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- ABSTRACT

An experimental program was: conducted ‘t0 determlne the feasibility of using = =~
subscale Lexan plastic models to determine the response of full-scale
aerospace structural components to impulsive, pyrotechnic loadings. A Lexan
monocoque cylinder was impulsively loaded around the circumference of one end,
causing a compressive stress wave to propagate in the axial direction. The
resulting structural responses of two configurations of the cylinder (with and
without a cutout) were recorded by photoelasticity, strain gages, and
accelerometers. A maximum dynamic stress concentration was photoe]ast1ca11y .
determined and the accelerations calculated from strain-gage data were in good
agreement with those recorded by accelerometers. On the basis of results from

. these tests, it 1s conc]uded that reliable, quant1tat1ve structural response B

In addition-to being able to obta1n quant1tat1ve data for the structura]
response of the Lexan model, it is essential to have similitude relations, by
means of which, (a) a subscale model can be properly designed, and (b) the
response of the prototype can be related to the response of the model. Exact
similitude relations were obtained for e]ast1c mater1als and for two d1fferent
classes. of viscoelastic mater1als S

The centra] conc]usion is that the use of subsca]e Lexan mode]s to determ1ne -
the structural response of impulsively loaded aerospace ‘structural components -
is feasible, subject only to the usual -limitations encountered in-all model:
testing. The ‘potential cost reduction afforded by reliable: subscale test1ng
make the deve]opment of th1s techn1que h1gh1y desirable.x B
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" INTRODUCTION AND SUMMARY

Pyrotechnic devices are commonly used today in space vehicles for several
purposes, e.g., stage separation, bay removal, and fairing removal. The
detonation of these devices imparts shock loading to the vehicle structure
and to the components attached to this structure. For a given application,
the pyrotechnic devices must be designed in conjunction with the vehicle
structure and components such that the integrity of the vehicle and its
mission are not compromised by the shock loading. Unfortunately, limited
information is available to the designer on shock levels generated from
pyrotechnic detonations and on the effects that these shock loadings have

on the vehicle structure and, components. This condition exists for two
reasons. First, stress-wave propagation and interaction that result from
shock loadings are extremely complicated physical phenomena. Consequently,
analytical solutions to such phenomena are difficult, even for the simplest
of cases, and are infeasible in most instances for actual problems. Second,
experimental data on shock loading and on the response of vehicles to shock
loadings are -1imited because of the limited amount of testing that has been
conducted. This limitation is primarily a result of the large costs
associated with full-scale, destructive pyrotechnic testing. This latter
problem is further compounded by the fact that past experimental test results,
by their very nature, are directly applicable only to the actual hardware.
tested. The use of these results for the design of ‘future vehicles must rely
on extrapolation of data to configurations that are often only remotely
similar to the configurations that yielded the data. In such situations it
is not surprising that predictions of response are often erroneous.

The.above considerations underscore the need ‘both for more powerful analytical
techniques and for less expensive, more versatile experimental techniques for
" investigating shock loading and the response of structures to shock loading.
McDonnell Douglas Astronautics Company (MDAC), under the sponsorship of NASA
Contract NAS9-12873, conducted an experimental program to investigate the
feasibility of one improved experimental technique, that of an electro-
magnetic, stress-wave generator -augmented by dynamic photoelastic, strain-
gage, and accelerometer instrumentation techniques for the determination of
dynamic response in models of proposed vehicles.

~ This techn1que can be divided into three areas, that of the loading device,

that of the model, and that of instrumentation for determlnat1on of the
response of the model to the loading. The loading device employs the energy
stored in a high-energy, high- vo]tage capacitor bank to produce uniform
1mpuls1ve Tloads that simulate shock loads from the detonation of pyrotechnic
devices. The test. specimen models proposed vehicle configurations and is
made of Lexan polycarbonate plastic. Lexan, a photoelastic material, allows
~ the determination of the states of strain in the model by use of a dynamic
polariscope. The model can also be instrumented with strain-gages and low-
mass accelerometers to further characterize the model response. As a final
step in this technique, the dynamic response of the model must be related to
the dynamic response of an actual prototype by the use of appropriate
s1m111tude re]ationships .



This experimental technique has two principal advantages. First, because the .
technique is relatively inexpensive in comparison to full-scale pyrotechnic
"testing of actual hardware, this technique would allow the determination of .
the dynamic response of proposed configurations early in the design stages.

If the tests indicated that these proposed configurations were inadequate,
~ redesign could be initiated before production of the actual hardware. This

- technique would also allow the conduction of parametric studies for deter-
mination of a satisfactory conf1guration 1f -early tests indicated that the
original designs were 1nadequate

The second principal advantage is that the technique would allow the deter-
mination of the states of strain in the model. Consequently, the testing of
-a model of a hardware configuration which had previously demonstrated failure
in actual pyrotechnic tests would allow the determination of the failure
mechanisms. This is in contrast to the information normally available from
actual hardware tests in that results from hardware tests are generally limited
to determining if the part does or does not fail under -shock loading.

In the study performed under the NASA contract, MDAC investigated the ~
feasibility of such a technique, using the available MDAC stress-wave generator
to conduct three test series on two configurations (without a cutout and with
a cutout) of a simple monocoque cylinder of Lexan. In these tests the
generator loaded the cylinder in the axial direction around the circumference
of the cylinder such that a compressive stress wave propagated in the axial
direction of the cylinder. The stress wave had a sine-squared shape with a -
duration of approximately 25 microseconds and produced a peak strain in the
cylinder of approximately 5500 u in/in. A dynamic photoe]ast1c polariscope
and strain gages were used to determine the states of strain in the cylinder
‘and accelerometers were also used to obtain data for correlation with the
photoelastic and strain-gage data. As the thickness of the walls of the model
were inadequate to allow the installation of the accelerometers directly to
the model, the accelerometers were attached to a Lexan block which, in turn,
was attached to the walls of the cylinder. . The experimental data was analyzed
'to determine dynamic response of the model (acceleration and shock spectra)
and finally a -study was conducted to investigate problems associated with the
"~ scaling of model results in -the determination of the dynamic response of an
actual prototype.

Reduction of the data indicated excellent correlation between the strain-gage
and accelerometer results (4 percent difference) and good correlation between
the photoelastic and accelerometer results (14 percent difference). For both
comparisons accelerometer data were compensated to account for the effects of
the accelerometer mounting block. The scaling study showed that, for models
and prototypes made of linear elastic materials and loaded in the elastic
range at load rates below 103 in/in/sec., all required scaling relationships
can be satisfied with the exceptions of the relationships involving body
forces and the relationships involving Poisson's ratio. Body forces can in
all Tikelihood be neglected but the effects of incompatibility of Poisson's
ratio must be assessed with analytical and experimental means. In the event
such-effects are unacceptable and uncompensatible, models must be constructed



from the same materials as the prototype. Scaling relationships were also :
developed for two classes of viscoelastic materials. The scaling study showed -
‘that the relationships of one of these classes can be satisfied even at load
rates greater than 103 in/in/sec. The results of the scaling study in .

"~ conjunction with the excellent data correlations show that the modeling

techniques investigated in this program may indeed be feasible for predicting
the response of full-scale prototypes to pyrotechnic shock loads.



0 U MODEL DESCRIPTION ~* - . .

A cylinder of Lexan polycarbonate-plastic was fabricated to the dimensions
shown in Figure 1. These dimensions were chosen for a number of reasons. -
First,an inside diameter of 10.66 inches was established to allow the use of

an existing forming mandrel, thereby reducing fabrication costs. - Second, the

"~ wall ‘thickness was picked such that the r/t ratio would have a minimum va]ue

of 50 but such that the thickness dimension would be a standard thickness for
Lexan sheets. A large value of r/t was desired in order to-approach the r/t

- values of actual aerospace structures. Too large a ratio however would result
in a wall whose thickness was inadequate to obtain photoelastic fringe
_patterns. Hence, 3/32 inch thick sheets were used, as this thickness is -
adequate for photoelasticity. =The final r/t ratio was therefore 54.2. Finally, .-
the length of the cylinder was,arbitrarin established as 20 inches, a length
that was approximately four times the radius of the cylinder. This length was
adequate to allow the investigation of the wave propagation without-inter-
ference from Toad nonun1form1t1es that occur near the loaded edge.

Fabrication of the cy11nder was accomp11shed by thermoforming two sheets of
Lexan of the appropriate d1mens1ons into half cylinders by the use of a ma]e
mold. These two half cylinders were subsequently butt-joined with ethylene
dichloride, a solvent of Lexan common]y used as a bonding agent, to form a .
complete cylinder. As the last step in the cylinder fabrication, both ends
of the cylinder were machined with a lathe to obtain the final cylinder length
and to assure that both ends were flat and parallel to each other. For ease
~in identification of location for the photoelastic pictures of the cylinder,
Tines were scribed on the cylinder circumferentially at one-inch increments
and longitudinally at 15-degree increments. A photograph of the fina]
cylinder conf1gurat1on is shown in Figure 2. :

‘Lexan was used as the material for the cy11nder ‘model . because Lexan is easily
thermoformed into comp11cated shapes and is a sensitive photoelastic material.
In addition, Lexan is an extreme1y tough mater1a1 and as such survives well
in a h1gh-shock env1ronment . , . :



| EXPERI'ME:N"IA'AL 'PROCEDURE

Loading Device

For this experimental program, the existing MDAC stress-wave generator was
modified to accept a cylinder of the type and dimensions previously described.
The stress-wave generator utilizes the discharge of a high-energy, high-
voltage capacitor bank to produce a relatively short-duration, high-intensity
pressure pulse. This pulse is accomplished by the discharge of the capacitors
through a low-resistance, low-inductance return circuit. Portions of this
return circuit, called the loading strips, are held in close proximity to each
other in such a manner that currents in the strips flow in opposite directions -
to each other. The resulting magnetic field tends to force the loading strips
“apart and this force can be quite large if the currents are of sufficient
magnitude. - A model, butted against one of these load strips, will experience
the same load h1story as the strip and, for a given physical configuration,
this load history is a function of the electrical parameters of the system
(capacitance, resistance, inductance, and charging voltage). Numerous tests
have shown excellent repeatability of the pressure history (on the order of
3 percent). The dgenerator therefore allows the production of repeatable high=
pressure, short-duration pulses over flat or curved surfaces. In the past,
pressure durations as short as four microseconds have been obtained with
maximum pressure magnitudes of 86,000 psi. With the present capacitor system,
these values mark the extremes of the performance but generally the device is
operated for longer duration pulses of lesser magnitude. For the experiments
of this program, the pressure duration was approximately 25 microseconds with

a peak magnitude of approximately 2000 psi. This pressure history was achieved -

by use of two capacitors, each of 12.5 microfarads, charged to 12,000 volts in
conjunction with appropriate values of resistance and inductance, empirically
determined, for the return:.circuit. Reference 1 gives a comp]ete descr1pt1on
of the stress -wave generator and its principle of operation.:

Prior to this test program, a11 experimentation with the MDAC generator had
involved the loading of two-dimensional models only. Hence, the loading

strip had been confined to the plane of the model. The loading of a cylinder, - °

however, required the design and fabrication of an entirely different loading .
fixture. The resulting fixture is shown schematically in Figure 3. As shown
in this figure, the current from the transmission line goes around the bottom
split cylinder, which serves both as a lTower loading strip and inertial block,

" to the top loading strip, again around a circular path, and finally back to
the transmission line. Not shown in this schematic are the 5-mil1 thick pieces
of Mylar used to insulate the loading strips and to insulate the slit in the
inertial block. Two other features should be noted in this schematic. First,
a cross-section of the top. loading strip shows a channel machined in this ,
strip. This channel accepts the Lexan cylinder wall and restrains the loading
strip from lateral displacement relative to the cylinder. Second, two sets
of Micarta brackets (only one set shown in Figure 3) are attached to the
inertial block. These brackets are sized such that the wall of the lexan
cylinder will just pass through the brackets and, therefore, prevent the .
cylinder from undergoing. any lateral disp]acements relative to the lower load
strip. _



A final part of the loading fixture is called the upper inertial block. This
jnertial block is simply a 2 inch by 14 inch by 14 inch aluminum plate with a
g inch diameter hole cut in its center. The placement of this block on top
of the Lexan cylinder (a circular groove was cut into the inertial block to
accommodate the cylinder wall and was cushioned with a rubber strip) prevents
the cylinder from long-time, rigid-body displacement but does not affect the

performance of the cylinder réla;iye to the first passage of the stress wave.

Inétrumentation

'ResponSe of the cylinder to the passage of the stress wave was determined by
photoelastic, strain-gage, and accelerometer techniques. The three techniques, .
as applied to this test program, are described in the following paragraphs.

Static photoelasticity generally involves thé fabrication of a two-dimensional
model of the part to be analyzed from a photoelastic material. This model is..
appropriately loaded and observed with a circular polariscope. Basically, a
circular pdlariscope 1s a device that allows the observation of the birefringence
of the model and, for photdelastic materials, this birefringence can be directly

related to the state of stress or strain that exists in the model. An observer

will see a series of dark and light bands which are collectively called the

fringe pattern and the fringe order for a given point is determined by counting o

the fringes to that point. This fringe order may be related to the difference -
“in principal stresses at that point by the equation o .

e S

where ¢
SOUX
thickness of the model, and K is a constant of the particular photoelastic
material called the stress optical coefficient. At a free edge of a model,
one of the principal stresses is zero and the other principal stress, lying
tangent to the edge, can be directly determined from Equation 1. This is
fortunate because the maximum stresses occur at a surface location for the
vast majority of static problems and, therefore, photoelasticity may be used

to directly determine these maximum stresses..

The experimental program at hand, however, involved a dynamic condition of
stress-wave propagation and, although the validity of Equaticn 1 still holds,
maximum stresses do not necessarily occur at a free boundary. Principal
stresses can be determined at free edges, as in the static case, but the
resolution of internal stresses.can only be accomplished with additional
information about the stress field, e.g., the existence of a uniaxial stress
field allows such a resolution. For the dynamic case, photoelasticity does
produce a dramatic qualitative indication of the stress state.

and o, are the brinciba1 stresses,'n is the fringe order, d is the o

g ——— .



- The photoelastic fringe patterns that result from this wave cannot be directly
observed because of their high velocity of propagation (approximately 5000
ft/sec). In the MDAC stress-wave generator, this problem has been overcome

by the use of a camera in conjunction with a high-intensity, short-duration

1ight source to-photographically stop the movement of the wave. The light

source employed uses a spark gap energized by high-voltage capacitors for a
half-width-at-half-maximum (HWHM) 1ight duration of approximately 0.5 micro-
seconds. The time at which the light source is activated relative to the
_initiation of the stress wave at the end of the cylinder is controlled by a
time-delay circuit.. For a given passage of the stress wave, this experimental -
setup allows the taking of only one photoelastic fringe pattern. Consequently

a number of discharges of the stress-wave generator, each with a -different
light-source delay time, are required to map completely the passage of the

stress wave through the model. The validity of this approach rests upon the
excellent repeatibility of the load history by the generator plus the operation -
of the generator at a load level that assures an elastic response of the
model. In this manner,. the photoelastic manifestation of the interaction of
stress waves in models-have been recorded in past test programs as well ‘as in
the model of this test program.

Modification of the.opt1ca1 path of the polariscope was required for this
experimental program to allow the observation of only one wall of the cylinder.
The final configuration was as shown -in Figure 4. Without the use of the
mirrors, the 1ight beam would pass through both sides of the cylinder and the
resulting fringe pattern would be a combination of the photoelastic patterns
of both sides. Also the mirror scheme allowed the repositioning of the camera
and the 6-inch diameter 1ight beam such that the entire length of the cylinder - -
could be sequentially observed, i.e., the limited diameter of the 11ght beam ai
prevented the observation of: the ent1re 1ength of the cylinder in a s1ngle o
optical pos1t1on T : , S

One biaxial strain gage and seven triaxial strain-gage rosettes were applied

to the cylinder model during the course of this test program. In the case of
the biaxial gage, one element was oriented in the direction of the cylinder axis-
and the other in the circumferential direction. Two of the three elements of -
the triaxial rosettes were also oriented in the axial and circumferential i

directions, with the third element located between the other elements at an
angle of 45 degrees. A1l elements had active gage lengths of 0.062 inch, a
size small enough relative to- the wave 1ength to prevent ‘distortion in the

gage readout (Reference 2).

A standard wheatstone bridge was employed to read the strain gages in con-
junction with a dual-beam Tektronic 555 oscilloscope. The applied excitation
voltage was 3.96 volts, a value that resulted in an output of 5 mv for a
strain in the active gage of 2500 p in/in. Calibration of the strain-gage

~ system was by the standard use of shunt resistors. Anamolous apparent strain
from heating of the active gage element was minimized by the use of a tempera-
ture compensation strain-gage element as a part of the wheatstone bridge.

Such a wiring for temperature compensat1on is commonly used in strain-gage
installations.



The d1scharge of a high- energy capacitor bank produces considerable electro- -
magnetic noise. This noise will saturate the preamplifiers of the strain-
gage electronics in normal strain-gage installations and recovery of the
preamplifiers will typically not occur for several milliseconds. Until the
recovery of the preamp11f1er, no data will be recorded. This problem was
minimized in these experiments. by use of shielded cables in conjunction with

a differential oscilloscope preamplifier. Induced noise will still obliterate
the oscilloscope trace until the capacitor discharge has completely decayed.
This decay- occurs at about 40 microseconds after discharge and, hence,
1imits the closeness to which gages may be read relative to the loaded edge. .
With a stress-wave propagation velocity in Lexan of 0.063 1n/usec, ‘the c]osest '
gage would therefore be at 2-1/2 inches. o .

The delay tr1gger feature ‘of the dual beam osc1lloscope was employed to delay -
the sweep of the beam that recorded the strain-gage output. -In this manner
‘the sweep was adJusted to occur at the time of the passage of the stress wave
over the gage and thus- allowed the use of a more sens1t1ve time base.

In the tests of this exper1menta1 program, two types of p1ezoe1ectr1c
accelerometers were used, the Endevco 2291 and the Endevco 2292. Both
accelerometers are designed for the measurement of shock accelerations, both
attach to the structure by 1/4-inch d1ameter holes tapped with 28 threads per
inch, and both have masses of 1.3 grams. The 2291 is nominally rated for a -
peak acceleration of 100,000 g with a resonant frequency of 250 kHz and a
sensitivity of 0.00385 picocoulomb/g. The 2292 is designed for a somewhat

- less severe environment, having a peak acceleration rating of 20,000 g, a
resonant frequency of 100 kHz and a sensitivity of 0.130 p1cocou10mb/g

Data from both accelerometers were recorded with a dual-beam Tektronic 555
oscilloscope. Two instrumentation schemes were used on both accelerdmeters.
In the first, termed the voltage mode, the accelerometers were connected
d1rect1y to the oscilloscope preamp11f1er This technique is simple but
requires an exact know]edge of the capacitance of each component of the
accelerometer circuits in order to calibrate the system. This calibration
resulted in somewhat non-standard calibration settings 1nvthat the voltage
outputs from the accelerometers were 0.00734 mv/g and 0.216 mv/g for the 2291
and 2292, respectively. An oscilloscope setting of 0.2 v/cm would therefore
correspond to a calibration.of 27,200 g/cm for the 2291 and a setting of

10 v/cm would correspond to a ca11brat1on of 46,300 g/cm for the 2292. -

The  second method of accelerometer instrumentation is called the charge mode.
A charge amplifier (Umholtz-Dickie Model D-11 was used in these experiments)
was inserted in the circuit between the accelerometer and the oscilloscope.
The charge mode has the advantage of independence of output upon circuit
capacitance plus the ability to calibrate the system such that a unit on the
oscilloscope face can be made -to correspond to whatever acceleration the
experimenter desires. This cal1brat1on was typical]y set at 30, 000 g/cm for
the exper1ments of th1s program, -



";TEST'SEQUENCE.AND EXPERIMENTAL RESULTS

The test setup for this program is shown in Figure 5 with the main components
of the setup appropriately labeled. Not shown in this figure are the control
console for the stress-wave generator and the e1ectron1cs for the strain-gage
and accelerometer 1nstrumentat1on

- First Test Series

The first test series was conducted on the monocoque cylinder to determine the
response of the configuration to an axially propagating stress wave. The
results of this test series served as.the baseline for subsequent tests and.
provided insight into the difference in response between that of a cylinder
and that of a flat plate, both without inc]us1ons or cutouts

The 1n1t1a1 1oad1ngs of the monocoque cylinder were used to obtain photo- _
elastic data on the cylinder. Photoelastic pictures were taken prior to the
installation of strain-gages and accelerometers to. provide a basis for deter-
mination of the effects that these other two types of instrumentation had on
the response of the cylinder. To cover the entire length of the cy]inder,'
the camera and other optical components of the polar1scope were placed in
three different configurations as previously described in the section on
instrumentation. The first optical configuration covered the cylinder from

2 inches from the loaded edge to 8 inches from the loaded edge (hereinafter
called the 2-inch location and 8-inch location, respectively). Photoelastic
fringe patterns were taken for this optical position at 40 microseconds after
initiation of the wave at the loaded edge (hereinafter termed a 40-usec.
delay) and at 10-microseconds intervals thereafter until the delay time
equaled 110-usec. At this delay time the wave was partially out of the field

of view and the optics were repositioned to cover the cylinder from the 6-inch -

location to the 12-inch location. Photoelastic pictures were taken for a -
110-usec delay to a 170-usec delay, again ‘in 10-usec intervals. The final
optical position covered the cylinder from the 11-inch Tocation to the 17-inch

location and photographs were. ‘taken at de]ays of 170-usec to 250-usec, ‘again --

in 10-psec intervals.

Typical fringe patterns for this test series are shown 1nVF1gures 6 and 7 and
Figure 6 indicates the manner 1n which ‘the frlnge order is interpreted for
these patterns '

After completion of this initial photoelastic mapping, seven Stra1n-gage
rosettes were placed on the cy11nder at the locations indicated in Figure 1.
This figure also. indicates the orientation of the triaxial elements of the .
rosettes relative to the cylinder axis. The initial tests after the
installation of the strain-gages were for the determination of the effect

that the gages had on the response of the cylinder. This effect was determined
by photoelastically observing the cylinder in the area of a gage during the
passage of the stress wave. The resulting fringe patterns, Figure 8, when
compared to the pattern previously taken for this location, allowed an assess-
ment of the strain-gage effect. (It should be noted that the first number of
a gage designation, e.g., the designation given in Figure 8, indicates the
location of the gage in inches from the loaded edge, the second number
1nd1cates the gage S angu]ar locat1on in degrees from the cutout centertline,



and the final letter of the designat1on 1nd1cates the orientation of the active
gage element, i.e., A stands for axial direction, 0 for oblique direction (45°),
and T for transverse [circumferent1a1] direction.)

Each element of al] the rosettes was subsequent]y read on the oscilloscope to

determine the strain .history from the passage of the stress wave. .In the cases f

of this first test series, the oscilloscope sensitivity was 2500 pin/in/cm and
the sweep rate was 20 psec/cm. - Typical traces are shown in Figures 9 and 10.

In conjunction with the reading of the elements of each gage, a photoelastic
fringe pattern was taken for each rosette with the delay time set such that
the peak of the wave was located directly beneath the rosette. These data
subsequently allowed a comparison between the peak strains, as measured by the
strain-gages, and -the peak photoe]ast1c fr1nge orders. Ny

Second Test Ser1es

A rectangular cutout was machined .into the cy]inder wall to constitute the
model configuration of the second test series. Figures 1 and 11 show the

~ location and d1mens1ons and a photograph of the cylinder is shown in Figure
12. . A

Photoelastic fringe patterns were recorded that covered the five areas shown
in Figure 13. As can be seen all of these views were in the region of the
cutout. Minimum intervals for fringe pattern time delays were 10 usec and,
for the area covering the cutout, the 1nterva]s were 2 ‘usec. Typical patterns
are shown in Figures 14 through 16. :

As in the first test series, a11 strain-gage outputs were recorded with the
oscilloscope. For this series, however, a minimum of three oscilloscope
records were made for each e]ement, at least one record for each of three
sweep rates: 100 usec/cm, 20 psec/cm, and 5-upsec/cm. The long-time readings

- (100 usec/cm) provided late-time response of the cylinder while the short-time
read1ng (5 pusec/cm) provided greater resolution of the initial pulse. Vertical
axis sensitivites were the same as that of the first test series, i.e., 2500
uin/in/cm. Various traces are shown in Figures 17 through 19.

Third Test Ser1es

The. third test ser1es was for the determ1nat1on of the axial acceleration of
the cylinder by the use of accelerometers. - As previously mentioned, the
reason for obtaining accelerometer data was for a comparison of-this data for
cylinder response with the data obtained by strain-gages and by phofoe1ast1city.
- Such-a comparison would be facilitated if ‘the measurements were made in a
uniform field away from the wave disturbance that results from the cutout. For
this reason, the accelerometers were mounted on the cylinder in a position
d1ametr1ca]1y opposite that of the cutout. As the accelerometers are large
relative to the wall thickness of the cylinder, it was necessary to design and
~install a mount for the accelerometers. The mount was also made from Lexan
and bonded to the cylinder with ethylene dichloride. Its geometry and location
are shown in Figure 20 and the photograph of F1gure 21 shows the mount with
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 the 2292. acceierometer in place. Any decrease in the magnitude of the stra1n:
-in the mount, relative to the virgin cylinder wall,.could be determined by

- - photoelastic observation of the mount.

Acceleration read1ngs were taken using the 2291 and 2292 accelerometers in
both the voltage mode and the charge mode.  Typical outputs for the voltage
mode and charge mode are shown in Figures.22 and 23 respectively. Photo- :
elastic fringe patterns were taken of the propagat1on of the wave through the
mount F1gure 24 shows a typ1ca1 pattern _

.. .711‘ -



. DISCUSSION OF EXPERIMENTAL RESULTS

First Test Ser1es

Examination of the fringe patterns (F1gures 6 and 7) taken on the monocoque
cylinder before the installation of strain gages shows that the propagating
stress wave was uniform in magnitude and velocity of propagation. These -
patterns show h1gher fringe orders at the edge of the pattern and, consequently, -
give the erroneous impression that the cylinder walls in these areas were under
a greater state of stress. The 1ight passes through a greater amount of
material at the edges of the pattern because of the cylindrical shape of the
model. For such a situation an increase in fringe -order is expected in that
Equation 1 indicates that the observed fringe order, for a given stress state,
is directly proportional to the thickness of the material.

Comparison of Figures 6 and 7B shows that 160 usec are required for the peak

of the stress wave to travel 10.1 inches. The velocity of propagation is
therefore 0.063 in/usec. Pulse length in Figure 6 is 1.6 inches, corresponding
to a duration of 25 usec.” In Figure 7B however the pulse has dispersed to a
length of 1.7 inches for a duration of 27 usec. These data indicate that
although attenuation and dispersion do occur, they are relatively s]1ght over
the Tengths observed.

Photoelastic fringe patterns (Figure 8) indicate that the strain gages have .
only a localized effect on the strain field. In Figure 8B, show1ng the stress
wave shortly after passing Gage 9-0, the leading edge of the wave is essentially:
- without distortion, thereby 1nd1cat1ng that any disturb1ng effects from the IR
gages are of a trans1ent nature

The axial elements of all the rosettes gave peak strains that were approximately
5500 uin/in with durations of about 25 usec. These values correlate with the
duration as determined photoelastically. Also the strain-gage data indicated -
little or no dispersion as the wave propagated through the cylinder. Compari-
son of the axial strain data for the S-inch and 15-inch locations (Figures 9A
and 9B) indicate interesting differences in wave shapes. In Figure 9A a
decrease occurs in the negative slope of the curve which is not manifested for
the corresponding time in the trace of Figure 9B. Furthermore the photoelastic
fringe patterns for these locations (Figures 6 and 7B) indicate this same
variation in wave shape as a function of position on the cylinder. The cause
of this local slope change is not known. The" smooth1ng of such a variation as
the wave propagates is, however, pre01ctea by the theory of wave propagation
(Reference 3)

The trailing r1pp1e in the strain pulse of Figures 9A and 9B is probably an
indication of the underdamped condition of the LRC circuit of the stress-wave
generator. Under the conditions of operation of these tests, the current as

a function of time in the loading strip is that of an exponentia]]y decaying
sine function and each reversal of the current results in the transmittal of

a pressure pulse to the model. For the stress-wave generator, theory predicts
that the magnitude of any pulse is a function of the square of the current
and, consequently, subsequent pulses are of much less magnitude. As the
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current as a function of time is a sine function, it also follows that the
shape of the pressure pulse should be that of a sine- squared function. For
" the case at hand only one secondary pulse is detectable in the strain-gage
traces. As can be seen from Figures 9A and 98, this pulse propagates behind
the main pulse for the entire length of. the cylinder.

The oblique (45°) gages gave peak strain values that were approximately one
half of the peak axial strain values while the transverse gages showed that
circumferential strain remained at zero throughout the wave passage. The _
" geometry of the model (large r/t ratio) makes the application of plane stress
relationships valid. The readings of the oblique and transverse gages o
- indicate that the cond1t10ns are more restrictive than plane stress in that the
‘c1rcumferent1al stra1n 1s zero.u The stress-stra1n relat1onsh1ps therefore - -
'become e : : o :

N '_‘_Al-\‘)_'zf' S A
o= Xty - (3)
CYTTR Y 3)

where dx and oy are'the aXlal‘and cerumferential stresses respectively, E is
Young's modulus, v. is: Po1sson S rat1o, and e 1s the. axial strain.

The back-to- back triax1al rosettes at the 5 inch, 30- degree location (Figure 1)
gave identical readings, within experimental accuracy for all elements. There °
was therefore no bending in the walls and no radial displacement. This
indicates that, for the stress-wave length of these tests, the wall of the
cylinder responded in the same manner as a flat plate of the same thickness
would have responded. Generally speaking, the geometry of the cylinder would
probably not affect the stress-wave response unless the length of the wave

- were equal to, or greater than, the circumference of the cylinder.

Generally, shock’ responses of aerospace veh1cles are described in terms of
acceleration as a function of time for various points on the vehicle or in
terms of a shock spectra consisting of response representations obtained by
reduction of acceleration histories. In order for.model data to be readily
used by the aerospace industry, it is necessary that the raw model data be
reduced to acceleration histories or reduced to shock spectra. The last test
series of this experimental program determined accelerations directly by
accelerometers. The disadvantage of such an approach for model application
is that the available accelerometers are large relatively to the structure of
the model. One then has the classic case of altering the response one wishes
to measure by the very act of making that measurement. For this study photo-
elasticity and strain-gage techniques were investigated for the feasibility
of reducing these types of data to accelerations of the model. The following
paragraphs descr1be how this was - accomplished



For a plane wave traveling 1n “the d1rect1on of increasing x, displacement as -

a funct1on of pos1t1on and t1me may be wr1tten as
u ='f_(c6tp4fx) @

where. u is'displacement, f represents the function, co is the propagation

ve1ocity, and t is time.. Separate d1fferent1at1ng of Equation 4, f1rst with -
with respect to X and then w1th respect to t, will y1e1d

.au

R ‘”-x) ST
'i::%%?=.cbff‘(;6; ;'X5A e -*t’ o 6

Solving both equation5>foh_f‘ (cot-f x)7and:equating'the resu]tsfgives

du _ o u L o
3t - " S ax - - R (7)

As du/3t is the particle velocity (v ) and au/ax is the stra1n in the x
d1rect1on (e ). Equation 7 becomes

D1fferentiation of Equat1on 8 with respect to time will yield the acceleration

: d €y .
AXQ-,'.Co at : (9)

where A, is acceleration. Equation 9 simply states that the acceleration is
equal to the propagat1on velocity times the instantaneous slope of the strain
history for any given time. It should be rea]ized that the foregoing argument
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is valid only for the case of the propagation of a plane stress wave. - In
practice Equation 9 means that a strain history may be reduced to an
acceleration history by a point-by-point measurement of the slope of the
strain history. The disadvantage of this approach is that small variations
in the strain history may result in large variations in the slopes. For the
present study, however, the strain histories are smooth curves and such a
reduct1on as here1n descr1bed is both stra1ghtforward and accurate

Maximum acceleration is then determ1ned by measurement of the maximum s]ope ,
For example, Figure 18B shows the strain history of Gage 9-0-A. The maximum
strain rate is calculated. as -754. in/1n/sec This value, a]ong with the
velocity of propagation of 0 063 1n/usec resu]ts in a maximum acceleration .
of 126,000 g. '

In Tike manner the slope of the strain may be obtained from the photoelastic
data. This is accomplished by determining the fringe order at a given point as
- a function of time. Such a determination requires a series of photographs of
the fringe patterns at the point, each taken at s]1ght]y different times. The
_data obtained from these photographs would be a series of discrete points
plotted as a function of time and connection of the points would yield a
continuous curve of fringe order versus time. Application of Equat1on 1, for
_conversion of fringe order to difference in principal stress, and Equat1ons

- 2 and '3, for conversion of difference in principal stress to strain, results -
in a plot of strain versus time. The procedure for obtaining acceleration
from this stage onward is then identical to that employed with the strain-
gage data. ,

There are certain difficulties in the reduction of photoelastic data to obtain
accelerations. First, a large number of photographs are required to accurate]y-v
record the changing photoelastic pattern and the minimum time separat1on
between these photographs would be a function of the maximum strain rate.
Typical required separation times are on the order of two microseconds between
photographs. For a stress wave typical of this test series (duration of 25
usec), such a time separation would require'a minimum of 12 photographs.

Second, determination of exact fringe order in most cases would require extra-
polation to non-integral values of fringe orders. These non-integral values
must be estimated from the photographs and such estimation could give rise to
inaccuracies. Finally the reduction of differences in principal stress to
axial strain requires additional information as to the type of stress field
that exists at the point of interest. In the monocoque configuration, for
instance, "it is known that the conditions are that of plane stress with zero
circumferential strain. Without such additional information the photcelastic
data cannot be reduced to accelerations. A method of surmounting this ,
limitation is possible, however, and is discussed in the section on conclusions
and recommendations. Accelerations determined from strain gages were used in
the data reduction for the test series of this program, rather than those

~ determined from photoelastic data, because of. the relative ease with which

, stra1n-gage data may be reduced to acce]erations



The assumption that the pressure applied to the loaded edge is a sine-squared
function of time gives an interesting check on the va11d1ty of the maximum-
acceleration measured with strain gages. Again assum1ng classical wave
propagation. theory, it _can- be shown that the max1mum acceleratlon for a strain
pu]se having a sine-squared shape 1s :

-A~<;:=';~;O~¢Mf"~-
max. . - P .

where <, is as previously defined, Y 1s the maximum stra1n (-5500 pin/in) and

P 'is the strain duration time- (25 psec). - Substitution of these values will
result in a maximum acceleration of s, 000 g, a va]ue very c]ose to the
measured value ' : _ A

Second Test Series

As was expected the photoe1ast1c fr1nge patterns taken prior to the arr1va1 of
the stress wave at the cutout are identical to those patterns taken on the
uncut cylinder. The interaction of the stress wave with the cutout are shown

(1'0)

in Figures 14 through 16. - Three phenomena are readily apparent in these figures.

First, the reflection of the compression wave at the lower edge of the cutout
results in the propagation of a tension wave in-the opposite direction from

the initial compression wave. Second, the interaction of the stress wave with -
the cutout results in a stress concentration at the corners of the cutout.

This is manifested in the large increase in fringe order that occurs at these -
corners. ~Figure 14B indicates that the maximum fringe order at these corners -
is 10, compared to a maximum fringe order of 4-1/2 at a location away from

the cutout. These fringe orders, together with the assumption that a plane-
stress, uniaxial-strain field exists in the cylinder wall and that a plane
stress field exists at the edge of the corner, results in a strain concentra-
tion value of 1.62 and a stress .concentration is 1.40. For this program strain
and stress concentrations are defined as the maximum values of such quantities
at the location in question, e.g., the edge of the cutout, divided by the
max1mum values of such quantities in the free field of the cylinder.

F1na11y, the photographs indicate the formation of oblique relief waves,

(shown in Figure 15A) on both lateral edges of the cutout, that propagate
into the remainder of the cylinder at an angle of approx1mate1y 45 degrees.
As previously mentioned the strain field of the stress wave, prior to the

arrival at the cutout, has no strain component in the c1rcumferent1a1 direction

and, hence, there exists a biaxial stress field. For a free edge, however,
there can exist no stress component perpendicular to this free edge, and when
the stress wave arrives at the cutout, the circumferential component of the
biaxial stress field is relieved. at the edge of the cutout. This relief
propagates into the remainder of . the cyl1nder and gives rise to the ob]1que
relief waves.
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'F1gure 158 shows the bendlng of the stress wave around the back of the cutout
The subsequent reunification of the wave components (Figure 16) results in a.
fringe order considerably reduced from the free-field fringe order. As can
be seen in Figure 16B this reduction is by a factor of approximately two:when
- the peak of the wave has: propagated a d1stance away from the cutout equal to

the height of the cutout.

The strain-gage traces for the second test series’ (Figures 17 through 19)
further illustrate the phenomena observed in the photoelastic patterns.

Figure 18A, showing the output of Gage 9-0-A, dramatically demonstrates the-
passage of the initial compression wave and the subsequent passage of the
tension wave that reflects from the lower edge of the cutout. This phenomenum
of wave propagation and reflection is also shown in Figure 17B, the trace of
Gage. 15-0-A taken at a sweep rate of 100 usec/cm. Point A of this trace is
‘the initial passage of the wave (note that the magn1tude of this passage is
approximately half that of the free field shown in F1gure 17A, thereby
correlating with the photoelastic results), Point B is the tension reflection
~of the wave from the free end of the cylinder and Point C is the compression
reflection of this tension wave from the top edge of the cutout. In all cases
the arrival times of the waves: corre]ate with the measured propagat1on
velocity of 0.063 uin/sec ' . S

Third Test Series

As mentioned previously, two types of accelerometers were each employed in two-
different types of data acquisition modes to measure the acceleration of the
cylinder wall. The acceleration histories, shown in Figures 22 and 23,
indicate that in all cases the measured acceleration was approximately 62,000
g. This value is.considerably less than the acceleration of 126,000 g
determined by the reduction of the strain histories obtained from the strain-
gages. The mount to which the accelerometers were attached had a depth of
0.375 inch compared to the underlying wall thickness.of 0.097 inch. With this
large difference in thickness, a reduction in acceleration is not surprising.
The task then became that of correlating the acceleration measured on the :
mount with that calculated from the strain gage outputs. Two approaches were
taken to resolve this issue: : -

First, photoelastic pictures were taken of the stress wave as it propagated
into, through, and beyond the accelerometer mount. One such picture is shown
in Figure 24 and, as can be seen, resulted in considerable disturbance to the
free-field photoelastic pattern. This pattern also allows an assessment of
the average strain in the mount and cylinder wall directly under the mount
relative to the strain in the cylinder wail in a region undisturbed by the
mount. Such an assessment is. accomplished by comparison of the maximum fringe -
orders in each position in conjunction with certain'assumptions concerning
the stress-strain field in these two regions. The stress-strain relationship
for the cyl1nder are given .in Equations 2 and 3. These two equations may be
combined to give the following expression for the ax1a1 stra1n :

()(o o) S an
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. Because the lenéth'of the wave is lbng compared to the cross-section dimensions
of the mount, a condition of uniaxial stress is assumed to exist in the mount.
The applicable stress-strain relationships are therefore

R B N N - -'-‘ev o

"o' =o o | | | in
: For later eoeﬁehféﬁgé.quégioﬁs}iziapq;1seere,reﬁritten-5§ ,

‘The" d1v1s1on of Equation 14 by Equation 1 wil] result in an expression for
 the rat1o of the ax1a1 stra1ns This expression reduces to .

(e) S (c _6 i L 4. | . _ - -

xy-l
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where the subscr1pts 1 and 2 refer to the mount and cylinder respectively.

These differences in principal stress are determined by the photoelastic .
fringe patterns as applied to Equation 1. The ratio of the differences in "y
principal stresses may ‘be - written L 3 :

(cx oy)] “].dzi‘

(16)

where n is the maximum fringe order (17 fringes and 4-1/2 fringes for the mount
and cylinder wall respectively) and d is the optical thickness (0.472 inch for
the combined thickness of the mount and cylinder wall and 0.097 inch for the
cy11nder wall alone). The application of these values plus the value for
Poisson's ratio of 0.37 to Equation 15 and 16 results in a ratio for the axial
strains of 0.56. The strain in the mount is therefore 56 percent of the strain
in the cylinder wall. This result can be applied to determine the ratio of the
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" maximum accelerations if it is assumed that the axial strain histories of the
mount and cylinder wall are of the same shape, differing only in magnitude.

If such a condition exists, then the ratio of the maximum accelerations equals
the ratio of the maximum strains. The maximum accelerations in the mount

should therefore be 56 percent of the maximum acceleration of the cylinder

wall. Assuming that the wall acceleration is 126,000 g (as determined by :
strain-gages) then the acceleration in the mount would be 71,000 g. Considering
the assumptions made in the foregoing analysis, this value is reasonably close

to the acce1erometer ‘value of 62,000 ‘B this’ dlfference amount1ng to 14 percent.

As a second approach to the determination of -the validity of the accelerometer
readings, a biaxial strain-gage was placed on the accelerometer mount in the
position shown in Figure.20. - The output of this gage is shown in Figure 25

and indicates the existence of a biaxial strain field and hence the poss1b111ty
of a uniaxial stress f1e1d

The reduct1on of the axia] straln history glves a max1mum stra1n rate of 357 o
in/in/sec corresponding to a maximum acceleration. (Equation 9) of 59,000 g, a
va]ue approx1mate1y 4 percent below that obta1ned With the acce]erometers

A summary of the va]ues obtalned by the three 1nstrumentat1on techniques for .
accelerations is given’ in Table 1.

A comparison of the accelerometer trace of Flgure 23A for the 2291 w1th that

of Figure 23B for the 2292 shows that the p051tive portions of the traces are .
nearly identical. The negative port1ons are different, however, in that local
oscillations occur in this portion in the trace from the 2292 accelerometer:

but do not appear in the trace from the 2291 accelerometer. Figure 23B shows

. that. five cycles of local oscillation occur for the 2292 in 36 microseconds,
correspond1ng to ‘a frequency of 139 kHz. -This frequency is close to the"
manufacturer's stated resonant frequency of 100 kHz for this transducer and -
these local oscillations are probably the excitation of this resonance. :No

such oscillations appear in the traces for the 2291 at a frequency of 139 kHz -
nor are there oscillations at 250 kHz, the. resonant frequency of the 2291

o—

- accelerometer.

The peak magnitudes of the negative portions of the acceleration histories are
less than that of the positive portions. This decrease in the absolute value
of the maxima is reflected in both the strain-gage data and the photoelastic
data. Figure 17A, showing the axial trace of Gage 5-0, indicates that the
absolute value of the slope of the tra111ng portion of the strain wave is of.
lesser magn1tude than the leading portion. This then translates into a

lesser value for peak accelerations at the trailing portion of the wave. This
nonsymmetry is also manifested in many of the photoe]ast1c fringe patterns,
e.g., Figure 6, where the increased spacing in the’ tra111ng portion of -the

wave are 1nterpreted as a decrease in the maximum strain rate.

For a further characterization of the shock’ pulse, the outputs obtained in the
" .charge mode of both accelerometers (Figure 23) were reduced to produce shock

~ spectra. This was accomplished by first making photographic transparencies

- of the osc1lloscope photographs and using these transparencies to reduce the
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accelerometer traces to-digital data by the MDAC Graphicon System. The
Graphicon consists of a 1ight table in conjunction with a light pen. The
tracing of the oscilloscope record with the 1ight pen produces a digitized
record of the acceleration that is stored on magnetic tape. In the system
used, this digitization results in 1024 data points. The magnetic tape was
processed on an XDS-930 computer with the MDAC ELS-1 computer program to
produce the shock spectra. Also outputted by this program is a plot of the s
digitized acceleration history. The acceleration histories and shock spectra _
are shown in Figures 26 through 29 for both accelerometers. '

As would be expected, the shock spectra are very similar for the 2291 and 2292.
The peak of both occur at about 150,000 g. This value is about 2-1/2 that of
the peak acceleration of the acceleration histories and such a ratio is
characteristic of shock spectra. It is interesting to note the local peak in
the negative response portion of the shock spectra of the 2292 in the region -
- of 100,000 kHz. . This local peak is apparently from the resonance excitation,
~and as such does not appear in the spectrum of the 2291 : v
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" SIMILITUDE FEASIBILITY STUDY

Introduction

The feasibility of scaling model data to determine the dynamic response of
full-size prototypes'depends fundamentally on what physical parameters are
important in the response problem. At one end of the spectrum are linear .
elastic response problems for homogeneous, one-dimensional structures that
are insensitive to strain rate and that are undamped. At the other end are
response problems .for structures whose material consitutive relationships are
of such complexity as. to make scale modeling extremely difficult if not
impossible. The present study is concerned with metallic structures of
isotropic materials and scale models of plastic materials. It is helpful to
first review the modeling requirements of three-dimensional elasticity for

an isotropic body. Next the feasibility of scale modeling when stress depends
on strain rate as well as strain will be 1nvest1gated and f1na11y, mode1
fabrication problems will be ‘reviewed. :

Model Requirements for an Isotrop1c Body T ' f

Consider an isotropic, homogeneous, 11near ‘elastic body that occup1es a.
volume V bounded by a surface B as shown in Figure 30. The undeformed body

is 1n1tia1]y at rest 1n a uniform gravitational field g 9. The body is sub-

jected to body forces ~ (Z, t) in the interior, surface tractions 3 (Z t)
on a portion of the bound1ng 'surface, BS’ and the d1sp1acement vector ¥ (~, t)
is prescribed zero on the rema1n1ng portion of -the bounding surface, B . The

u

coordlnates z; of a po1nt Z are with respect to an orthonormal Cartesian frame

that can be considered an inert1a1 frame “The. field: ‘equations for. infinitesimal
d1sp]acements are T T P L

—————

2

.;§—é¥lj+ f_1 p --—2- + 09 d , . (n
94 é'2“€13 +jk'éij €xk _(18)
o du, 3
f15 7 V2 Gzt ey (19)

i3 and €y are respectively the components of the stress and strain

tensors of c]ass1ca] e]ast1c1ty, u1 are the ‘components of the displacement

where g
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vector; d are the d1rect1on cosines of the grav1tat1ona] f1e1d ‘A and p are-

the Lame constants of the mater1a1 and P is the mass density. -The initial
conditions are- . : o

" -*u_,ik'(Z",, 0-=0 - (20)
'.at (~, 0) R @

and -the boundary conditions ehe;,'

Coo TS thseB (22)
oy dn=eies, (@)

 where nJ are components of the outward un1t normal D to 8 at the point Z on

th1s surface. These cond1t1ons and the f1eld equations comp1ete1y ‘determine
the response ~ (~, t), o (~, t) and €4 (~, t) and hence identify a11 the

phy51ca1 parameters 1mportant in the response problem. In general it is not
necessary to know the governing equations to identify the important physical
parameters in the response problem. In fact, having identified the important
physical parameters, the modeling requirements can be determined using the
Buckingham Pi theorem without recourse to the governing equations. Counting
the components of a vector or tensor as only one parameter, there are eleven
physical parameters that determine the response which implies there are eight
dimensionless Pi terms that are sufficient to describe the response. - The

~ eleven parameters* are o, fi’ g, Uss t, Si’ s Uy Py &, and.zi, and a-

convenient set of Pi terms is-

(__15_29&'2'
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The quantity'z is any éonvenient chafaeteristic'1ength;

* Strain:eij and the direction eosinesfdi are already dimensionless.
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These are not un1que but area commonly used set of d1mens1on1ess parameters. .1_
Equat1on 24 can a]so be written o : _ :

(f1_ 098 fl._-“_1
TR R et

_ S1 o :
13, ,—ﬁ— | - (28)
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The scalihg‘Taws,thétfere,ﬁﬁbTied_by‘EquatianZS:Cén be stated:as
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Where the subscript m denotes modelland p denotes prototype. The strains €4
and direction.cosines di”must‘also be equal. It should be emphasized that
the relations of Equation 26 are not dependent on the governing equations;
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they depend only on the Buckingham Pi theorem. The strain-displacement
equations. and stress-strain equations can be nonlinear for example. The
interpretation of the relationships given in Equation 26 is relatively
stralghtforward For instance, the first relationship of Equation 26 means
that stresses in the prototype can be determined simply by multiplying the
stresses measured in the model by the ratio u /u , provided that all the

other conditions of Equatlon 26 are sat1sf1ed The satisfaction of Equation

26 can, however, require stringent model design, especially if gravity forces
are important. When the model and prototype are of the same material,
simulation of these forces requires either a full-scale model or requires the
changing, somehow, of the magnitude of these force fields. The problem could
be further compounded if the model and prototype were made of different
material. Even when grav1ty forces are unimportant, Equation 26 requires
replica mode11ng and. requires the use of materials that have the same Poisson's
ratio, i.e., (\u) = 2v/(1 2v).

The use of models that have Poisson's ratios different from the prototype
require an examination of the influence of Poisson's ratio on response. Past
experience in photoe]ast1c1ty for static loadings of models have shown that
differences in Poisson's ratios generally have insignificant effects in the
prediction of stresses in the prototype (References 4, 5, and 6). As the
similitude relationships for the static case are the same as those of the
dynamic case (Equation 26), with the exception that the relationship

(t/2 u/p ) = (t/2 /u7p) need not be satisfied, it is possible that the effect

of d1fferent Poisson's rat1os may also be insignificant for the dynamic case.
An indication of the effect for the dynamic case can be obtained by an. =
examination of the equations .of motion (Navier's Equations). First a change
of var1ab1es w111 be made to non-d1mens1ona11ze the equations per Equat1on 26.

§j = 24/% uf = uy/t
T=(t/8) wo, f¥ = i 2/u, g% = pg 2/u
and the di]atation,'e'é ekk,:défined s0 that the equation can be written
2

uf + fg g d1 + ———-(u ) - (27)
. :

e 2\,) (e) o

The only term exp11c1t1y dependent on Po1sson s ratio is the dilatation term
(i.e., hydrostat1c stress term). The value of v for Lexan is near 0.37 while
v for aluminum is near 0.30 and, in this range, the coefficient 1/(1-2v) does

- 24



change significantly. To determine if this distortion will in turn produce a
significant effect on dynamic response, MDAC has a two-dimensional computer
simulation code (TOODY) that can be used to predict response for a reference
shape using different values of Poisson's ratio. Should the response change
significantly, a prediction factor to correct this distortion could possibly

be determined empirically for the actual structural shape. This would require
the testing of several plastic models with different values of Vo and plotting,

for example, the strain (or any of the nondimensional parameters of Equation 26)
versus v_. The ratio of the nondimensional strain at the correct v and the -

distorted v would be 1nterpo]ated from this graph and used directly to predict
prototype response. Although the determination of a prediction factor is a
standard engineering procedure (Reference 7), the need to fabricate and test
several models, p]us the difficulty or impossibility of adequate variation of - -
Poisson's ratio in these models, make the app]lcatlon of this procedure
questionable for the type of tests described in this report. In any event
should the effects of difference in Poisson's ratios prove unacceptable, there

still remains to the experimenter the use of mode]s made from the same: mater1als~

as the prototype.

Stra1n .Rate Effects

In the present study the loading conditions are 1mpuls1ve in nature and the
physical parameters affecting structural response must be re-examined. . This
will be done using the simple Voigt viscoelastic model and a more genera1

- viscoelastic model (Reference 8) that satisfies fundamental thermodynamic
considerations. The Voigt model traditionally has been applied to describe
viscoelastic behavior because of its relative simplicity. However, as shown
in Reference 8, the Voigt model exhibits implausible thermodynamic behavior.
This is un1mportant at Tow strain rates but, for high strain rates, use of the
Voigt model is questionable. The more genera] viscoelastic model has no such
inherent limitations and consequently is valid at high as well as low strain
rates. In an effort to be comprehensive both models are considered and it
will be shown that the scale modeling requirements for the more general mode]
are quite d1fferent from those obtained for the Voigt model.

Cons1der first the one-dimens1ona1 Vo1gt re]ation for stress as a funct1on of
strain and.strain rate. .

=Ee+ne - - (28)

|n1s 1dent1f1es one new phys1ca1 parameter, n, that must be considered to

determine the structural response. -The un1ts of .this parameter are FL’ -2 T
and using the Buckingham Pi theorem aga1n we obtain the additional modeling
requ1rement . : ' :



ey - ,-“-.) o i 29
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This requ1rement is s1m1]ar to that obtained for body forces and gravitational
forces in that the rate constant n must be changed in proportion to 2. The
only manner in which this could be satisfied .would be to determine the para-
“meters of n, u, and p for both the prototype and model materials, apply these
values to Equation 29, solve for the rat1o L /2 , and apply this ratio to the:

scaling of the model relative to the prototype It is unlikely that the ratio -
would be of a suitable value. Furthermore, if the prototype and model are of
‘the same material, the ratio is one and the model would be identical to the S
prototype. In fact a- -small model of the same mater1a1 w111 accentuate strain-
rate effects accord1ng to the Vo1gt mode] since. - : :

’-’?':fkﬁoii;i(%bie-ﬁlff a‘ - j,:,- f‘ -._ : ::(30)u3'.

These differences will be small if the condition E€ > n ¢ ho]ds

. Reference 9 indicates this 1s true of metals and plastics at structura]-

" response strain rates' (€ ~ 103 gnlin/sec) but that it is not true of plastics
at shock-response rates (¢ ~ 100-in/in/sec). The strain rates associated with

the Lexan models of the present study were all under 103 in/in/sec. If higher

strain rates are necessary, empirical correction curves obtained with different

model materials offer one possible solution. . This assumes of course that the

materials are all governed by the Voigt model. oo

The va]idity of a.Voigt'mode] is questionable at very high strain rates for
most engineering materials in that these materials possess an initially
elastic response not predicted by a Voigt model. Valanis, Reference 8, page
349, demonstrates that "contrary to expectation the rate of irreversible
entropy production increases with the square of the rate of strain according

to [the Voigt] theory." The effect of strain rate will now be reconsidered

on the basis of a model exhibiting behqv1or that is thermodynamically plausible.
This model is based. on a viscoelastic potential that includes thermodynam1c
coordinates and leads to™ he'stress response at a point as

t .I

: l. ! . . o ’ l - '.'. a Ekl L.
- oiJ (t) ciJklekl (t) + I . 1Jk2 (t G) d(!

@

S T



which for isotropic materials is_

043 (8 = degi(£)845 + 2w egy (8) #

@

R e E e A
, §1J J A (t-a) kk da-+ ZJ u (t-a)———g-da

This identifies two new physical parameters A! (t) and (t), both functions
of the history of deformation, .that must be considered to determine structural
response. The units of these parameters are- FL-2 and .using the Buckingham Pi-
-theorem we obtain - ST L o

Al (tm).‘ ‘V“';.,V;-A-‘ (t )
-—fir—ff,ﬁf_il__—ﬁigilp"" |
‘1'(t') S (£ )'J (33)
wo(t) ou |
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where model time and prototype time are related as in Equation 26. These ,
requirements indicate that if the model and prototype are of the same material,
the nondimensional response: will be the same provided the nondimensional
deformation history in model time is the same as the nondimensional deformation
history in prototype time. Equation 33, in conjunction with Equation 26,

therefore indicate the feasibility of accurately determ1n1ng prototype stra1n-
rate effects from measured stra1n rate effects in a model.

. Fabrication Effects .

In the previous discussion the possibility of replica scale modeling of all
important dimensions was tacitly assumed. In actuality the fabrication of a
true geometrical model could be difficult in that some portions of the pro--
totype often are relatively small compared to the overall dimensions of the
prototype. The construction of a modei of reasonabie overall size would then
require that these portions be extremely small. A serious manisfestation of
this problem occurs in the case of models of vehicles that have very large
r/t values. For example, a vehicle with an r/t of 500 would require a wall
thickness of 0.010 inch in a 10 inch diameter model, in contrast to the 0.097
inch wall thickness of the.model of the test program described in this report.
The wall thicknesses required on such models may be too small for an accurate
geometrical reproduction. One possible solution to such a situation, is to
construct a distorted model, distorted in the sense that the thickness
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dimensions of the model violates a true geometrical scaling. The major
difficulty of using a model distorted in the thickness dimension occurs when

- the response of the model to bending forces and to in-plane forces are both

of importance. In such cases the ratio of the dynamic response of the

. distorted model to the dynamic response of the prototype will be a continually
varying quantity. Hence there will be no set multiplier to convert model
response to prototype response.

The use of distorted models in static testing is not an uncommon pract1ce
‘(Reference 7) and has previously been outlined in this report concerning the
violation of the Buckingham Pi relationship (Equation 26) involving Poisson's
ratio. In all probab111ty, however, the dynamic aspects of a d1mens1ona11y
distorted model will not in general be compensatable

Consequently it appears.that it will be necessary to adhere to strict
geometrical models. The consequence to the experimenter of strict adherence
to true geometrical models may not be as serious as it first appears.
Although the diameter of the model used in this test program was just over

10 inches, there is nothing inherent.in the technique which prohibits the use
of larger models. A diameter of 20 inches, for instance, would result in a
wall thickness of 0.020 1nch for an r/t of 500 and a wall thickness of 0.010
inch for an r/t of 1000. - Fabrication of model cylinders of either of these
thicknesses are w1thin the present state-of-the-art.

There are other prob]ems 1nvo]ved in true geometr1ca1 mode11ng that, although
not as important as a violation of the r/t ratio, must nevertheless be
considered. Actual flight hardware often has irregular construction detail
that may make it impossible to achieve truely replica modeling. This is
particularly true of joints and fasteners but it could also include such
things as residual stresses caused by fabrication. Consider for example a
welded part that has very thin gages when scaled. If the scale model is-also -
~ welded, the resu]ting Jo1nt may have vastly different properties because of
thermodynam1c differences in the two welding processes. If a substitute
mechanical joint or no joint at all is used, the vibration characteristics of
the model and prototype may differ considerably. Perhaps the most noteworthy
example of the problems.that can arise from joint and fastener differences is
the 1/10 scale replica model of the Apo]lo/Saturn V, described in Reference 10.
This was a quality model in which serious efforts were made to replica model
practically. the entire structure. In spite of this there were obvious _
differences in bolted flange Jo1nts because, as Reference 11 describes it,

"the thin-flange ring frames used in the scale model would not hold their
planar shape." In addition to these differences, the gravity forces on the
structure could not be sc&?ed.an&.this aliowed some joints*to open during
v1bration testing. -~ ' : '

Another fabrication difference that can be 1mportant in scale mode] construction
is caused by tolerances. In most instances these differences are unimportant
_but, if the response is sensitive to.imperfections, then these differences can
be significant. 'Buckling of thin walled she]ls is an examp]e of a structural
_response. sensit1ve to 1mperfections
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"~ CONCLUSIONS AND. RECOMMENDATIONS

Conclusions

The foregoing experimental and ana]yt1ca1 conc1u51ons lead to the one central
conclusion that the determination of the response of prototype aerospace
structures to pyrotechnic shock loads by the use of 1aboratory models is

feasible, subject only to the usual limitations encountered in all model test1ng.
The potential cost reduction for the characterization of shock response makes ~
such a method highly desirable.

. The tests of th1s program showed that photoe]ast1c cy11ndr1ca1 models may be o

successfully fabricated and loaded with short duration, uniform loads in the
MDAC stress-wave .generator. Both photoelastic and strain-gage techniques can

be used to determine the response of such models to the resulting stress wave

as this wave propagates through the model. The photoelastic data give :
quantitative information.on stress-and strain concentrations at free edges of =
the model and qualitative information in the remaining areas of the model.
Strain histories from the strain-gage data can be readily reduced to accurate
acceleration histories. Accelerometers may also be used to get accelerations
that occur in the model and the accelerations indicated the excellent accuracy
with which accelerations may be obtained by reduction of the strain-gage data.
It should be noted that, for this test program, the accelerometers were not
directly attached to the model but rather were held by a mounting block to the
model. Consequently comparisons of accelerations determined by accelerometers
to accelerations determined by other types of instrumentation required ,
appropriate compensation factors to account for the effects of the accelerometer
mount. The experimental portion of this program also showed that shock spectra
for the model response may be obta1ned by reduct1on of the acceleration

-h1stor1es

The modeling nequirements for general isotropic structures given by Equation

26 indicates the feasibility of model testing for dynamic response -if body.
forces and gravitational forces can be neglected. The use of substitute
isotropic materials with different Poisson's ratios may cause response differ-
ences. In this event it will probably be necessary to restrict model materials
to the same materials as used in the prototype, although there does exist the
possibility of determining empirical correction curves based on tests with
different plastic materials. Strain rate modeling requirements for two
viscoelastic theories were also given. .The requirements from the thermo-
dynamically plausible theory indicate that scale model tests that accurately
model strain rate effects are feasible. Moreover, other investigations
(Reference 9) indicate the effect of strain rates under 103 in/in/sec are
unimportant for impulsively loaded metallic and plastic structures. Since the
strain rates associated with structural response are less than this it appears
feasible to obtain full-scale response data for impulsively loaded structures .
from Lexan models. The response may include geometric nonlinearities but stress -
levels must be kept in the linear elastic range. This requirement stems from
differences in the strain hardening characteristics of Lexan and most metals.
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The most efficient use of plastic scale models is in design trade studies

where a number of concepts can be evaluated using inexpensive models. The
feasibility of such testing was established provided (a) that body forces can
be neg]ected and (b) that response differences that result from differences in
Poisson's ratio between the prototype and model materials are insignificant .
or that correction factors can be obtained to compensate for these differences.
The feasibility of prototype prediction by model testing was also established
subject to certain fabrication limitations.. As a practical matter, structures
with complex joints and fasteners or imperfection sensitivities will be
difficult to simulate in a scale model. An awareness of this situation is
important but it does not limit the basic capability of scale model test1ng _
Furthermore, it will be necessary to construct relatively large models in order
. to conform to strict.geometrical scaling in the case of models that model
vehicles having 1arge r/t rat1os

It is well to note that the unresolved problems assoc1ated w1th dynam1c model
testing, which are discussed in this report (body forces, Poisson's ratio, _
and exact scaling), are not unique to. dynam1c model1ng but rather .are- genera1
prob]ems assoc1ated with a]l mode] testing

Recommendat1ons ['

In the present technique the photoelast1c fr1nge patterns can be reduced to
quantitative data only at the location of free edges or at locations where

other, specialized information is available about the stress or strain. field.

At all other locations-the photoelastic patterns can only give a qualitative

indication of the stress-wave behavior. . The expansion of the polariscope

.system to include laser interferometry would allow the resolution of stress

components at any location.. In this technique laser isopachic fringe patterns,
which ‘are proportional to the sum of the principal stresses, are combined with o
conventional photoelastic patterns, which are proportional to the difference. .
of the principal stresses, to obtain the principal stresses. This combination
is particularly beneficial to.dynamic prob1ems in that max imum stresses do not
general]y occur at ‘edge. locations ' .

In the s1mi]1tude study of th1s -program, conclus1ons were made as to the
relationships that must be satisfied to relate model response to prototype
response. The fabrication and testing of an aluminum model would allow an
assessment of the validity of these similitude relationships if this model

was subjected to the same test program as the Lexan model described in this
report. Furthermore, the fabrication and testing of models made from materials
of different Poisson's ratios would allow an assessment of the effect of not
satisfying the similitude relationship that requires identical Poisson's

ratios for the materials of the model and prototype. Variation in the Poisson's
ratio_forvsuch models could possibly be accomplished by the use of epoxy

resins mixed in suitable ratios. In conjunction with an experimental program,

- an ana]ys1s -should be conducted to determine the effect of this violation of

Poisson s ratios. by use of the TOODY two-dimensiona] computer code.




The modeling of an actual- veh1c1e and the testing of this model would allow

the ultimate in the 1nvest1gation of the feasibility of this modeling techn1qde.;’
For such a program there must of course exist extensive data on the response
of the modeled vehicle’ to shock 1oad1ng

The ability to produce and measure clean, reproduc1b1e pulses suggests an

immediate application in the investigation of structural attenuation and black-
box isolation techniques. Various approaches have been suggested for the .
attenuation of shock pulses in structures. It is recommended that representa- -

tive attenuation techniques.and representative. lso]at1on techn1ques be modeled -

and tested to get eva]uations of the techniques. -
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Figure 2. Lexan Cylinder with Strain Gages Attached
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2,500 (INJ/INJCM
20 uSEC/CM
SWEEP DELAY — NONE

A. GAGE 5-0-A

2,500 LIN./INJCM
20 uSEC/CM
SWEEP DELAY =20 uSEC

B. GAGE 15-0-A

Figure 9. Strain Traces from First Test Series

42



2,500 yIN./INJCM
20 U SEC/CM
SWEEP DELAY= 210 USEC

A. GAGE 15-0-0

2,500 LIN./IN./CM
20 £ SEC/CM
SWEEP DELAY=:210 USEC

B. GAGE 15-0-T

Figure 10. Strain Traces from First Test Series

43



——’—ﬂ 1.25 | pag—

R = 0.50

2.00

| N fes Y/

’ |
Location of 0° T

Seribe Idine ‘ \ 10.00 to cylinder edge

- %

Figure 11. Dimensions of Cylinder Cutout
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Figure 12. Cylinder with Cutout
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Figure 13. llluminated Areas for Photoelastic Fringe Patterns of Second Test Series
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2,500 £ IN/INJCM
20 SEC/CM
SWEEP DELAY=~ 20 USEC

A. GAGE 5-0-A

2,500 UIN./IN./CM
100 USEC/CM
SWEEP DELAY—NONE

|
=
|

|
I”}‘“‘ NPT 0!00"~-

|

|

B. GAGE 15-0-A

Figure 17. Typical Strain Traces for Axial Strain-Gage Elements for Second Test Series
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2,500 LIN./IN./CM
20 L SEC/CM
SWEEP DELAY ~100 USEC

A. GAGE 9-0-A

2,500 (IN./IN./CM
5 LSEC/CM
SWEEP DELAY & 115 uSEC

B. GAGE 9—-0-A

Figure 18. Strain Traces for Axial Element of Gage 9—0 For Second Test Series
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2,500 4IN./IN./CM
20 USEC/CM
SWEEP DELAY 100 uSEC

A. GAGE 9-0-0

20 }1 SEC/CM

L o 4444
2500 INJ/IN./CM
¢
I SWEEP DELAY &~ 100 uSEC

l
N
1

B. GAGE 9-0-T

Figure 19. Strain Traces for Oblique and Transverse Elements of Gage 9—0 for Second Test Series
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Figure 20. Dimensions and Locations of Accelerometer Mount
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Figure 21. Accelerometer Mount with 2292 Accelerometer

54



27,500 G/CM
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Figure 22. Accelerometer Readings in Voltage Mode
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Figure 23. Accelerometer Readings in Charge Mode
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Figure 24. Photoelastic Fringe Pattern in Accelerometer Mount at t = 120 uSec
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B. TRANSVERSE ELEMENT

Figure 25. Strain Traces from Biaxial Strain Gage Located on Accelerometer Mount
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Figure 27. Shock Spectrum from 2291 Acoelerbméter D_'aﬁ V'-;A' ;='  o
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Figure 30. Elastic Body and Coordinate System
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