)
v ngxsa

Solving equations B-11) and 8-12) for
Cos ¢, denoted by Co, and Ay Sin o, denoted by
Quad, and using equation B-5) to eliminate Fg
from the expression results in

C,xS_x1
- V" "a B-13)
Co At Cos o -—S-Trv—
and .
Q xS_x
- S i | 8-18)
Quad At Stn o —Tx—'rv——

where 7 is defined, for convenience, as

equation B-7) yields 7= 1
Xp xTExp (G, 720)xToExp (A,
5xF xA, xY x Cos s
c = S t » B‘]]) i
v S¢a * ':2‘l Equations B-13) and B-14) are expressions
9 for the coincident and quadrature components,
where, for convenience, Y is defined as :zxﬁg"gl’ ; g:v::e mt:msgcﬁl:ggo;?m“’
- applied to Channel B, with respect to a ref-
Y logxp(Af/ZO)"mE"p(Gfglzo) erence force gage siénal whick is applied to
xlOExp(Ga/N)xlOExp(AaIZO). Channel A of the Co,quad analyzer.
APPENDIX C

DISCUSSION OF MODAL ORTHOGONALITY

With n mass oriented accelerometers ac-
quiring data from a continuous structure which
has been idealized by lumping masses Such that
n cegrees-of-freedom exist, the off-diagonal
elements of the corresponding nxn mass matrix
vanish. Should the accelerometers not be loca-
tpd at each coordinate, the same result can be
accomplished through the use of transformation
equations to translate the measured accelera-

_ tion from accelerometer coordinates to mass

coordinates. Let the diagonal mass matrix be
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represented by

i

where the elements

Mg~ 0

and

Mass Property of Point i,
i=1,n
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The modal deflections of a measured

mode are the elements of a colum metrix. This
modal colisa of the n degree-of-freedow system
in the rth mcde will be represented by

’ar' U
shere each element
e(i,r) = Deflection at Point 1, 1 = 1, n.

This modal coium 1s also called the rth
eigenvector and say be thought of as a vector
in n dimension space where each element of the
column is a cosponent of the vector in the
corresponding coordinate direction. For an n
degree-of-freedom system there are n such
a2igenvectors. Each efgenvector and associated
eigenvalue will satisfy the equation of motion
for the system in free vibration.

The generalized Mass, Gy, of the system
for the rth measured mode s given by

Gr' * el T ["] {op} » ¢-1)

where the symbol T denotes the transpose of the
matrix. An equivalent expression for the above
eguation s

n

2
Gr 82 -1 C‘i’r - C-Z)
=]

The set of eignvectors ohtained experimen-
tally should be orthogonal in a particular
sense, 1.e., they should be orth al with
respect to the mass (or stiffness) weighting
matrix. This orthogonality relationship with
mass as the weighting matrix, between the rth
and sth modes is, in general, expressed as

180} T ["]i 1o} = 0. C-3)

91 or & S
62,1‘ 62,5

= 3,r 835
rss 94,1‘ 94.5
%5,r %5

%6,r %,s

-

T

lo o 0o o o =!I

OOOO'\FO

O O O X O O
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Mass coupling between the rth and sth mode
results in a value other than zero on the right-
hand side of Equation C-3) Therefore, the mass
coupling, C, between the rth and sth measured
nodes is defined as

o T -
cr,s * 3"1‘! ["] %"'sf ’ c-4)
or equivalently, by
cr.s ’%l ® “i,r %i,s ¢-5)

The magnitude of mass coupling, ip .
between the rtu and sth measured modes can be
assessed by comparison with the rth and sth
generalized masses:

c

r,S
3 = ——'ﬁn— C-6)
TS {6, x &) .

The generalized mass matrix will be denoted
by the symbol

L1

and is defined as

LIENE R (TRE =)

where the lack of a subscript in the modal mat-
rices signifies that the complete set of eigen-
vectors is included. The generalized mass
matrix will contain as the diagonal elements
the generalizec mass for each mode with off-
diagonal elements containing the mass coupling
terms.

It is convenient at this point to invest:-
gate the result of computing tine generalized
mass matrix for the rth and sth measured modes.
Consider a system having six degrees-of-freedom:

00 0] 1, s
000 “2,r “2,s
0 0O eBl,r é3,s
M0 0 fa,r fa,s
0 M0 "5,r 5,
00 Td “6,r "6,s
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4,r P45
“S,r 54S
\%6,r %,s
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§ 1or 2.r73,574,r°5,r76, 1)

T O o o

i"r.s

b=y L
t; .5 2,83,s 4.5"5.5"6,5‘

o 0o o B O ©Q
o X Q © O 2

o o

lo o o 0o ©o =i

o
@:oooocl

t C M) G ) Uy M) (og M) (o5 M) (g rHS)}

P Ny ) g ) (o M) (g M) (55 ) Log M)
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APPENDIX C
(Continued)

An inspection of C-8) will disclose the
presence of the result of Equation C-1) for the
rth and sth modes in positions 1,1 and 2,2 res-
pectively, of the diagonal and the result of
Equation C-4) in both off-diagonal elements.
Hence, the generalized matrix may be character-

ized by
6 C
r rsS
f"r.si = )C ‘
r,s H

and the non-dimensional magnitude of mass
coupling is found by comparing the off-diagonal
element with the root of the product of the
diagonal elements,

C

PO L

r,s 172
(Gr X Gs)

which is identical to Equation C-6).

1t is desirable tc normalize the elements
of each modal colum to unity generalized mass
for the particular measured mode. This is
possible since amplitude is not a property of
normal modes. Denoting the normalized modal
colum of the rth measured mode as {2,.} » each
element is obtained by dividing by the root of
the rth generalized mass:

c-10)

In so doing, the denominator of equation C-6)
becomes unity and ¢ ¢ may be calculated simply
by performing the summation

i1

“rys 22y Yine Bis

r,s c-1)

-

The result of equation C-11) multiplied by iGO
gives tne mass coupling, or orthogonality, bet-
ween the rth and sth measured modes in percent.

The futility of attempting to obtain abso-
lutely orthogonal modes, i.e., with zero mass
coupling, can be realized by roting the ¢ es
of error. The distributed mass of the Struc-
ture is discretized to form a mas$ model of the
structure. The transformation equations in-
clude terms to determine the displacements of
the center of gravity and rotations about the
principal axes of inertia of each mass element
from components of acceleration measured at
various locations. The accuracy of the deter-
mined mass coupling, or orthogonality, depends
on the accuracy of the theoretical mass model,
transformation ey::ati~.s and the experimental
data.

Caution must be exercised when using
orthogonality results to appraise the validity
of modal data. Two modes can be orthogonal in
the mathematical sense simply because they are
physically orthogonal. One, or both, of these
modes can be non-normal to the remaining modes
of a set even though at first glance they
appear to meet orthogonality ronditions when
considered as a pair without regard to the
other normal modes. Orthogonality, then, is
a necessary but not sufficient condition that
the mode under consideration is a normal mode
of the structure.

DISCUSSION

Mr, Gayman (Jet Propulsion Laboratory): As a
result of exjcrience with this system and with the
overall dats processing, have you determined any
eriteria for judging when an orthogonality check is
good or bad or indifferent ?

Mr, Salyer: That point is probably open to a lot
of interprctation, but our orthogonality goal is ten
percent and we have been very successful in meeting
that goal. While we have excceded that goal with
some of the higher order modes we have been able to
rationalize 1hat out because thev are so far dispiaced
from the phenomena vhieh we feei to be important,
The participaticn of these modes is so iow compared
to the iower frequency modes that we realiv put most
of our time in the lower order modes, The ten per-
cent goal is essentiajiy met,
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Mr, Trubert (Jet Propulsion Laboratory):
What advantzge do you have using the co~quad
against phase measurement and amplitude mcasure-
ment? They are equivalent,

Mr, Salyer: They are equivalent, I fccl that
our system yields results much quicker, Of course,
digital techniques can be emploved but it takes con-
siderably longer. One of our requirements is to
obtain the results immediately without anv transition
from tape data or play back through a computer to
obtain components of the total acccieration,

Mr, Trubert: What I mean is that instead of
using a co-quad you can use a phasemeter and an
amplitude meter and get the same answer, Wc have
heen doing that at JPL and it works quite well,




Mr, Salver: i see, vou huave been using total
decviceration and vou try to get i of vour peints
cither 7zero er 150 ¢egrees out of phase ?

Mr, Trubert: We actually measuare the phase,

Mr, sSalver: So vou tryv to get ali vour points
cvither in or out of phase?

Mr, Salver: As i expiained on one of the slides,
tlie totad resporse obseures the quadrature data,

Mr, Trubert: Nu, but we do not use the peak to
tune: we use the phase to tune,

Mr, Salver: Weli, we have used both,

Mr, Trubert: Instead of measuring X and ¥ yvou
measurce the moduius and the phase angic ?

Mr, Salver: i understand what vou are saying
aow. We used that 1-chnigee at the beginning, The
svsten that we have now is ibout a third generation
svstem, The technique that vou describe is difiicult
because of the number of Lissajous patterns that
vou have to look at,

Mr, Trubert: i wonder why vou would nwed a
co~quad analvzer when vou cin do the job with an
ampiitude and phase meter? If or2 method has a
real advantage over the other i would iike to know
that,

Mr, Salver: if vouare using ampiitude and phase.
are vou using the phase to convert vour totai acceier~
ition ampiitude into co- and quad- components ?

Mr, Trubert: Yes, the computer does that,

y i!r,, Salver: The computer does that in real
ime?

Mr, Trubert: No, not real time. but yvou do not
need that, You measure the ampiitude and the
phase and then vou tune on the phase only, That is
the wav vou tune vour mode, [ think vou are tuning
an quad-, are vou not ?
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Mr, Salver: Yes, we tune onquad-, We use

force and accelcration,
Air, Trubert: That {3 the same thing, [ think,

Mir, Salver: No, Not unless you go through
some mathematical computations and unless those
matkematical eomputations are performed in reel
time so that it gives a comparabie quaiity of data,

Air, Trubert: Well, you do not really need the
value of your co- or your quad-, you just need a
zero angle, then you are tuncd,

Mr, Cronkhite (Bell Helicopter Co,): Do you
use normal mode duta in dynamic response analysis?

Mr, Salyer: The quadrature data is used,

Air, Cronkhite: How do you obtain the gener-
alized masses?

Mr, Salyer: The generalized mass is an inter-
mediate step in computing the orthogonality,

Mir, Cronkhite: What mass matrix did you use?

Air, Salver: It was a mass matrix system that
was dcrived from the actual inertial properties of
the structure under test,

My, Cronkhite: So you developed a mass ma-
trix for vour actual structure?

Mr, Salver: Yes,

Mir, Cronkhite: Did you use a lumped mass
matrix or a consistent mass matrix?

Mr, Salver: We used a diagonal mass matrix
without any off diagonal terms,

Mr, Cronkhite: How does this work in dynamnic
response analysis? Do you find this adequate ?

Mr, Salver: It worked very well, I think it is
the best approach.
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OBJECTIVE CRITERIA FOR COMPARISON

OF RANDOM VIBRATION ENVIRONMENTS

F. F. Kazmierczak

[

Lockheed Missiies & Space Company
Sunnyvale, California

Analysis of random vibration requires an objective means of accounting for time
and amplitude. Use of the peak exceedence curve, the exsected number of cycles
to exceed some peak amplitude, provides a technique for including both parame-
ters in measuring the damage potential of environments. The procedure is based
on the Rayleigh Distribution of peak amplitudes in narrow bands and provides a
simple method for comparing random vibration environments. An extension of
this technique, utilizing Miner's Rule, provides a procedure for more accurately
measuring the potential fatigue damage. Two detailed examples of how this
general methodology is applied are presented.

INTRODUCTION

Equipment for missiles and space vehicles must
undergo numerous random vibration environments,
both on the ground prior to flight as well as during
the actual flight. In order to verify the flight worthi-
ness of equipment, qualification testing is usuvally
performed on mechanical shakers using 2 test spec-
trum which is more severe than the total flight item
exposure. In order to evaluate this qualification test
spectrum, it must be compared to several environ-
ments each of which has a different spectrum shape
and time duration. The most expedient procedure is
to set the qualification test level so that it envelopes
all of the environments and to assure that the test
time exceeda the total exposure time expected for
flight hardware. However, beczuse of the differ-
ences in time 2.4 amplitude between the various en-
vironments this spproach is overly conservative and
results in testing components at levels which may
produce unnecessary failures during testing, thereby
increasing the program cost. Therefore, a proce-
dure which incorporates the combined effect of time
and amplitude is desirable.

One method for achieving this goal is referred
to as the technique of peak counting. This method
assumes that the accumulation of peaks as a function
of peak amplitude is a realistic measure of the se~-
verity of the environment under consideration. The
underlying assumption made inthe development of the
peak count approach is that the vibration signals
being analyzed can be described as an ergodic sig-
nal, whose instantaneous amplitude is normally
(Gaussiar) distributed. In practice it is necessary
to retain the frequency information obtained from
the acceleration spectral density (PSD), and there-
fore it is also assumed that a broadband random sig-
nal whose PSD amplitude varies with frequency can
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be treated on & narrow band basis. These assump-
tions lead to a Rayleigh Distribution for the peaks.

The Rayleigh Distribution is used to derive a
peak exceedence curve, which is the number of peaks
expected to exceed some amplitude as a function of
that amplitude. The peak exceedence curve is used
as the common measure to compare the severity or
damage potential of different random vibration envi-
ronments. Two typical examples of how this peak
count analysis is applied is given in the discussion
that follows.

BASIC ASSUMPTIONS

The assumption that a broadband cxcitation can
be broken down into a series of r.arrow band signals
and each narrow band analyzed individually is con-
sidered justifiable since the peak count analysis is
used only for comparison between various environ-
ments. This analysis is accomplished by comparing
each narrow band on a one to one basis using arith-
metic operations, i.e., the summing or subtraction
of peak exceedence curves in each frequency band as
a means of finding the relative severity of different
environments. In thie context, the analvsis requires
that all of the narrow bands exhibit the same relative
severity before it is assumed that the broadband sig-
nals being compared have the same relation. Thus
any errors which may be introduced by performing
the analysis in narrow bands are consistent for all
environments and will have a small effect on the end
results.

The size of the bandwidths were chosen by con-
sidering the response of a singie degree of freedom
system. Since the bandwidth of the response of an
oscillator can be expressed as a percentsge oi the
center frequency, or equivalently a power scale. an
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octave Wype seale should be used for the peak count
analysis., A one~third octave scale is sugzested to
be consixtent with azoustic test data.

in addition to performing the analysis in marrow
bands it is aise necessary to assnme normally dis-
tributed signais in order to derive at a Rayleigh Dis-
trilution for the peaks. Experience with mechanical
shakers and reverberant chambers has indicated the
validity of this assumplion for these environments.
Although the normality of flight data has not been
directly verified, the outgrowth of this assumption,
(i. ».. Rayleigh Distribution of peaks) has been ex-
amined. shown in Fig. 1 is a comparison of flight
data to a fitted Ravleigh Distribution.  Some scatter-
ing of data is noted at the high sigma values for the
liftoff environment, and this is probably due to the
highiy non-stationary nature of this event. Although
the transonic ¢nvironment is also non-stationary it
varies slowly enough with time so that the peaks do
fit a Ravleigh Distribution for the short time interval
examined. Since the lifioff environment is a short
time duration event for most sace vehicles the
amount of error introduced by aswuming a swationary

_ signal is neghgible.

Additional asaumption® which sre necesaary in
the application of the peak count technique are con-
sistent with emgneeriog practive. Fnr example it is
necessary (0 assume that shaker testing simulates
the inrput seen on the vehiele, and that the dynamic
response of a structurc ia lincarly related io the
acoustic field excitaticn. Thus acoustic teat d.!!a
may be apyjropriatelv scaled.

DERIVATION OF PEAK EXCEEDENCE CURVE

As a result of asguming a normal ergodic proc-
ess in the narrow bawds, it can be shown {1] that the
probability density function for peak amplitudes (G's
zero to peak for randon: vibration) is a Rayleigh
Distribution of the form

PG = G2 e [-172 Gio®l G20 1)
PG - 0 elsewhere
where
rG) = Rayleigh probability denaity function
G - peak acceleration amplitude
o - Grms of random signal in narrow

frequency band of interest

The integral of this density function is the cumulative
distribution function whick when subtracted from

unity vieids the probability of exceedence. Multiply-
ing the exceedence function by the total number of
cveies vields the expected number of peaks which
exce *d a given amplitude, or the desired peak ex-
ceodence cutve, The result is

NGY - ftexp |12 G0°] G 2o @)
where
NIGY expected number of peaks to exceed

amplitude G
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center frequency of narrow band
time duration af signal-in seconds
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Actually this result predicts the number of cycles,
with two peaks sccurcing per cycle, which is oon-
sistent with defiaitions used for fatigue data, -

Although the above resuit is true only for sta-
tionary signals it can also be used to describe the
environm.ent even {f the Grms level changes with
time, as has been demonstratod in Fig. 1. In this
case the Grms time history is trested as a step
function with a constant Grma for each short time
interval. Summing the peak exceedonce curves for
each time interval yields

3

. ddration of tlme interval, seconds

k. = rolloff curve axpressed as a fraction of
the maximum Grms level

In this munner the time varying flight conditions can
be more accurately treated.

This peak exceedence curve represents the
basic measure which can be used for comparing the
relative severity of different environments. The

‘real value in analyzing random vibration by using

the peak count method is that the combined effect of
different environments can be easily obtained by
simply summing the peak exceedence curves for all
events of interest, resulting in one curve that rep~
resents the tofal cumulative damage potential for all
the environments.

Two typical applications which used this snaly-
tical procedure were (1) the derivation of an acous-
tic spectrum to be used for system level acceptance
tests, and (2) the comparison of equipment qualifi-
cation test spectra to predicted flight environments.

EXAMPLE 1 DERIVATION OF ACOUSTIC TEST
SPECTRUM

Objective and Approach

In this application an equipment section was to
be acceptance tested by subjecting the entire section
to acoustic excitation in a reverberant chairber.
Since all the components had already been tested
and qualified for flight it was necessary to assure
that the acoustic test spectrum to be derived would

not result in equipment heing exposed to levels which

would exceed their proven capability.

The overall approach used to achieve this ob-
jective was to analytically solve for the margin
available for acoustic testing in each frequency band
for each piece of equipment, and to use this margin
in deriving the acoustic test spectrum. This margin
was expressed as the number of peaks available
versus G {evel and was obtained by substracting
the cumuiative exposure (sum of the peak exceedence
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curves for wll flight environments) from the dexon~
strated capability {pesk exceedence curve for quali-
‘cation tesis). Acoustic testing of a development
prototype section had previously been performed and
provided the basic random vibration data needed for
predicting equipment flight and test environments.
An example cf this procedure is shown In Fig. 2
which shows the cuvmulative exposure and the demoi-
strated capability curves for one of the pleces of
equipment for the 315 Hz 1/3 rd octave band. The
resulting available life curve shown in Fig. 3 repre-
sents the amount of peak exceedences that could be
expended during acoustic testing.

Figure 3 graphically indicates one of the difficul-
ties encountered during the analysis. it shows that
the avallable life curve is negative at low G levels,
tndicating that the piece of equipment did not have
any additional capability. This negutive region re-
sults hecause the flight environment was a low amp-
litude relatively long duration environment whereas
the qualificstion test was a high amplitude short dur-
ation test. Since a large number of cycles at very
low G levels does not substantially contribute to the
cumulative damage of box components it was neces~
sary to establish a logica: lower bound on the G
level. Cycles with amplitudes below this level would
not be of interest for the analysie.

ESTABLISHMENT OF UPPER AND LOWER ROUNDS

An examination of the fatigue characteristics of
various materials was made to determine if a logical
approach could be developed for establisking this
lower bound. It is recognized that a {atigue argument
is mere appropriately applied at the point of intereat
in the structure, in this case the stress level of piece
parts inside a box rather than the vibration input at
the base of the box. However, the response of the
internal components is very difficult to predict, and
would require considerable effort. Further this
ctress is related to the input and by assuming the
stress is linearly related to the G level input, a
reasonable and simple approach can be derived. Suf-
ficient conservatism exists in the way the fatigue
argument is applied so that any errors induced by
this assumption of linearity are considered negligible.

Fatigue is usually examined on the basis of an
S§-N curve which plots the number of cycles to failure
as a function of stress level. Fatlgue curves for fer-
rous alloys will have a characteristic knee at stress
levels of 0.2 to 0.6 of ultimate. Below this stress
level the number of cycles to failure is indefinltely
large. The stress level at which this knee cccurs is
referred to as the endurance limit, or when normal-
ized to the ultimate tensile stress. the cndurance
ratio. For non-ferrous material this knce does not
usually occur, and in this case the endurance limit
is usually taken as the stress level at 107 or 108
cycles. For the present example the worst case total
time duration was about 10 min, and the maximum
frequency 2000 Hz so that the maximum number of
cycles encountered was (10 min) (60 sec/min) (2000
cycles/sec) = 1.2 (106) cveles or about an order of
magnituds iess than the above definitions. Hence.
the above deflnltions of the endurancc ratio arewithin
the scope of the analysis.
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Endurance limits were obtained for varjous
materials and examination of this data ‘ndicated that
for most metals an erdurance ratio of 6.2 t0 0.3 is
a reasonable estimate of the lower Lound. While 2
iower value of 0.2 is a reasonablc approximation for
metals this i3 not necessarily representstive of all
materials used in the construction of electronic
equipment. which would include fiberglass, plastics,
ceramics, etc. Caly a limited amount of data was
found concerning the fatigue properties of these
materials, and this indicated that the fatigue proper-
ties of non-metallic materials v.cre not as favorsble
as metals.

Another important consideration in fatigue is
the effects of joints and atiach points on the mate-
rial. Fatigue tests are typically performed uzing
smooth specimens, lacking the holes. sharp points,
and attachments characterigtic of real equipment.
These factors result in local stress concentrations
which reduce the fatigue life of the material. To
account for the above considerations, and also to
account for other possible cffects such as tempera-~
ture, mean stress. etc., it was deciced to use an
endurance ratio of 0. 10 as an engineering appraxi~
mation of the fatigue life limit of equipment.

Usc of this endurance ratio was made in the
analysis for determining the lower amplitudc limii.
Below this limit little cumulative damage is ac-
quired, and therefore peaks below this amplitude
are not included in the comparison between environ-
ments. in order to use this endurance ratio the ul-
timate capabillty of the box must be kmown. Since
the ultimate capability of a box cannot be obtained
without data from destructive tests, a conservative
approach was used by defining the ultimate strength
as the maximum input acceleration peak experienced
by the box. This muximum peak is obtained from
the demonstrated capability curves for each box by
finding that G level for which the expected number
of peak exceedences equals 10. Justification for
picking this point of the curve is given below. The
lower bound, GLB. equals 10 percent of this level.

Since the peak exceedence curve represents the
statistical expected value it is necessary to define
the ultlmate bux eapability in terms of a confidcnce
level. 1t is desired to have a high degree of cenii~
dence that at leact one peak exceeded the defined
capabllity level during the qualiflcation tesi.

Defining the confidence ievel as Ci(G). the
probability that at Icast one peak is greater than G.
then C(G) can be expressed as a function of N3 .
Let

N(G) = expected number of peaks to exceed G
No = total number of peaks that occur
P(G) = probability that any one peak is

greater than the leve! G
Then by definition

NGy = .\'OP(G) or
MGy - NG) "No )

T



Since the prohability that one peak is greater than G
15 PGy amt Ng peaks occur cach with the same
probahility then this process represeats a binomial
distribution with
N
CGH 1= - PG )

In order to evaluai2 tins confidence level it is neces-
sary to use a normal distribution approxmation to
the binoinial. This approximution is ;/.«od for np >S5
ad nil-p) > 5 vhere n equals the sample size
and p -~ probability of a success (i. e.. peak exceed-
ing. GG). For the present case with NiG) « No

mp - N [l.\“’—'] = N©G) (©
o
and
nu-p)=.\i01-"“—m]=xo @
L o

Therefore. this approximation is good for N(G) > 5.
Using this normal distribution approximation the
confidence level is

CG) = PZ >G) (8)

where Z has a standard normal distribution and is
defined as:

7 = X - np - 1 - NG) )
mpa - pl?  ne?

In this case x = 1 since it is desired to have at
least one peak exceed the amplitude G, and

p << i. For N(G) = 10 the confidence level
equals 99. 78 percent, which ts ccnsidered more than
sufficient for the present analysis.

Since the probability distribution for peaks is a
decaying exponential function of the peak amplitude,
the number of peak exceedences becomes very small
for large G amplitudes, and therefore it was also
decided that an upper bound on the range of values for
G was necessar; . maintain a realistic region of
interest. The upper bound chosen was that G amp-~
litude, where with 90 percent confidence, all peaks
were below that level. The upper bound, GUB, then
occurs where the number of peak exceedences equals
0.1. This can be shown as follows.

Define the confidence level, C'(G) as the proba-
bility that all peaks are less than the level G. Since
the prohability that one peak is less than G is 1 -
P(G) and N, peaks occur, each with the same prob-
ability, then this process represents a binomial dis-
tribution, and the probability that all peaks are less
than G is

Np
C'G) = [1 - PG)]) (10)
Since P(G) << 1, i.e., the probability that any one

peak exceeds amplituide G is small, the above
expression can be expanded as
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C'G) =1 - Kom) +z—? Pﬁ)z =.eee (1D

Now substituting the previously Jerived relation for
PG ? BQO “),

C'(G) = 1 - NGy + 1/2 N(G)z-... 12

which is independent of and therefore represents
the confidence level for all frequency bands. For
RG) - 0.1, C{G) = 0.90 or a 90 percent confi-
dence level that all peaks will be below G amplitude
where the peak exceedence curve equals 0.1 peaks.

A schematic of how these upper and lower bounds
are applied is shown in Fig. 4. From the demon-
strated capability curve the maximum stress capabil-
ity, Gmax, i8s read where N(G) = 19 peaks. Toe
lower Lound, GLB, equals 10 percent of %'.ds level.
On the peaks availabie curve the upper bound, GUB,
occurs where N(G) = 0.1 peaks. That portion of
the curve which is between these bounds is of inter-
est. These bounds are shown on the available life
curve in Fig. 3.

DERIVATION OF ACOUSTIC TEST SPECTRUM

Subtracting tie cumulative exposure from the
demonstrated capability results in a curve referreG
to as the available life or margin. This curve (solid
line in Fig. 5) represents the demonstrated life or
the number of peaks availcble for vehicle acoustic
testing. A curve of the form FT* exp (-1/2
G/Grms®*), or a Rayleigh Distribution, represents
the number of peaks consumed during a vehicle
acoustic test of constant amplitude and durstion T*
and can be fitted such that it intersects the peaks
available curve at both the upper and lower bounds
t1ashed curve in Fig. 5).

Results of the analysis indicated that the avail-
able life curve exceeded a Rayleigh Distribution
curve that was fitted to these end points and this fact
was used to obtain the acoustic spectrum. This was
done by assuming a test time, and then solving for
that Crms which will result in the peak distribution
curve for the acoustic test passing through either the
lower or upper bound, whichever is limiting for the
assumed test time.

Grms = c[-z In [%‘Srﬂ”-m (13)

The Grms level that fits this curve through the up-
per and lower points can be obtained by substituting
the values for GLB, N(GLB), GUB, and N(GUB)
into the above expression. That point which yields
the smaller Grms represents the limiting case.

Ratioing this Grms level to the predicted maxi-
mum flight level results in a delta dB, referenceu 10
flight, which the particular box being examined can
be tested to during vehicle acoustic tests in the 1/3
octave band under consideration, or




2
adB - 10 log% (14)

Applying this delta dB to the predicted maxi-
mum flight acoustic spectrum yields the desired test
spectrum. By varying the test time a curve was
constructed representing the maximum level a par«
ticular box can be subjected to as a function of time.
This is shown in Fig. 6 and indicates that tor the ex-
ample considered as much as £-1/2 min of acoustic
testing at maximum flight levels could be performed
on the ground. By examining all the boxes the maxi-
mum acoustic levels that the entire equipment sec-
tion could be subjected to was derived. Using this
approach it was possible to establish a spectrum that
was nearly 10 dB higher than was considered possi-
bie before the analysis, with the new test levels rep-
resenting 2 meaningful acceptance test.

EXAMPLE 2 COMPARISON OF QUALIFICATION
TEST TO FLIGHT ENVIRONMENT )

Objective and Approach

Another typical application using the peak count
analvsis was comparing a series of qualification test
spectra to a predicted flight environment. in this
case a new system design made use of a conriderable
number of components qualified for other programs.
As a result much of the equipment did not meet the
qualification test requirements of the new program,
even though they had already been tested. In order
to save the cost of requalifying this equipment a peak
count analysis was performed to show that this
equipment was flight worthy for the new program.

The approach used was to compare the peak ex-
ceedence curves for the qualification tests per-
formed to the curves for the predicted flight environ-
ments. If the qualification t:st data exceeded the
flight environments on this nasis in ull frequency
bands then the box design ‘vas considered flight
worthy; otherwise a retest would be necessary. For
most unite this approac’s was sufficient, however for
a few of the componen’s the peak exceedence curves
intersected as showr in Fig. 7 in one or two fre-
quency bands. Based on engineering judgment the
small amount cf overlap that resulted was not con-
sidered significaat and in order to justify this posi-
tion a refined frtigue argument was developed.

FATIGUE CONSIDERATIONS

The couservative approach described in the
former paragraph ignores the fact that fatigue dam-
age can be traded off on a amplitude cycle basis by
applicaticn of Miner's Rule (2]. The following
analysis was developed to apply Miner's Rule to
measure the fatigue damage of random vibration,
based on the peak distribution data obtainable from
the peak count analysis. This fatigue life measure
was derived using ‘he base acceleration input and is
dependent upon the actual demonstrated capability of
the box, Base input was used since this is the most
convenient common interface between different en-
vironments. Using actual test data to define the
maximum capability of the unit assures the conserv-
atism of the analysis, and results in measuring the

fatigue life of the flight envirurment relative to the
fatigue life of the qualification test.

In addition to the assumptions made for the peak
caunt analysis the following two are also reguired:

1. A fatigue life curve (S-N curve) is a mower func-
ton (straight iine on a log-log plot) passing
through the ultimate stress level at one cycle

2. The stress level of internal components :n the
box is linearly related to the base acceleratich
input

The first assumption is sufficiently conservative for
the range of interest and therefore is considered ac-
ceptable. This is graphically skuwn in Fig. 9 which
plots the assumed range of fatigue life curves used
in the analysis to the actual fatigue curves for alum-
inum and magnesium. As can be scen the assumed
fatigue curve range is considerably conservative.

The second assumption is considered reason-
able since the analysis i based on the statistical
properties of random vibration, and the response of
a simple osciliator is directly related to the statis-
tical properties of the base input. Although an elec-
tronic box is much more complicated than a single
degree of freedom system, the errors induced by
this simplification are not considered excessive and
using this approach results in a practical analytical
procedure.

The first assumption results in a relation for
the number of cycles to failure as

_ .o~B
Nr-cs

which can also be written as

N = (s/suu)'B (15)
where
Nt = number of cvcles to failure at
amplitude S
S = maximum stress level per cycle
sult = ultimate stress level of specimen

+B

¢ = proportionaltly constant = sult

B = slope of fatigue life curve

The second assumption implies that G/GULT can
be substituted for S/8;;; or

N = G/cuLT)"B (16)

where

G = base acceleration input (peak ampli-
tude per cycle)
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GULT maximum acceieration peak box can
withstand for one peak.

Equation (16) gives :« measure of the number of
cycles o failure as a function of the kase accelera-
tion inpin and tL¢ slope of a fatigue curve which would
enconipass ail materials inside the box. In order to
apply this equstion it is necessary to derive values
for the parameters, B and GULT. To do this use
is made of Miner's Rule and the demonstrated
capability of the box.

Miner’s Rule states that the fatiguc iife con-
sumed can be expressed as

FL },“i/"i ian
:

where
FL fatigue iife consume~d

n. number of cycies occurring at some
amplitude §;

Ni = number of cycles to failure at that
amplitude Si

When FL = 1 then all the fatigue life has been con-
sumed and a failure can be expected. This rule is
used in the present analysis by assuming that the
fatigue life for the demonstrated capability curve is
the maximum possible or FLcapability curve = 1-
if we define

, . 1a6) - nig - L
ANG) N(G 504G) - N{G - 3 aG)  (8)
where
N(G) = number of peaks expested to exceed
amplitude G, from peak count
analysis
AN(GY - density of or number of peaks ex-
pected to occur in interval
G-1/24G to G+ 1/24G.
Then using Eq. (16) for N; results in

FL - (1/GULTE ZGiBAN(Gi)
i

capability (Eh

Since the fatigue life of the qualification test is as-
sumed to be the maximum possible, then FL =1
and either B or GULT can be solved for. Unfor-
tunately insufficient restrictions exist in order to
solve for both quantities so that it is necessary to
assume a range a of values for one parameter and
then solve for the second.

Physically B is related to the slope of the
fatigue curve, with a range of values from 5 to 20.
if B is large, then the specimen has a very flat
slope or experiences very litile fatigue damage even
when exposed to amplitudes near ultimate. Since a
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fixed distributi-m of peaks exigts for the demonstra-
ted capability data, which is conservatively acumed
to have the maximum fatigue life, then it follows that
the uitimate G capability of the box does not have to
be very large; i.e., peaks with iow amplitudes do
not co:tribute significantly to the fatigue life con-
sumed because of the laige number of cycles tofail-
ure at these low amplitudes. Therefore, an assumed
large value for B means a small GULT, and em-~
phasizes the large amplitude peaks.

Assuming a small vaiue for B means tahe
fatigue curve drops very rapidly, or that nearly all
peaks, regardless of ampiitudes, contribute signifi-
cantly to the fatigue life consumed. Again since a
fixed distribution of peaks is assumed to huve a
fatigue life of one, it follows that the ultimate capa-
bility of the box must be very large in order to bal-
ance this "poor" fatigue curve. Ther=fore, a low
value for B leads to a large value for GULT, and
emphasizes the low level peaks where most of the
cycles occur.

Since either of the above situations is consid-
ered posstble for base input to a box, the approach
used is to assume a range of values for B and then
solve for the GULT value as a functionof B.
These values for GULT are then used in calculating
the fatigue life for the environment of interest, as a
function of B. It is important to note that GULT
is a mathematical parameter used in comparing en-
vironments and is not considered to be a realistic
measure of the absolute physical capability of the
box.

An outline of the cverall procedure is as foliows:

1. Obtain AN(Gj) from the peak count analysis for
exposure and capability environments.

2. Assume a value for B and solve for GULT
using the demonstrated capability curve and
Eq. (19) with FL = 1. Repeat for range of
valuesof B= 2 to 20.

GuLT? - ZGB ANG))
i fcap

3. Using the above values for GULT obtain the
fatigue life consumed during the expected
environments, i.e., exposure.

. B\ .B
FLexp = (1/GULT)™ )G, AN(Gi)exp

4. If FL < 1 for ali values of B, then box has
sufficient demonstrated capability. Repeat for
all frequency bands.

This analysis was performed for the example
shown in Fig. 7 with the results given in Fig. 9. As
can be seen the fatigue life consumed during the
flight environments, relative to the qualification
test, increases at the low and high values of B,
corresponding to emphasizing the high G and low G
levels respectively. In both these rcgions a small
amount of overlap occurs. The maximum value
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calculated for the fatigue iif- s0.66at B - 20, In~
dicating thst if this fatigue siope spplies then the
worst case {light exposure wll only consume about
66 percent of the fatigue life that was demonstrated
during the qualification test. By this means it was
possible o prove the flight worthiness of a number
of boxes and thus avold unnecessary retesting and
the associated costs.

CONCLUSIONS

The peak count analysis represents a valuable
analytiez] procedure in the analysis of randon: vibra-
tiev:. especlally In the ficld of test requirements for
¢ npment mounted in missiles and space vehieles.
iteasonable justifieations exist for the assumptions
v hirh are neccssary in developing and applying this
anzlysis, and v:ith these assumptions a siniple and
practical anal;sis ean be performed from which logi-
cal engireering conclusions ean »~ lerived. Because
the analysis objcetively aecounts for both time and
amplitude as parameters it provides a more realistic
means of combining the effects of dissimilar
environments.,

With the use of additional supporting arguments
the general peak count analysis ean be applied to a
wide variety of problems, of whicli two examples are

presented. The first exrmplie showed how the tech-
nique can be appiled (o werive an acoustic test spec-
trum for ground tests. In the second example a
fatigue argument was developcd, utilizing Miner's
Rule, in order to comyare the relative severity or
potential fatigue damsi;i of dissimilar environments.

Tue examples pointed out the general methodol-
ogy of applying the peak count analysis. Use of this
techinique can result in the remaval of a considerable
amourt of unnecessary conservatisin in the analiysis
of random vibrauon, which leads to more realistic
flight predictions, test requirements, and eventual
savings in system weight and costs.
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DISCUSSION

My, rubert (det Propuision Laboratory): Be-
canse vou are tdKing about the number of peaks
associated with the ievels, T wonder if you are try-
itg to run a fatigue test or an equivalent fatigue
test,

Mr, Wrenn: No. we do not want to run a fatigue
test at all, We @ re just associating the number of
peaks with essentiatly the wear that a particular
picee of cquipnwent experiences, and we are relating
that wear to eventual wearont sud failure of that
particular box, So we ire using it as a tool for
« sduating the accumuiative exposure that these
piceds of equipment see dve to random vibration,

AMr, Trubert: You could have a very high level
for a smali number of peaks or a low fevel for a
high namber of peaks, Do you assuine it is the same
thing ?

:\Ir, Wrenn: They are both handled the same
wiv in the analysis, And this is the tride-off that
vou can make, You can make comparisons this way
objectively rather than nonobjectively,

Mr, Trubert: So this is the same idea as fa-
tigue ?

Mr, Wrenn: No, but it is related to fatigue, 1
should mention in conncetion with this peak count
technique . that the qualification testing of these
hoxes mercely establishes a certain number of
peaks that they have scen, They may see far in
excess of that before they actually faii, But they
have not been proven for that increased number of
peaks because their qualification testing has not demn-
onstrated it,

Mr, Galef (TRW Systems): What weighting
technique did vou use to weight the large number of
smill peaks against the small number of large
peaks?

My, Wrenn: Just count the peaks,

Mr, Galef: That is really not sufficient, Cer-
tuinly two 50,000 psi peaks are more to worry abhout
than one 50,000 psi peak, 1t is not clear that two
50,000 psi peaks are worse than onc 60,000 psi
peak,

AMr, Wrenn; First of all we have to realize
that we ar. talking about levels that are of the same
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crder of magnitude, If you go to non-order-of-
magnitude levels, eertainly the technique may break
down because it assumes it is linearly related to tne
total exposure, That may not be the case when a
box is exposed to a very high level, and then you
come in with 0,01 or 0,001 of that level, One must
examine the whole technique over again,

Mr, Galef: 1 thought you were trying to con-
sider the shipping environment along with the flight
environment and other environments, This is not
the ease?

Mr, Wrenn: That is right, we are,
Mr, Galef: But these are orders <: magnitude,

Mr, Wrenn: Yes, they are orcers of magni~
tude, but we stiil feel that the assuinptions are
valid and at least our flight measure.nents indicate
that they are valid, So you are right, There are
some bands where it goes over; we stretch it a
little bit, Sometimes we stretch it a lot, but it
seems to work, 1t is a new technique, 7 should
point out. We have not done it this way for a long
time and we are starting to explore. it, There are
lots of improvements that can be nade,

Mr, Christensen (Naval Weapons Center):
You had failures on qualification rest items prior to
using this method of analysis, Di: you use this
method of analysis on spectra applied to your failure
samples? That is, you had articles that failed
previously and you obviously had envelopes for them,
Did you count the theoretical peaks in these en~
velopes and compare them to the peaks you came up
with here?

Mr. Wrenn: This technique in the past has been
usefui for some very nutsy-boltsy type probiems.
For example, someone might put a piece of equip~
ment on a shaker and, instead of running for 3
minutes for a test or 1 minute for an acceptance
tcst, he lets it run for 5 minutes, or the shaker
runs wild, So here is a person with a box that
costs $60,000, and he wonders whether he can fly
it or not, He wants to have a little more confidence
that it will perform properiy. We use this tech-
nique as an engineerlng tool, Just hecause the peak
eount says it is no good It does not mean we are not
going to fly it, We want to take a look at the big
picture,
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THE APPLICATION OF ANALOG TECHNIQUES
TO REAL TIME ANALYSIS AND SCREENING OF DYNAMIC DATA

Roger C. Crites
McDonnell Aircraft Co.
St. Lcuis, Mo.

fatigue damage and buffect are discussed.

The necessity of handling large amounts of dynamic data in order to compute com-
plex time variant parameters led to the conception of highly specialized analog :omputer
techniques which enablc data analyses and sorting at a small fraction of the time and cost
requised by a digital co:npuscr. Thesc techniques were developed to facilitatc ground test
assessment of engine-inlet compatibility. The need for, development and successful use of
these techniques are described, anc potential application to such studies as cumulative

NTRODUCTION

The objective of determining dynamic engine-inlet com-
patibility from independent tcsts of engines and scale models of
the proposed inlets is to permit selection of compatible designs
prior to full scale testing. Successful attainment of this objec-
tive substantially reduces the chance of developing an engine
and inlet which work well individually but do not perforin well
together. Fortunately, as it turned out. the amount of data re-
duction required to achieve this goal by the usual application
of digital computer technology represented not merely a high
cost, but an impossible cost, both in time and in money.

In resolving the dilt2mma, a useful philosophy involving
the application of special-purpose analog computing techniques
evolved. This philosophy has proven vselul for other than the
original application. It is anticipated that this epproach will find
profitable employment in many other applications in the acro-
space invi:stry.

COMPATIBILITY ASSESSMENT

With the advent of high performance aircraft utilizing an
ugmented turbofan propulsion unit. airframe-engine compati-
sility has emerged as a prime consideration in the selection of
airframe and engine designs. The very high degree of compati-
bility necessary to realize the full potential of the aircraft
necessitates an inlet-duct design which presents th» engin= face
with a relatively low level of prescure distortion inasmuch as
the engine is sensitive to steady state pressure gradients and to
fluctuations in the pressure which b.ve a duration time at least
1s short as one revolution of the ccinpressor. That is, certain
pressure patterns or distributions at the compiessor face will
adversely affect engine performance if that pattern persists for
one full revolution of the compressor or longer.

As shown in Figure 1, the independent determination of
compatibility essentially involves determining whether or not
the proposed inlet design produces any of the pressure patterns
which cause instability and loss of engine performance, and if
s0, to what extent and at what conditions. This is accomplished
by analyzing the pressure patterns affecting engine operation
and generating explicit mathematical models. The models are
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smpnrical or s2 i crypirical and are used to establish distortion
indices which may be evaluated for any given pressurd pattern
and indicate tlic relative “guodness™ or “*badness™ of tirat
pressure pattern se far as the engine is converned. That is, a
particular pressure pattesn will yield a numerical distortion in-
dex with regard to a particular engine. If the index is below a
certain level, engine performance will be unaffected, but if the
index approaches this limit or exceeds if, engine performance
will suffer.

et Evalyation for
Distortion N
Ielgt Pattems Analysis ! Aspiicable
Tests Produced Distortion
Parzmeters
Airtrame and

Engine Design
Choice

Engine Sensitivity G;::z::: v:'
Tess ¥ gil:::rﬂnlsm Distortion
Parameters

Figure 1 - Independent Selection Scheme

Any inlet design which produces pressure patterns with a
very low distortion index for a particular engine is said to be
compatible with that engine. Any inlet design which delivers an
index above ihe engine limit value would result in an aircraft
which could not Julfill its performance requirements, and re-
gardless of how well the engine and inlet would perform
separately, they would be incompatible.

To determine the compatibility of an inlet design with pro-
posed engines. a wind tunnel test of a scale model of the inlet is
necessary. The compressor face location is heavily instrumented
with total pressure probes. Each probe provides a measurement
of the local mean totul pressure component, and the local fluc-
tuating or dynarnic pressure component. Fifty such probes at
the compressor face are typical of the quantity of instrumenta.
tion employed. The dynamic components are recorded on a




sotslamt bandwadth mulliplex system to provide a hugn tnhe
base conelation between all channcks. The steady state com-

ponents ate revotded by the wind tunnel digitsl data acquisi-
1 syrlem.

Frowm ther Jats the distortion indices 1aust be evaluated.
Typwsily, th evaluation must inchixde about 5000 samples per
second to Be sure of containing the highest frequency of in-
twiest, A typecal Test program consists of aba 1000 runs, each
30 seeonds bong. which are necessaty to cover the performance
envelope of the inlet. The indantancous pressuses at the 50
peobes are wsed 5000 times per second to calpulate several dis-
fortion indices, For 2 single test program such us thes, the

. quantity of rzw dsta that must be fed to a digital computer is
“about 7.5 bithon data values, or, for 10 tests, about 75 billion.

The quantity of daty to be analyzed is staggering. And
event if the money required to provess this quantity of data
would have been available, the time required to complete the
job would make the aircrift obsotete before it flew. Further-
more, even if the actual data processing could be done in rea-
sonable time at reasonabk: cost, the result for one run in one
test would be 150,000 vahwes of each distortion index com-
puted, or 1 50 matbon values per distortion index per test.

Each value must be examined te determine if. at any point

in the performance envelope, the inlet has produced a pressure
pattern incompatible with the engine. If this ¢xaminatior. is to
be performed by people, one test would requive about 125,000
manhosrs merely to kook at the reduced data for only one dis-
tortion index. Therefore the cost and time required for data
redud ion were unreasonably, and in any case, the reduced data
would be more than could be reasonably rrviewed even if the
processing could be accomplished.

It was apparent that an entirely new approach was neces-
sary. -

THE ANALOG COMPUTING EDITOR APPROACH

The now approach required a minimization of the quantity
of data to be reduced for assessment. This indicated the need
for a method of identifying a small time slice (about 0.1 sec-
ondi witich contamned (i raw dala represenang The worst pres-
sure patiern, or worst value of distortion index, that occurred
during the entire run, and marking this time slice on the data
tape. This identification would allow selection of this “worst-
case” for digital processing of the buildup and decay of the
worst distortion that occurred during the entire run. This pre-
cise processing requires only about 3 tenths of | percent of the
data handling necessary to compute distortion parameters for
the full run. Knowing the worst that happened is not quite the
same as knowing preciscly what happened all the time, but the
result is the same. Obviously, if the worst that happened corre-
sponds *o a distortion index below the level that produces ad-
verse engine effects, the rest of the run could not produce ad-
verse engine effects, and the inlet and engine are compatible at
that 1uu vondition. Tikewise, T e woist case Gistortion index
15 above an acceptable [evel. the inlet and engine are incom-
patible for that run condition regardless of how well the inlet
operated Juring ine rest of the run,

Besides having some sort of system that locates and marks
e w o o win o Ve Sate Wi, W ey desmsble Lo
vide the engineer ut the test site with some immediate on-line

data to enable him to ssvess the progress of the test. Without -

this data, the test camacct must proosed biindly, with oo ksow- -

Iedge of the occurrences during the test ustil after it iz over.

Much time covid potentially be saved by boing able to recogwize

a problem winle still in the field and take corrective action im-

medsately rathes than waiting sevcral woeks after the test todss

cover the nocd for 3 minor change. = o
Figure 2 shows how both of these posls were accomplishod

The heart of the system is an analoz computer which looksat -

all steady state aind Suctusting totsl pressures simuMancously

as the data comes off the line, and computes instantancous

values of several disiortion indices trom instantancous values

of all o its total premure inputs. The fag tisee associated with

the competstion is essentially negligible, 30 that for all practical

purposes, the raw data and the comguted distortion parameters

coexist at the same instant in-real time. As a rus progresecs, the

steady state prersures are sampled and remembered.

The fluctusting pressi: res enter as time historics, and the
analog computer produces corresponding time histories of the
distortion persmeters of interest, This real tia: distortion is
avaitable for monitoring by ci.gincering personne on a real time
display on oxcilloscopes. Silions of the time histories of dis-
tortion parameters are abso recorded for immedinte review as
vscillograph traces, and a pesiancn: record is made via FM tape.
In this manner real time, on sife reduced data is available.

A peak detector circuit looks at the oufput time histowy of -
each distortion paramezer, which continually updates itself
during a run so that its Sutput is always cqual to the highest
value of distortion index that has occurred up to that point in

- the run. At the end of the run a’button is pushed and the high-

est value of cach distortion index that occurred during that run
is displayed on a digitat pancl merer and printed for permanent
record by a digital printer. The peak detector is then reset prior
to the initiation of the subsequent run. The time history and
worst value of distortion are therefore avai'able ondine in real
time as the test proceeds.

In order to determine when the worst case occurs and mark
the raw data tape at that instant, 3 Ze70 CTosSing ¢ SMpaTator
and pulse shaping network look at the output of the peak de-
tector. When a peak in distortion exceeds the value locked in
the peak detector, the peak detector updates to the higher
value. causing the comparator to emit a pulse. The shapu.g net-
work shapes the pulse into an easily recognized electronic flag.
This flag is recorded on the Vidar multiplex system on a blank
track. Since the raw data is recorded on the other tracks ¢f the
Vidar system, and sincc negligible time has elapsed from the
time the raw data which caused the peak in distortion occurred
until the resulting pulse or flag was recorded, the electronic
marker on the raw data tape locates the position of the pres-
sure data which caused a peak higher than any preceding peaks
in that particular distortion index. The result is a series 0
proftses recorded on e Tow Jata tape. Each sicceeding puise
marks the time that a new high in distortion occurs. When the
worst case occurs, the peak detector locks that value in, and
sifice 18 e woist vase, it will aot wpdate dbai-'. il G
ally reset for the next run. Therefore. the [ast pulse, which is
generated when the peak detector detects the worst case,
reprewer 4 e Joe ion of (e dowe corresponniog o e worst
distortion. or worst pressure pattern in that run,
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When the recorded raw data is analyzed (post-test), the 12 T ] LA
data tape is run backward and the critical pulse marker tyuck is +— Digital 1
monitored. When the first palse occurs (which will be the worst (1 Digital
case puise because the tape is running backward), an automatic
delay system puts another electronic flag on the tape about 50 4

milliseconds after the pulse. Since the tape was running back-
ward, this new marker pulse is actually 50 millis~conds prior to

the time of oc.urrence of the worst case distortion. The tape is ) Ansieg - Asaleg
now reversed and run forward. When tne new marker pulse is ]
encountered, 100 milliseconds of digitization automatically be- 4 1

gin. This time slice that is digitized contains at its center the
data which reflects the worst pressure pattern occurring during ° i}
the entire run, 0 20 # ¢ & W06 20 0 & 0 10
Time - Millisacoads

Figure 3 - Comparison of Analug and Digital Computation

This digitized wors? case time slice is used to obtain com-
putations of the distortion parameters, and to generate pressure
contour maps revealinr the physical pressure pattern responsi-
ble for the worst case-gistortion index. The values of distortion
index obtained by the digital computer can then be compared to
that portion of the distortion index time history generated by
the analog computer. A typical example ot the results of this N
sort of comparison is shown in Figure 3 for two different dis- S aien
tortion parameters. Typically, the deviation between the worst | el iRt
case distortion index obtained by the analog computer, which bl g
is available on-line in real time as the test proceeds, and the
value obtained by the digital computer from the raw data dur-
ing post-test operation, is about 5 percent.

Figure 4 is a photograph of the analog computer, which
occupies three 19-inch racks. The electronic components util-
ized in the fabrication of this device are standard, off-the-shelf
items, such as integrated circuit operational amplifiers, diode
function generators, diode selection networks, etc. The straight-
forward design of the computer system can be illnstrated by o
block diagram schematic of one of the simplest distortion
parameters that has been used.

Figure 4 - The Combined Analog Computing Systen
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Figure 5 - Analog Calculation of MID

The parameter chosen for the purpose of illustration is de-
fined by Equation (1).

l’tmax - l’tmin

MID= _p‘l‘—— )

where MID is the maximum instantancous distortion, Ptmax B
the instantaneous maximum total pressure at the compressor
face, Py . is the minimum instantancous total pressure, and
Py is the average value of the steady state component of the
total pressure. This parameter is by far the simplest of the five
parameters normally calculated with the analog computer.

As seen in Figure §, the steady state values of total pres-
sure enter Block 1 and are maintained by a sample-and-hold cir-
cuit. The fluctuating pressure components enter Block 2, where
they are summed with the steady state values to produce the
true dynamic pressure distribution in the inlet. This true dynamic
distribution is delivered simultaneously to Elocks 3, 4, and §.
Blocks 3 and 4 are diode selection networks which pass to
Block 7 values of the maximum and minimum instantaneous
pressure. Block § averages all of the dynamic pressures and
Block 6 removes the remaining fluctuating component to reveal
P, which is passed to Block 7. In Block 7, Ptoax ~ Pt
is obtained, after which the indicated division is accom%hed
with the aid of logarithmic diode function gencrators. The re-
sultant M{D time history is displayed on the real time distortion
display, recorded on tape and peak-detected. The output of the
peak detector is viewed on a digital panel meter and printed on
a digital printer, and it is used to drive the critical time pulse
marker, as illustrated in Figure 6, to flag the worst case occur-
rence on the raw data tape. The various other parameters which
tne computer system employs are calculated in much the same
manner but are considerably more involved.
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1ne analog computer, as shown in Figure 4, has been suc-
cessfully used on seven major wind tunnel test programs, and
will continue to be used, This system provided on-line, real
time reduced data with an uncertainty of about 5 percent. It
also edited and marked the raw data tape so that the time re-
quired o digitally obtain an analysis of the worst thirg that
happened in each run was reduced by more than two orders of
magnitude with corresponding monetary benefits.
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OTHER ANALOG SYSTEMS USED

Two other analog systems have been employed with a
large measure of success. The first was developed when it was
discovered that a considerable quantity of data from a wind
tunnel test had been used to calculate some perametric time
definitions of the psrameters were slightly changed. 3t appeared
that the new definitioas would have to be programred and the
perametric time historics simply recziculated from the raw data.
Unfortunately, time was not available to accomplish this re-
computation. A small analog unit was then developed to apply
different weighting functions to the various parameters for
obtaining an output parametric time history which corre-
sponded to the new definitions. Tapes of the obsulete para-
metric time history were played into the analog device, and the
output of the system was recorded on another tape deck. In
this way the updated reduced data was obtained in 4 days (in-
cluding design and fabrication of the analog device) as opposed
to the estimated 2 weeks required to recompute from the raw
data.

The other system was developed in response to the need
for obtaining the average valuc of many true root-mean-square
(R.M.S.) pressures in an inlet model. An estimate of the cost
and time to digitize and compute the average RM.S. witha
digital computer was compared to the time and cost to com-
pute the same perameter on-line with a special-purpose analog
computer. The analog computer provided much greater *ime
savirgs. The analog system would also provide reduced data on-
line as the test proceeded. Cost comparisons revealed that the
analog approach, including the cost to build the system, was
nearly one order of magnitude lower than the cost to digitize
and utilize a large digital computer. Therefore, even if the
amalog unit was used on only onc test and then junked (it
wasn't), a considerable savings in money and time would be
realized. The analog system was built and used successfuily for
scveral test programs.

It must he conceded that the computational accuracy of
the digital computer exceeds that of the analog approach. But,
with present integrated circuit technology and careful circuit
design, analog computational accuracy can be kept within about
2 percent for most applications. When the equations being per-
formed are fairly involved, as with some pressure distortion
parameters where calculation of Fourier coefficients (among
other things) become involved, the calculation accuracy may
drop a few percent. The average true R.M.S. analog system de-
scribed was verified as having a worst case computational error
of about | percent.

1t must be remembered that calibration of dynamic pres-
sure transducers seldom, if ever, provides for less than 2 percent
uncertainty in the raw data, The need for extreme calculation
accuracy in such a case is questionable. However, even if ex-
treme accuracy is required, an analog system can perform the
function of editor, providing for a much more streamlined
digital reduction program, and still obtain a net savings.

Experience to date with dynamic data manipulation sug-
gests the following philosophy (as shown in Figure 7): 1f a
small quantity of dynamic data is to be mampulated, the cost
of tabricating an analog system 1s not warrantea, and digital
data reduction will prove most economical. If a4 large quantity
of data is to be handled and a calculation uncertainty of 2 per-
cent 1s acceptable, a special-purpose analog device can usually be

fabricated (0 accomplish the desired data reduction in much
less timne, and at 2 considerable cost savings. If a large quantity
of data is to be analyzed but great accuracy of calculation is
necessary, it may be possible, depending on the nature of the
analysis to be carried out, to perform on-line editing of the rav
data and then use digital computation on only critically im-
portant data samples.
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Figure 7 - Reduction of Dynamic Data

ANALOG APPLICATIONS UNDER CONSIDERATICN

The analog approach is presently being considered for ap-
plication to cumulative fatigue damage estimates and buffet
studies. Many schemes have been worked out for the estimation
of cumulative fatigue Jamage. Two of the most promising ap-
proaches will be discussed here to illustrate the possibilities.

The first scheme, illustrated in Figure 8, uses a spectral
weighting approach to estimate cumulative fatigue. Stress, ob-
tained from a properly located strain gage, is passed through an
instrumentation amplifier, Block 1, and on to Blocks 2 and 7.
The Fourier trunsform of the stress time history is obtained in
Block 7 for about 200 center freqrencies simultancously, over
an incremental data time T. The transform is converted into
power spectra in Block 8 at the 200 center frequencies and
passed to Block 9, which generates the parameter w, T/2sN .
wWy/2x is the Nth center frequency f;_, and T is the time incre-
ment for which the transform was oblained. w,T/2x is there-
fore the product of time and frequency, or effectively, the num-
ber of cycles which have occurred at that center frequency for
one calculation time T. N, is the weighting factor for the power.
which must be ascertained from experimental data, and repre-
sents the number of cycles to failure if that power amplitude
were maintained. w,T/2aN,, is therefore the linear propor-
tional damage sustained during time T, in the bandwidth
centered at fcn' The proportional damage contaned in the
entire spectra ts then summed in Block 10 and accumulated.
As time proceeds, the circuit operates sequentially and updates
the estimated fatigue damage at T intervals. This approach
might be applied to structures where the loading is random or
nearly random. Failure would be expected as the accumulated
fatigue index approaches unity.

Blocks 2, 3, 4, 5, and 6 do not concern fatigue damage,
but represent an overload protector. Block 2 takes the absolute
value of the stress, and Block 3 is a peak detector which main-
tains an output equal to the highest stress peak that has oc-
curred. If the maximum stress exceeds the limit level which is
set at Block S, the comparator, Block 4, activates an alarm
circuit which notifies concerned personnel that the item in
question is being subjecied to loads which could cause immedi-
ate and catastrophic failure, not from fatigue but from a
simple overload.
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Figure 8 - Fourier Transform Approach to Lincar Fatigue Damage Estimation

When the (requency content of the stress time history 1 reset which will dump the values stored in Blocks 7 and 8 and
(airly well defined and the loading could be described as almost start these elements searching for the next peak and valley. Just
periodic. or distorted modulated sinuscidal, the system shown before the reset occurs, Blocks 10 and 11 compute amplitude
in Figure 9 might be applicd. The stress enters. as before, through  and mean value from the peak and valley being held. The ampli-
an instrumentation amplificr and passes to Blocks 2, 7, and 8. tude generates the number of cycles to failure in Block 13,
Blocks 2, 3. 4, etc.. comprise an overload atarm which is identi- while Block 12 generates a weighting function based upon the
cal to that described for the previous example. Block 7 detects meitn stress. The product of the weighting factor and the number
and holds a peak in the time history. and Block 8 detects and of cycles to failure is inverted in Block 15 and sccumulated in
holds the value of the valiey which follows the peak being held Block 16 upon signal from Block 9. The meter, Block 17, reveals
in Block 7. When Block 8 locks its value, Block 9 starts a delay the content of the accumulator. This represents the expended

fatigue life as a fractional index.
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This discrete approach is being considered for application
10 a protection system for intemal balances which are wsed io
measure force and moments on scale modei aiscrait in wind {un-
nel tests, A series of potentially catastrophic structural failures
of the balance components led to a failure analysis which indi-
cated that these failures were due to fatigue. It is anticipated
that a fatigue and overload device such as shown in Figure 9,
together with an adequate inspectioa system, could eliminate
the danger of a catastropbic failure and possible loss or Jamage
to a very expensive model and an even more expensive wind
tunnel.

Application of analog techniq'ies to buffet is still in the
speculative stage, but may have real potentizl. Under considera-
tion at the present time is a scheme which yields ondine statis-

61

B -

tical anatysss of many channels of fluctuating pressuse data
simultancously. Also being conridered is a system that would
allow the engincer to obtain cross-correlations between gronps
of pressure cells, thereby correlating integrated foree pattemns
rather than individual nressures. The preliminary circuit Jdesign
anJ cost analysis on these systems are not compiete, and it is
therefore not known whether or not they are economically
feasible.

SUMMARY

Experience at Mcbonnell Aircraft Company has proven
that in many cases a special-purpose analog device can be con-
structed and used to reduce dynamic data and/or cionitor and
edit raw data for later digital « mputer application with sub-
stantial savings in both time and money.
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SHOCK LOADING AND HOLOGRAPHIC INTERFEROMEIRY IN NPT

R. L. Johnson, R. Aprahauian and P. G. Bhuta

TRW Systems Group
Kedondo Beach, California

£ brief summary of the principles of holography and holographic
interferometry using both the continuous and pulsed laser is given.
Photographs of the holographic interferograms obtained of wavas
propagating in beams and plates are included. The surface dis-
placemeat of the bodies was obtained from the hologram at specific
times and i8 compared with calculated results. The calculeted and
experimental results show excellent agreement. Finally, an appli-
cation of pulsed laser holographic interferometry to nondestructive
testing, a subject of great current interest, is included.

INTRODUCTION

Pulsed laser holographic interferometry
offers an excellent method for the study of
dynamic events. The utility of pulsed laser
holographic interferometry is due to the in-
tensity and rapidity of the light pulses pro-
duced by the ruby laser. Sufficieat inteasity
for the construction of e holograam can be ob-
tained using pulse widths of as small as 30
nanocseconds and the pulses can be produced at
intervsls as small as 1 microsecond. As a
result the entire process of constructing e
doubly exposed holographic interferogram can
be conpleted in e time (v106 seconds) short
compered with the period of netural events.
Thus no special precautions need to be taken
to ensure stability of platform or ambient
air as is necessary when using continuous
veve (cw) laser holography. By employing
suitable filters and shutters pulsed laser
holographic interferometry can be performed in
a normal daylight work environment.

This psper contains the results of ssveral
experiments to measure the surfece displecement
caused by the impect losding of beams and
pletes. The imvact loading was effected by
striking the surface of the object using a
ballistic psndulum. Reference exposure of the
surfece was made just prior to impact. Subse-
quent exposure of the film to the ruby laser
sfter selected time intervals resulted in
interferograms giving the displacement of the
surface at that instent. By making several
sequentiel holograms the displecement time
history of the surfsce wave can be recorded.
The data obtained ere very accurste since no
instrumentation need be mounted on the test
object and errors inherent in accelerometer or
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strain gages calibration are avoided.

When the plate or beam is not mechanicelly
homogeneous, that is, it contains voids or
cracks, the holographic interferograms obtained
contain s record revealing the presence of the
imperfecticn. This is because imperfections
in the matevial scetter or diffrsct the im
pinging wavefront and act as a secondary source
which produces e wevefront thet interferes with
the veve produced by ballistic impact. As a
result imperfect panels or plates will displey
a charecteristic signature on the hologrephic
interferogram. The signeture can be ussd to
determine the presence of voids, cracks or
imperfections in both homogeneous and composite
materials. Thus a nondestructive testing tech-
nique of potential wide applicability is availa-
ble for the purpose of inspecting structures.

An experiment was performed using a com
posite beam fabricated of aluminum plstes and
aluminum honeycomb. Selected areas of the
honeycomb were debonded from the plate. A
pulsed laser holographic interferogram was made
of the surface of the plate to record ths wave
induced by impact of a ballistic pendulum.

The interferogram clearly showed the existence
of the debonded areas.

TECHNIQUE OF HOLOGRAPHY

The term "holography" is used to describe
a means of recording the amplitudes and phases
of waves, such as light waves or sound waves.
Hologranhy originated with Gabor (Ref. 1) who
pointed out the possibility of recording (on a
plece of photographic film) the amplitudes and




phases of coherent, monochromatic light waves
transmitted through a transparent object. By
then projecting light through the photographic
film (which is called a "hologram”) it i3
possible to reproduce a three-divensional image
or tne original nbject.

The reproduction of images as Gabor sug-
gested become practical with the advent of the
laser as a source of monichromatirc, coherent
ligut. In 1964, Leith and Upatnieks (Ref. 2)
demonstrated that a three-dimens{onal !mage of
an opaque object could be reconstructed in a
manner similar to that proposec by Gabor.
Figure 1 shows a typical set-up cf the appa-
ratus used in the Leith ané Upalnieks “olo~
graphic method.

in making the hologram, the light waves
from the object (object beam) interact with
the light from the mirror (reference beam).
When the light from the mirror is in phase with
the light from the object, the waves add;
conversely, the waves cancel one another when
they are out of phase. This type of inter-
action results in variations in the intensity
of the light striking the photographic film
(these are spatial variations in intensity, in
the plane of the hologram.) Since photographic
filn reacts to the intensity of light impinging
on it, the exposed film gives a permaneat
record of the interaction of the two light
beams.

To reconstruct the image of the object
from the hologram, the developed photographic
film is illuminated with any monochromatic
1light source, e.g., the original laser. Now
the light interacts with the hologram, and the
result is a three-dimensional image of the
original object.

Laser

Soupce Spatial Filter

Object

Hologram

Figure 1 Left:

HOLOGRAPHIC INTERFEROMETRY

Although image recomstruction was oune of
the first applications of holography, a tech-
nique that has sore potentia. from a research
standpoint is "double-exposure holography,”
which 1s one form of holograynic interferometry
(Ref. 3). The essential ideas are as follous:
first make a hologram of the object you wish to
examine; then subject the object to loads which
cause it to deform, and expose the same hologram
for a second time. Now when this "double-ex-
posed hologram” is developed and then iilumi-
nated, two images are produced: ome is from the
undeformed body, the other from the deformed
body. These light waves (which form the two
images) interact with one another, thereby
creating intarference fringe patterns. By ana-
lyzing the fringe patterns, one can determine
the surface defocrmations of the body, which were
caused by the applied load. Haines and
Hildebrand (Ref. 4) give expressions which show
how to relate the interference fringes with the
curface deformations of the object. An exten-
sive mathematical description of holographic
interferometry was presented recently in Ref. 5.

SHOCK LOADING OF BEAMS AND PLATES

Holographic interferometry is exemplified
by pulsed laser holography, which was used to
record transverse waves propagating in beams
and plates. First, the laser was pulsed once
to expose the hologiam to the stationary target.
Then a stress wave was initiated in the target,
and a second laser pulse was timed to expose the
hologram when the wave had traveled a given
time.

The beam (6061-T6 Aluminum) used in this
study measured 6' long x 1" wide x 1/4" thick.

Laser
Joygce l Spatial Filter
l o rror

Virtual
Image Seen
by the

Hodogran Observer

Observer A

Image Recording Process

Right: Image Retrieval
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The experimental sot up used to obtain the
holographic interferograms of the transverse
stress vaves in the beam ia shown in Figure 2.

Q(t) Impulse
\
/] N\
7 ] N
Beam
Specimen
Scene Beam
rror
Lens
Hologram
N Reference
\ Beam

Pulsed R&y Laser Hieror

Figure 2 Schematic of Optical Arrangement

Referring to Figure 2, light is passed from the
pulsed laser through a negative lens and thence
to the front surface of the specimen. This
light reflects from the specimen sand forms the
scene beam for the hologram. Some of th: light
reflects from the first surface of the nigative
lens and is directed by mirrors to serve as the
refgrence beam for the hologram. A continuous
wave laser was used to align the lens and
mirror arrangement ard thereby insure unifora
illumination of the spucimen and the hologram.

A basic experimental problem which had
to be overcome was to pulse the laser at a
particular time delay, A, after initiation of
the wvave. The timing of the laser was accom~
plished electronically, using two oscilloscopes
with variable time-delays.

The test procedure was to first pulse the
laser and make a hologram of the stationary
beam, then release the pendulum and {nitiate
the timing sequence to agajn expose the holo-
gram when the flexural wave was in the beam.
Several interferograms were made in this fash-
ion, with time deiays of 12.5, 25, and 50 usec
after initiation of impact. These double-expo-
sure interferograms were later reconstructed
by a continuous-wave laser and then photo-
graphed. The resulting photos are shown in
Figure 3. Qualitatively, the fringes represent
constant displacement curves. It is
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interesting (but not surprising} to note that .
at 12.5 usec after ispact the beam acted much

1like a plste. This is evidenced by the geone-
try of the fringe pattern, i.e., circular. At
later times, i.e., 25 and 50 usec after impact,
the fringes indicate the tsansverse vave is -
very wuch plane. -

These resulting interferograms may be
interpreted to provide quantitative data regard-
ing the surface deformations of the beam result-
ing from the impact. It may be shown (Ref. 6)
that an interference fringe forms whenever the
displacement, w, satisfies the condition

- (20 - 1))
¥ = 3(cosd. ¥ cosb

y n~1,2,3,...
1 2

where

A = wavelength of- the laser light,
69434.

61 = angle between the displacement
vector, W, and the light illum{-
nating the heam.

02 = augle between the diaplaceu:mt
vector, W, and the light reflecting
from the beam to the hologram.

Data reduction from the interferograms shown in
Figure 3 is presented in Figure 4. Also shown
in Figure 4 is the beam displacement as detec-
mined by a computer program. The model used
for the computer program was a one-dimensional
beam. This accounts for the greater discrep-
ancy at early times (i.e., 12.5 usec when the
actual beam acted more like a plate) than at
later times.

The same experimental set up used to study
the beam was used to study transverse wave
propagation in plates, The plate used for this
study was made from stock aluminum (6061-T6)
measuring 12" square by 1/8" thick. The
experimental procedure and data reductions
techniques described for the beam are identical
for the plate. Eight separate holographic
interferograms were made of the transverse
waves, differing only in time delays, viz 10,
20, 40, 60, 80, 130 and 150 usec after impact.
The resultirg interferograms are shown in
Figures 5 and 6. On at least <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>