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IMPLOSIONS IN PRESSURE VESSELS, EXPERIMENTAL RESULTS

Tarhnical Note N-1050 Yowns
¥-R009-03-01-004 ‘l_
by

- -

H. M. Kusano

ABSTRACT

Pressure vessels were subjected to implosion-generated hydrodynamic
pressures/impulges. The experimental results indicate the hydrodynamic
pressure and the dynamic response of the pressure vessel vary, depending
upon (1) model size, (2) implosion pressure, and/or (3) distance from
implosion; graphs showing these relationships are presented.

Implosion pressures up to 19,000~psi were obtained. The higher
implosion pressures occurred in the 20,000 psi pressure vessel and
caused damage to O-rings and mounting facilities inside the pressure
vessel, and loosened pipe connections from the top cover plug. High-
speed motion pictures showed that the collapse of air cavities was
generally asymmetric and inconsistent. The critical model sizes for
maximum pressure drop or energy release in pressure vessels were
determined. The effects of implosion on pressure vessels can be reduced
greatly by filling the test sphere with water,

This document has been approved for public release and sale; its distri-
bution is uniimited.

ii




CONTENTS

INTRODUCTION .« . « ¢ « o « o 1 ¢ ¢ s »

SCOPE * ¢ & 8+ & 8 @& s 2+ s & 8 s

TEST ITEM DESCRIPTIONS . . . « « .« « .

INSTRUMENTATION . &« v « ¢ ¢ ¢ ¢ o s o

ENERGY RELEASE PREDICTION CURVES , , ,

DISCUSSION OF RESULTS ., . « o « « + &
Energy Release/Pressure Drop . . .
Hydrodynamic Pressure . . . . ..

Dynamic Response . . . . . . . .

INCIDENTAL INFORMATION . . . . . . ..
Implosion Models , , ., . . . ..
High-Speed Movie of Implosions ° -

High~Pressure Implosion Damages .

FINDINGS ¢ e e e« & & s 2 + s 0 s e

CONCLUSIONS ¢« « & ¢ o o o ¢ s s o o2 o o

APPENDIX".O...0.0.....

BIBLIOGRAPHY + + « o s+ ¢ ¢ o s s o o o

iii

paga

13
13
15

15

16

17

72

75




INTRODUCTION

-In connection with deep-ocean studies, there is great interest in
the mtructural behavior of various hollow-shelled objects under high
hydrostatic pressure. Testing of these objects is usually performed
in pressure vessels, and, because of the dangers to the personnel and
cquipment invelved in such tests, it is essential to determine the
effects of implosions on preassure vessel response and structural
integrity. The Naval Facilities Engineering Command (NAVFAC) requested
that the Naval Civil Engineering Laboratory (NCEL) investigate the
problem and provide criteria for implosion testing in pressure vessels.

The objective of this task was to determine the energy release
and the impulse function resulting from the collapse of test objects
in pressure vessels., The end product desired is an implosion safety
criteria for pressure vessels,

SCOPE

The study of implosion effects on pressure vessel response was
divided into three aress: (1) energy released in the pressure vessel;
(2) hydrodynamic pressure; and (3) dynamic response of the vessel. The
factors considered most significant in the implosion effects were
varied; the variables were (1) model size, (2) implosion pressure, and
(3) distance from implosion, The parameters held constant in the
experiments are summarized below:
1. Ordinary tap water was used as the fluid inside the pressure vessel.
2. Temperature of the water was at normal atmospheric conditions.
3. The model content was air at atmospheric pressures.
4. The models were all spherical,

5. All moct. .- were positioned centrally in the pressure vessel,

6. The volume of water or inside dimensions of the pressure vessels
tested were approximately equal.




T T -

Although the impulse function was not determined and experimental
difficultles (See Appendix) were eucyunieied, significent ssoulss oo
the hydrodynamic pressures generated by the implogion and on the
dvnamic pressure vessel response were obtained. The experimental data
were analyzed in two parts: (1) low-pressure implosion tests
(0- to 300-psi) aud (2) high-pressure implosion tests (3,000- ta
19,000-psi). Theoretical solutions for predicting maximum pressure

drop and energy release in pressure vessels were developed.

TEST ITEMX DESCRIPTIONS
Low-Pressure Implosion Tests

Test Cylinders. The veassels for low-pressure implosion tests were
made of steel, aluminum, and glass (Figure 1); their overall dimensions
and capabilities are presented in Table 1. The different cylinders
were selected to determine some general principles of their dynamic
response to implosions. The load capacity of the steel and aluminum
cylinders is based on the maximum sealing pressures, and that for the
glass cylinder on maximum burst strength., Two l-inch-~thick by 24-inch~
diameter aluminum plates and hard rubber gaskets or O-rings were used
to seal the ends of the cylinders. The sealing pressures were attained
by connecting the two end plates with sixteen evenly upaced 1/2-inch
steel rods, threaded at the ends; constant tension in the steel rods
was obtained using a calibrated torque wrench.

Implosion Models. The models tested were Christmas ornaments with
dismsters ranging from 2-1/4 to 4 inches (Figure 2); the wall thickness
in all cases was approximately 1/32 inch. These models were inexpensive
and commercially available. The protrusion of the ornaments was sealed

with epoxy.

Table 1. Cylinders Used For Low~-Pressure Implosion Tests

. Inside Maximum
Cylinders Length | Diameter Thickness Volume Capacity
(1n.) (1in.) (in.) (in.3) (psi)
Steel 36 17 b 6,167 300
Aluminum 36 17 M 8,167 300
Glass 36 17% 3/16 8,409 80




High-Pressure Implosion Tests

Pressure Vessel. The high-pressure implosion tests were conducted
in NCEL's 18-inch-~diameter by 36-inch-long (inside dimensions) pressure
vessel which has a working capacity of 20,000 psi.

Implosion Models. Glass splieres, with diameters ranging from 3 to
10 inches, were tested (Figure 3). The 3= to 6-inch spheres wers
fishnet floats; the thickness of the walls was not known and could not
be measured because the floats disintegrated at failure. The 10-inch
glass spheres with 5/16-inch wall thickness, manufactured by Corning
Glass Works, were fabricated by sealing two hemispheres with an adheaive,

INSTRUMENTATION

The oscilloscopes availau.. Zu. .oourding transicnt responses
were: (1) two Dual Beam, Type 565, (2) two Dual Beam, Type 502A, and
(3) one Storage, Type RM564, Four Polaroid cameras were used to
photograph oscilloscope displays, The oscilloscopes and the cameras
were manufactured by Tektronix, Inc.

The presesure transducers developed by Protocon Research Products
were used to measure the hydrodynamic pressure generated by the
implosions. These transducers were placed in two water-tight pressure
probes, one for low pressures and one for high pressures. The low-
pressure probe was made to be positioned directly above and at various
distances from the implosion center; the high-pressure probe was
limited to one distance (8 inches from the imploeion).

Strain measurements for the low-pressure cylinders were obtained
using electrical-resistance die-cut foll strain gages manufactured by
Dentronics. Strain gages were installed on the top cover (outer
surface) to measure the tangential and radial strains at 2 inches from
the center. Two other gages were placed at the mid-length of the
cylinder wall to measure circumferential and longitudinal strains. For
the 20,000-psi pressure vessel, wire-type strain geges (manufactured
by Baldwin) were used to measure the circumferential and longitudinal
strains at mid-length of the vessel wall.

Accelerometers, manufactured by Endevco, were used to measure the
accelerations at center of the top cover and at mid-length of the
cylinder wall for the low-pressure tests and the accelerations of the
top cover for the high-pressure tests.
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The approximate response ranges and frequencies for the various
transducers are presented below:

Pressure Pressure Diaphram resonant
Transducery Range (psi) Preacuency {cpa)
Type 401 0 to 5,000 110,000
Type 402R 0 to 50,000 60,000

Accelerometer Model 2225

Range 0 to + 10,000 g
Maximum Shock 20,000 g
Frequenry Pcoponse J Lo 15,000 cps
Mounted Resonant Frequercy 80,000 cps

Strain Gages

Resistance 120 ohms
Gage Length 1.0 inch
Capacity 3,000 4 in/in.

ENERGY-RELEASE PREDICTION CURVES

To determine critical implosion parameters, theoretical solutions
predicting pressure drop and energy release in pressure vessels were
derived as described in this section. The results are presented in the
Discussion,

Pressure Drop

The prediction of the hydrostatic pressure after implosion was
based on the amount of water added to the pressure vessel because of
pressure vessel expansion and on the compressibility of the water and
the model contents. The following notations are used:

V, = volume of the pressure vessel, in.3

Vm = yolume of the model, in.3

=t
<
1

added volumeé of water, in,3

tal
L]

coefficient of expansion of the pressure vessel, in3/pai

=
[ |

coefficient of compressibility of water, 1/psi




P = ambient pressure in the model, psi

= hydrostatic pressure an instant before implosion, psi
P, = hydrostatic pressure after implosion, psi

r = ratio of volume of air in mouei to model volume

With the model in the veasel, the added volume of water necessary
to cauge implosion can be determined from the following equation:

av, = K¢ Py '+ K(Ve = V)P (1)

Upon collapse of the model, the added volume of water remains in
the system and the compressed water and the pressure vessel expand and
contract, respectively, to fill the excess volume created by implosion
of the wmodel, The system reaches equilibrium at a lower hydrostatic
pressure than that which existed prior to the implosion. The new
equilibrium condition can be expressed approximately as:

where AV, is the change in volume of air in the model. From Boyle's
Law,
rv_ P

av.o ow “V'm T2 (3)
Pa + P2

Substituting Equation 3 into 2 and rearranging the terma, the
equation for equilibrium becomes:

av, = P, [xt + 1<(vt - V) + Vi ] (4)
F, t P,

Since the added volume of water is the same before and after
implosion, Equationa 4 and 1 can be combined, Thus, the solution for
the final pressure is:

)
p, = B¥ VB + 4AC )

2A

where A=K + K - V)

B = AP, + rV, - KP

11

C KlPlPa

~
L}

K, + K(Ve = V)
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The pressure drop, preasure ratio, and volume ratio are defined
havs na pl -P.. PZIP_, and V /V . respectively. The pressure drop
and pressiire ritio‘ard ralatcﬁ, &s the one increases, the other decreases.

Energy Release

Energy release is defined here as the decrease in the potential
energy (P.E.) of the system resulting from the implosion. Essentially,
it is the function of the pressure drop. Using previous derivations
aad notations, the potential enargies before and after implosion are,

respectively,
P.E., = 1/2[Avw1=1] (6)
P.E., = 1/2[AVwP2] -

Subtracting Equation 7 from Equation 6, the energy released is expressed
by:

P.E. = 1/2 [Avw(Pl - Pz)] (8)

Grashically, energy released can be represented by the shaded area
in the sketch below:

Pressure Drop

Hvdrostatic
Pressure

nergy Released

Added Volume of Water




DISCUSSION OF RESULTS

The discussion of results has been divided into threes sections:
(1) Energy Release/Pressure Drop, (II) Hydrodynamic Pressure, and
(III) Dynamic Response. Both low ( 0-300 psi) aud high (3,000-19,000 psi)
pressure imploeicn test reaunlite ave included in aach saction.

I, Energy Release/Pressure Drop

rrediction curves based on previous derivations are presented and
experimental results on pressure drop are discussed in this section.
Prediction curve; illustrating the effect due to the variation on model
content sre also presented. Finally, the critical model parameters
based on the prediction curves are discussed.

Coefficients. The coefficient of_sompreouibility (K) of water at
low pressure was taken to be 3.4 x 10 = per psi* and that at high
pressure was taken to be approximately 2.6 x 10 = per psi.*®

The coefficient of expansion (K ) for the various pressure vesssls
was determined from the experimentaf results of Figures 4 and 5 and
from Equation 1 with Vm equal to zero., The results are tabulated below:

Pressure Vessel K, (in. 3/psi)
Glass 0.378
Aluminum ; ) o 0.179
Steel 0.139
20,000-psi vessel (steel) 0.0023

Prediction Curves. Pressure prediction curves based on the previous
derivations and the above coefficients were determined for the steel
and aluminum cylinders and the 20,000-psi pressure vessel, as shown in
Figures 6, 7, and 8, respectively. The corresponding curve for the
glass cylinder was not computed because no experimental data were
obtained to compare with it. Examples of the energy-release predictien
curves are shown in Figures 9 and 10 for the steel cylinder and the
20,000-psi vessel, respectively.

Since the implosion pressures varied considerably for models of
the same volume, pressure prediction curves (Figures 11, 12, and 13)
were developed for a given model size. These curves were determined
from Figures 6, 7, and 8 for the various models tested by plotting
the pressure ratio P,/P, as a function of the implosion pressure; the
dashed or solid line§ represent the semi-empirical solution.

Low-Pressure Test Results. The experimental results for the
pressure drop are shown in Figures 11 and 12, each plotted point
represents the data from one or more tests. Although some scatter was
observed, the correlation between experimental results and the predicted
pressure curves was adequate for implosions of the smaller models that

* F. W. Sears and M. W. Zemansky, University Physics, 2nd edition,
Massachusetts, Addigon-Wesley, 1955, page 187.
*% V, L. Streeter, Handbook of Fluid Dynamics, lst edition, New York,
McGraw~-Hill, 1961, page 1-4.
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collapsed between 100 and 300 psi. However, the corrslation for the
4-inch models that collapsed below 50 psi was unsatisfactory because
the low values of hydrostatic pressure were not recorded accurately,

Hish-Pressure Test Result=, The correlation batween the cxperimental
and predicted results, Figure 13, was unsatisfactory for implosions of
the 4-inch and 6-inch models and for the 10-inch models that collapsed
beyond 15,000 psi, The volume change of the air void based on Boyle's
Law was inadequate for high pressures., The av, was, therefore,
redetermined to be 0.714 V, using a bulk modulul equal to 1.4 times
the pressure.* Subltituting the new 4V, into Equation 4, the alternate
prediction curves are also presented in Pigure 13. The latter prediction
curves were closer to the experimental valies, except for the 10-inch
spheres that collapsed beyond 15,000 psi. For these spheres, the error
was due to water leakage during the implosion,

Varied Contents in Models. To illustrate the effect of varying
the air content of the models, the pressure and energy release prediction
curves for the steel cylinder for five values of the air void ratio, r,
arc shown in Figures 14 and 15, For r <1,00, water was assumed to occupy
the remaining void, For these curves, the implosion pressure was
arbitrarily selected to be 1,000 psi.

The results of Figures 14 and 15 indicate a significant effect on
the pressure drop and the energy release prediction curves when the
model void is filled with water. In general, the rasults show that for
a given implosion pressure and a given model size, the pressure ratio
increased (or the pressure drop decreased) as the volume of air in the
model was decreased. For r = 0 and constant implosion pressure, the
pressure ratio (Figure 14) decreased very slightly as the model size
increased, 1In essence, filling the spheres with water raduces the
implosion effects on the pressure vessel,

Critical Model Sizes, From the prediction curves, the critical
model sizes (or V. 7Vt) generating maximum pressure drop or energy
release can be determlned for varied implosion pressures. In Figure 9
and 10, the range of critical model sizes occurs when the energy release
curve ls nearly horizontal; or, essentially, when the model volume is
equal to or greater than the added volume of water (Vp2av,). In
Figure 10, the slope of the curves changed significantly for high
pressure tests as delineated by the dashed line.

The most critical model sizes and implosion pressures causing
pressure vessels to fracture have not been determined because the
hydrodynamic pressure response data were insufficient in quantity and
range.

II. Hydrodynamic Pressure
The pressure-time data were vbtained only from the low-pressure

testa conducted in the aluminum cylinder; those from the glass and
steel cylinders and from the 20,000-psi pressure vessel were not

*1bid., page l-4.




cbtained, because the pressure transducer was not availabls and/or was
damaged., The theoretical solution for predicting the hydrodynamic
pressure was not determined; only expsrimental results ars discussed,
The error is estimated to be as high as + 15 percent; data bayond the
average trend were discarded,

Pisssura Hagnitudss, The maximm hydrodynamic pressurew and
pressure amplitude®* as functions of the implosion pressurs, distance
from implosion, and model size are presented in Figures 16, 17, and 18,
respectively. The latter two figures, which required some extrapolation,
were determined directly from Figure 16. Each data point (Figure 16)
represents the rasult of a single test; the solid lines indicate the
approximate trend of the hydrodynamic pressure and pressurs amplitude
at three different distances from the implosion center. The hydro-
dynamic factor (D.F.) represented by dashed lines (Figure 16) is definad
as the ratio of the hydrodynamic pressure to the implosion pressura.

The results of Figure 16 indicates that the hydrodynamic pressure
increases as the implosion pressure and distance from implosion increase
and decrease, respectively; the model size is constant, For example,
the D,F, for the hydrodynamic pressure increased from 2.0 to 3.0 for
the 2-1/4-inch models that collapsed at from 180 to 235 psi with an
implosion distance of 3 inches; in contrast, the D,F, decreased
slightly with an implosion distance of 8 and 14-5/8 inches, The D,F,
varied similarly for the other model apheres. The pressure amplitudes
(Figure 16) were also similarly affected as the implosion pressure
increased,

" The iydrodynamic pressure and pressure amplitude versus distance -
from the implosion are shown in Figure 17; the three constant implosion
pressures indicated are within the collapse range of that particular
model, The results indicate the maximum hydrodynamic pressure and
amplitude decreased as the distance from the implosion center increased,
and they decreased more rapidly as the implosion pressurs increased,

Finally, Figure 18 indicates the maximum pressure magnitude
increased as the model size increased from 2-1/4- to 3-1/4 inches in
diameter with an implosion pressure of 200 psi. The cause for the
lower results from the 2-5/8-inch spheres is not known. For implosion
pressures other than 200 psi, similar relations can be determined,

Frequencies. Approximate values of the hydrodynamic pressure
frequency from implosions of the 2-1/4- and 2-5/8-inch spheres were
obtained. The results, presented later, were compared with the dynamic
strain frequencies. Those from implosions of the larger-size models
were not determined since the pressure oscillation records were not
distinct.

III. Dynamic Response

Theoretical solutions for predicting dynamic response of pressure
vessels were not determined; experimental results are discussed for

* Differencé beteen zero static pressure and peak hydrodynamic pressure,
%k Difference betwren maximum and minimum hydrodynamic pressures,
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(1) low-pressure implosion tests (O~ to 300-psi) and (2) high-pressure
impiloeica teats {3,000- tc 12,000-p3i), Qtatin nvesauracstrain curves
were also determined for comparison with the dynamic strains,

Static Pregsure-Strain Curves. The preasure-strain calibration
curves for the steel, aluminum, and glass cylinders and the 20,000-psi
pressure vessels are shown in Figures 19 through 23. The effect of
pretension of the sixteen 1/2-inch steel rods on the three test
cylinders appsars to be negligible; in Figure 20, the effect is enhanced
because of the larger horizontal scale.

The longitudinal strains (Figure 20), after some slight increase,
decreased as the hydrostatic pressure increased; this may have been
caused by reversed strain gage electrical leads, pretensioned effect
of the steal rods, and/or large deflection effect of the end-plates.
Although the static results (Figure 20) are pressented, they were not
used for comparison with the dynamic strains because the longitudinal
dynamic strain data records were not distinct enough to reduce.

The tangential and radial etrains of the top cover, shown in
Figures 21 and 22, were probably affected by the elastic properties
of the cylinders even though the same cover was used on all cylinders,

The static strains for the 20,000-psi pressure vessel (Figure 23)
were calibrated to 14,000-psi and then extrapolated to 20,000-psi.

Low-Pressure Implosion Test Results. The data analyzed were
obtainud from the tests in the steel and aluminum cylinders; the tests
in the glass cylinder did not provide any reducible data. The experi-

mental error is estimated to be as high as + 10 percent, The dynam;c

response analysis included: (a) dynamic strain magnitudes,
(b) frequencies, and (c) accelerations,

A. Dynamic Strain Magnitudes. The dynamic strain analysis was
divided into two parts: (1) the maximum dynamic strain® and (2) the
maximum strain amplitude.*™ These two parameters were plotted as
functions of the implosion pressure, shown in Figures 24 through 27;
each point represents the rasult of a single test, while the dashed
lines indicate the approximate trend., The dynamic strain factor, D.F.,
(ratio of the dynamic strain to static strain) is also indicated on the
same figures., The circumferential dynamic strain (Figures 24 and 25)
was slightly influenced by the variation in the implosion pressure for
models of the same size, For example, the maximum D.F. of the
2-1/4-inch models with a collapse range of from 180 to 280 psi was
approximately constant at 1.5 for the aluminum cylinder and 1.8 for
the steel cylinder, For the 3-1/4-inch models collapsing at less than
100 psi in the aluminum cylinder, the D.F. was less than 1.0; however,
when extrapolated to 250 psi, the D.F. increased to 2,0, The D,F.'s
varied similarly for the other models of different sizes and collapse
pressure rgnges.

Measursments from zero strain to peak strainas.
*% Measurements between two opposite peaks.

10
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The tangential and radial dynamic strains of the top cover (Figures '
26 and 27) were less affected than those of the cylinder walls: the
D.f.'s wers generaiiy iess than 1.0,

The maximum dynamic strain amplitudes, also plotted in Figures 24 ‘
through 27, were included to provide dats for determining minimim or
negative dynamic strains (wmaximum dynamic strain minus strain emplitude). i
The results of the 2-5/8-inch models indicated slight negative stzains
in the steel cylinder wall; the others iadicated minimum dynamic strains.

Negative strains may indicate possible stability failure of thin-shelled
cylinders.

Plots of circumferential dynamic strain versus the model size :
(Figure 28) were obtained from Figures 24 and 25 for an iwmplosion
pressure of 200 psi. For the model sizes tested, the dynamic strain of )
the aluminum cylinder increased as the model size incressed; whereas,
the dynamic strain of the steel cylinder decreased slightly, PFor
implosion pressures other than 200 psi, the effect from the variation
in the model sizes may be similarly determined.

B. Frequencies. The plots of circumferential strain frequency
versus implosion pressure for models of the same size did not yleld
megningful results., However, if the implosion pressures had been more
consistent, for example, at 100 and 300 psi, the results might have
been more obvious,

The variation in the model size affected significantly the strain
frequency (Figure 29); average rasults were plotted for models of the
same size. The frequencies of the top cover (Table 2) were approximataly
equal to the dynamic strain frequencies of the cylinder., In general,
the frequencies of the cylinder wall and top cover strains decreasad as
the model size increased.

The frequency of the pressure oscillations, based on two model
tizeas, also decreased as the model size increased (Table 2). Thus, the
pressure and strain data indicate that the cylinder oscillations weres
caused by the hydrodynamic pressure generated by the implosion. This
seems reasonable since the frequencies of the smaller oscillating «ir
cavities are generally higher than those of the larger cavities.

The high frequency of the aluminum cylinder wall caused by the
implosion of the 3-1/4-inch models (Table 2) is probably the natural
frequency of the cylinder., Although the same aize models were tested,
the frequencies of the steel cylinder were higher than those of the
aluminum cylinder; this {s probably because of the difference in their
elastic properties and/or sealing methods.

C. Accelerations. The average peak-to-peak acceleration versus
the implosion pressure for models of the same size are shown in Figures
30 and 31; each data point represents the result of a single test. The
error is estimated to be as high as + 15 percent,

The variation in the implosion pressure affected significantly the
lateral acceleration of the cylinder wall, In Figure 30, for exampls,
the maximum acceleration of the aluminum cylinder ranged from 1400 to
3000 g for the 2-1/4-inch models that coilapsed between 160 and 250 pai.

11
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Table 2,

Frequency Regults (Average)

r
|
)

Frequency, cps

Model
Dlameters Aluminum Cylinder Steel Cylinder
(in.) ezcml SCT & SGR Pressure SGH SGT & SGH
2-1/4 479 473 491 569 -
251/2_‘ - - - 524 575
2-5/8 465 463 467 487 -
3 - - - 416 417
‘3-1/4 617 297 - 4 310
4 102 110 - 212 212

1/ SGH - circumferential strain gage on cylinder walls

2/ SGT - tangential strain gage on top cover plate

SGR - radial strain gage on top cover plate

12




For the 3-1/4-inch models that collapsed between 75 and 150 psi, the
acceleration ranged from 80 to 360 g. Similar effects are also found
ifor the steel cyiinder. In general, for models of the same size the
acceleration increased as the implosion pressura increased.

For a given implosion pressure. the variation in model size appears
also to affect the lateral accelerations of the cylinder wall, For
example, when the accelaration curve is extrapolated to 200 psi for the
3-1/4-inch models, the results indicate acceleration increases as the
model size decreases (Figure 30).

High-Pressure Implosion Test Results. Hydrodynamic pressure and
acceleration data were not obtgined because the seavere shock of the
implosion damaged the transducers. The dynamic strain data wers
analyzed in a manner similar to that used in the low-pressure implosion
tests. Experimental error is estimated at + 10 percent. In the implosions
of the 10-inch spheres, thera was considerable scatter in the data.

A. Dynamic Strains. The rasults of the longitudinal and circum-
ferential dynamic strains of the prassure vessel walls, shown in Figures
32 through 35, were ganerally similar to those in the low-pressure tests.
From Figure 32, for example, the D,F., increased from 1.0 to 3.0 for the
6- and 10-inch spheres that collapsed between 2,000 to 4,000 psi and
3,000 to 19,000 psi, respectively, In contrast, the D.F. ranged from
2.0 to 1.6 for the 3-inch spheres that collapsed from 6,000 to
15,000 psi (Figure 32),

The variation in the model size also appears to affect the dynamic
strains. At 3,000 pai, for exampla, the D.F, decreased from 4.0 to =~
1.0 as the diameter of the models increased from 4 to 10 inches
(Figure 32). At higher implosion pressures, no definite relation can
be determined because there are not sufficient data.

The D.F.'s for the circumferential strains were less than 2.0, as
shown in Figure 33, The greater effect on the longitudinal strains
was probably caused by the high inertia force of the massive end covers,

The strain amplitude, Figures 34 a.d 35, indicate the presaence of
high negative dynamic strains. For example, the negative strains ware
approximately 420 in./in, for the 10-inch spheres that collapsed at
18,000 psi (longitudinal strain).

B. Frequencies. The frequency varied between 1,550 to 1,750 cps
for the longirudinal strains and 2,000 to 2,600 cps for the circum-
ferential strains, The relationship between the frequency, model size,
and implosion pressure could not be established because of insufficient
data.

INCIDENTAL INFORMATION
Implosion Models
The collapse strength of the models varied considerably, even for

models of the same size and brand, as shown in Table 3, Although
different implosion pressures for each model size were desired, the

13




Table 3. Collapse Pressures of Models

Model
Tests Diameters Collapse Pressure Range
(in.) (psi)
2-1/4 165 - 300
2-1/2 210 - 305
Q
E8 2-5/8 120 - 310
[ )
[ )
&3
$ g 3 75 - 195
§H
' 3-1/4 65 - 150
4 14 - 66
3 6,150 = 15,450
B
E § 4 1,550 - 2,650
Qg w
k2
58 6 2,210 - 3,750
=
10 3,050 - 19,200

14




considerable variation made it difficult to predict accurately the
implosion pressure and to orient the otcilloscope's triggering system;
thus, many data were not recorded.

High-Speed Motion Pictures of Implosions

High-speed motion pictures (16-mm Fastax movie camera) were taken
of the collapse of the 4-inch spheres tested in the glass cylinder. The
speed was varied from 1,000 to 5,000 frames per second. Of the many
attempts, seven implosions were filmed sucuessfully. A series of
photographs for a typical collapse is shown in Figure 36, From the
films, various observations of the implosions were nade; these are
discussed in the following paragraphs.

One significant observation was that the #4-inch spheres did not
collapse symmetrically. Some of the spheras imploded initially from
one side and caused the inflow of water to be unidirectional (Figure 37).
Others collapsed initially inward along the diameter, causing the top
and bottem halves of the spheres to burst, These asymmetrical implosions
were undesirable, since the hydrodynamic pressure distributions would be
non-uniform and/or inconsistent.

The cause of thes: asymmetrical implosions of the low-pressure
models (Christmas ornaments} was attributed primarily to the poor
quality of the model construction. These models were not perfect spheres,
and the shell thickness was not uniform. The models failed initially at
the weakest section before the entire sphere collapsed, resulting in
the asymmetrical collapse of the air cavity.

Other observations included the presence of numerous tiny bubbles
(possibly cavitatinn bubbleg) and shell fragments after the implosion
occurred, The air bubbles were produced primarily by the high-speed
turbulent motion of the water flowing toward a low-pressure center,
causing the original air cavity to disintegrate into numerous tiny
bubbles. The fragments of the models were also put into high-speed
turbulent motions (Figure 38). Both the air bubbles and the high-
velocity fragments are undegsirable since they may produce cavitation or
pitting damages to the cylinder wall and erroneous pressure measurements.

Attempts were made tc measure the initial collapse rate of the air
cavity and the period or frequency of the cavity oscillation. However,
because of the lack of symmetry of the collapses, the presence of air
bubbles and shell fragments, and the lack of timing marks on the high-
speed film, the collapse rate and frequency were not determined.

Higii-Pressure Implosion Damages

The 50,000-psi pressure transducer and the accelerometers were
damaged by the severe implosion-generated shock. The shock from the
implosion loosened the pipe connections attached to the top cover,
causing water to leak (Figure 39). In several testn, water squirted
from the pipe connection. The O-rings for the top snd bottom cover of
the pressure vessel were frequently damaged (Figure 40). In the first
test the O-ring for the pressure probe was severely damaged (Figure 41),
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The mounting system for the apheres was frequently damaged by the
implosions. The mounting system shown in Figure 42 was not used atter
the first test because the 1/2-inch aluminum rods sheared from the
top cover, An aiternaie sysiem (Figuie 43) was usad throughout the
tests although it required frequent repairs. The bottom plate was
warped by the tremendous suction forces of the implosions. Most of
the above damages occurred when the 10-inch models collapsed at
pressure greater than 10,000 psi. However, implosions of the 3-inch
models that collapsed at pressures from 10,000 to 15,000 psi did not
causs any obvious damage.

The inside surface of the pressure vesssl was slightly pitted,
but this was not detrimental, Severe pitting would have occurred
if the models had been i{mploded adjacent to the pressure vessel wall.

FINDINGS

1. For the range of tests conducted, the pressure drop prediction
curves were satisfactorily determined for implosions of glass spheres
in pressure vessels,

2. The critical model size (that which cause¢s maximum pressure
‘drop or energy release in pressure vessels) can be determined for
different implosion pressures.

3, The implosion-generated hydrodynamic pressure and the low
pressure vessel dynamic strains generally increased as the model size
and collapse pressure increased and distance from implosion decreased.

4, The frequency of the cylindez response and the hydrodynamic
pressure oscillation decreased as the wodel size increased; the effect
of variation in the implosion pressure on the frequency was negligible
and/or indeterminable,

5. The lateral acceleration of the cylinder increased as the
implosion pressure increased and model size decreased; the distance
from the implosion was constant.

6., The dynamic response of the high-pressure vessel iucreased
as the imploaion pressure increased and model size decreased.

7. High-speed motion pictures showed that the spherical models
did not collapse aymmetrically or consistently, thus indicating a non-
uniform hydrodynamic pressure distribution.

8. The 10-inch glass spheres collapsing above 10,000 psi damaged

0-rings and mounting facilities inside the pressure vessel and caused
the top cover pipe connections to loosen.
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9. The implosion effects on pressure vessels can be greatly
reduced by filling the test spheres with water,
CONCLIUSTONS

1. Although significant results were obtained, the data presented
should be used only for rough or preliminary analysis.

2. Further theoretical studies and experimental data are necessary
before implosion safety criteria for pressure vessel can be detsrmined
with reliability.
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Figure 1. Cylinders for low-pressure implosion tests.
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Figure 2. Models for low-pressure implosion tests. Size
range from 4-inch to 2%-inch diameters.

Figure 3. Glass spheres for high-pressure implosion tests.
Size range from 3-inch to 10-inch diameters.

19




ST T T T T T T T TR mme—m—m—m

|

f

Steel Cylinder
f ]

Aluminum e

400

350

Cylinder

300

250

200

Hydrostatic Pressure (psi)

150

Pressure vs Adde

d Volume of Vater

100

Glass Cylinder

50

(Conversion: 1 Ln.3 = 16,387 ml)

Figure 4.

Pressure versus added volume of water for the low-pressure

test cylindera.

20

500 1000
Added Vol'me of Water (ml)

1500




g e s

Hydrostatic Pressure (I.O3 psi)

'_‘Gr

15

10

Pressure vs. Added Volume of Water
5
(Converslon: 1 in.> = 16.387 ml)
00 5000 10,000 15,000
Added Volume of Water (ml)

Figure 5,

Pressure versus added volume of water for the 20,000-psi
pressure vegsel.

21




%

*Iapuil4o (9938 3YJ 10J 89AIND UWCTIDIpaad 2ansssad °9 2amB1i
_ Y
10 10°0 100 °0 1000°0 0

1170
70

OTI®Y NI0A "3 o —————
OIi¥Y SW1o) 84 OFIvy eansEaig //// Fn.o
2°0
/ // «!_ (o Ta 450
9°0
/ M / -L°0
20

RPN ‘A S

Tar%a

22

PR



0°1

"13puIl£> WmuUTENI® Y3 I0J SI3AIND WOFIOFpaad Ianssaad °/ 2Ind1a

1°0

3 u
Al A
10°0 10070

1000°0

OFIg IWNTOA “SA

[EARNN

Q
23

RN

.ﬂ.nl.nm
/.!ouuf

SNz

1

“yed g5 =Yg
tod 001 = 'd

|




*79s89A 2anssaixd 1s8d-000 0z 243 1037 SaaInd woFIdypaad aanssaag

1°0 10°0

g @andta

1000°0

<)

-4
2
- [~]
Y Ja =
2\ |5\
OTI%T JWA[OA -SA OFIvY IIAIEIId @ 2\~
@. [~
e\ ‘. J
w L

\

\

\

o

Pl : Ve

24




100'0" L LB L] LB L AL A T 11 7T 1TV Ll FITTITE

¥+ 1 0
*
8
3:_

L i1

r ////r' Py = 500 pai ’
10,000 '
P -y
C f P, = 300 pst N
r -
~ - L g ) -
4 P, = 200 pui
1
g /
% 1,000 £
5 E / A - -
[] - Pl e 100 pei R
B[ .
8- L : J//// -
-
| e S
100 Ve -
E / >
[ /—* v P, = 30 pat 3
- / -
i /“——' - P, = 20 pst 7
/ Energy Release Vs. Volume Ratio
10 1 L 3 1 i1k i A AI_LJ_LLLI 1 ] L4 1444 I i i Jd i 11
0.0001 0,001 0.0l 0.1 1.0

V-I v,

Figure 9. Energy-release predicticn curves for the steel cylinder,

25




l.U,UUO"; rF—r1T - rrrynry L V¥V r7rr1rriT ¥ 1 T T TT7TYV T | LRI
- / ;
-~ -t
p -
P1=20,000 pai
b P1»15,000 pei -
1,000 /
o P1~10,000 psi
: /) E
- .
5T / .
Tk / .
-5 - aad
! /
] L P1=5,000 psi i
w / Py 4,000 pat
g 100}= ]
@ € P1=3,000 psi -
P : :
g , ]
g C w L i
P}=2,000 p':
- LB -
" / i
e
o J
- // Pp=1,000 psi 3
| / P1=500 pai
/ ENERGY RELEASE vs VOLUME RATIu 7
1 1 i1 Llil I ] Lllllll 4 Ll L l1l] 1 121l
0.0001 0.001 0.01 0.1 1.0
Vm/Vt
Figure 10. Energy-release prediction curves for the 20,000 psi

capacity pressure ves

26

sel.




*p23893 S[2POW SNOTIPA 10J IIPUFTAD [3338 9Y3 103 S9AIND UOTID[paid-ainssaig

*e[1 2an314

(18d) Ta
00< (113 00% 05€ 00E oSt 00Z 0S1 001 oS %140
Pl
\‘\‘\
”
-~
r'd NoQ
V4
/
B s V.l
A s )
57 7 °
/ /
0 ’
7/ /
} Y \\. v0
3IN$631] UOTICIdWT *§4 OJ30Y anEsIid \\ \\
U4
4 /
\\ \ + $°0
4 y / -
~ / 1 %
\\ ﬁ\ / =
V\ 7 £ 9°0
P - \\
4+ o
- - \\ e /7
- .
po M= & L0
PR et - v -~
ﬁﬂ‘ - \«\\ v P4
- LA et 47 g
T vV e go
3 - sl o Nﬂ\N‘ e hustl v ® &q
(zi00°0 3 Z-Wv‘\ - a _A e
1|L||-| _l . Ct Ll ™
— s, v X _d " ® 60
AF%IF-.M'I.‘P\.I‘ —— o °
pom = — e
i ] 0°1

27




‘p931521 STOPOWm SNOTIPA 103 ISPUITAD [993S 3yl I10J SIAIND uWOyIofpoid-siansseag -qrr 2andjia

A e n et G e oA b e et e s

(1sd) g
00S 05y 00% 0s€E 0oL 0sz 00Z 0ST el oS 9,.

PRe

A
’ f
) 4 /

] \\
/ P
\ /
/7
/ 7
V4 Y4
) S /
7 =
’ 7
IINSxF1J VOISOJdm] ~SA OJIFg 2INSSIII s/ 7
4 /7
s ’
yi ,
P4 \W
A /
il 4
P %
7 /
\\\ 0‘ \\
L - Pd
- rd
- - -7
€ L.~ - -7
- - uz‘a --‘S‘-l\ - ] - - \‘1
e =¥y e ]
=" 8" °
1A el - -7
Q100> e

28




1
*p31s2] FTOPOA SNOTIBA 103 ISPUITLD mOUTUN2 93 I0J $IAIND GOTIDTpaid-sinssaig “eyy 2an3ITd ”
]

i (red) Tg
00s £ %4 00y 0S¢ 00T 05T 00 0ST 001 0S OH.O
[ )
\-\
| I
4 Y
V4
7 /
2 ya £0
7 7
/7 8 4
; Vi \
£ e s 1, /
£ 4 1—v-0
_ o it }; /
2INSs31] UOTPOL[OM] -SA OJ3®g o105l ©  § : /a8 / J
<0 on
o o~
N
=
-
F— 9°0
ﬁl. L0
1, . -epa JKE
——(2000 2 AL U= 80
b - = _- }
L a ey era 8ISt
g |
6°0

0°T




002

‘pe
pe31s89] sS[Ipou SNoTIeA 10] IIpUTTAD Eﬁﬂﬂﬂsﬁw 9yl I10J S9AINd uolIdTpoid-ainssaag
(ysd) "g

i

|

AINSLI1J UOJSOTAN] "SA OFINY SINSSAXJ

N
.0}?\ -

*qZT @an31g

10

z°0

-
o
30

/0

B8°0




*(STI00°0 = u>\E>v aasyds ‘efp ,¢ 103

*eg] 2andyg

19889A 18d-000°0Z 243 103 s2AIND uworIdIpaid-ainssaig
(sd) T
0000T 00051 00001 0008 o.— 0
z'0
£°0
"0
INBS3ig UOTSOTdW] SA OJIPY @inssalg
—
S*0 ™
o
~n
S
=
970
— \ L70
\ 8°0
6°0
e
ae] s, 37404 —
Ph 910 = Ba 7 o1




00007

3 u
*{Z£0G°0 = A/ A) @3a3yds ‘eyp .y 103
19883A 18d—000°0Z 243 103J S2aIND UOTIOIPA1d-ainssaly -qf 2and1i
(rsd) Tg
000ST 0000T 000§

70

IInSsIIg UOTSOTON] -SA Of Ny SINEeolq

F - ] .nsﬂs

L 3
Tay1zc0 = A9

6°0

32




m
“(£210°0 = 'A/"A) "®IP ,9 103
1essaa sd-0QQ°0z U? I10J S3aInd UOTIDIpIad-ainssaig -I¢] IN3TI

(red) L
00007 00051 00001 . 000S oo
%
1°0
[]
\ 2°0
€°0 o
3InssIig UOTSOJdE] ‘SA OJIfY 2INSSILY
)
"0 oy

lasta




1w
*(ZLS0°0 = “A/ A) @13yds -eyp ,07 103
19889a Is8d-000°07 243 10J SoAIND WOYIDIpaid-asanssaag °pg] I3and1g

E4)

£

3

(yod) Tg
00002 00001
r—e— - —— - 5 —© mco s ©—60- OO
o
&
[~]
L.ld..DW 1°0
2IN883lJ UOTBO[dW] °SA OJJCY§ SANSSaI]J

T°0

Ta/%4

34




N X1 ey e

*I9pow 3yl U AFe JO SIJUNOWE PITIPA
YIFA IIpUTTAD 13918 94l 10J S9AIND UOTIOIPpaad-aanssaig 4T 2anBTd

A/ A
°0 T10°0 T00°0 1000°0
frrrer T TTT T T 1 T TTT T 1T 1 T 0
—1°0
0
—€°0
%°0 "
g
¥sd 0001 » Panssaig uoysorduy N

[ . )
/ (6eT°0 = Ly) aspurrdn 19938 §°0 -

OFIBY SUNJOp °SA OJIBY L2inssalg

8°0




*ISpom 3y uf ife Jo S3junowe PITIEA YITA ISpuTTLd

19938 9y3 103 SoAInd uorioypeid Isesrsi-LBrsuy ‘¢ aandTg
|
*a/"a
01 1°0 10°0 100°0 1000°0
TTTTT T LU T FIrr r 11 foo1

ot —

o N
- nﬁooo.ﬁ g
(14
(2]
n
<
w
= - )
—
°
»
b - -
o
- - b
~Jooo“oT L,

¥sd 000°T § @Inssaig

— O]3Wy SWN[Op 'BA 388 7

- -
Ll i 116111 O O T | Jo00* 00T

36




(yed) 2anesazg woysorde;

*sazoyds youy-%z 103 ainssaad woTsSoTduf SnsIdA
apn3yidwe aanssaid pur ammssaid dTmeulpoapiy wnwyxel *egy 2in3T4

00% 00€ 002 001 0
—mo
-~
L~ 71
- 7y
7y

) 00z

7 4

\-\ \

> A
Y s
e -3 00%
-~ O
7
7 V4
f 009
/ \
P
7% YA
Ac L
D —
73 /e Pe
o’ a
\0
‘\ n\

(ved) epnaprduy sanesszg >yweulpoapiy

008

(¥ed) sanssaag vopsordmy

ooy 00€ 002 001 0
¥
SOPUT §/5-91 T \ya
saour 8 0 7 g7
sapuy € 0 | 7/
uorsoTdE] WOl aduelsig 7/
/

(¥ed) sanssoig >7wwulpoapiy

0001

37




apnyyTdue aanssaad pue ainssaxd syweudpoipAy mnuwixel

*saaayds youy-g/c-z 103 aanssaxd voysoTdur snsisa

(¥3d) ansseag woysordmy

ops ooy

00t

002

001

.\\ 7/

” ey

7/

QO
A

L4

7 s

y

00T

009

- (39d) epnijrdwy sanesezy dperulpoapdy

*q9T 2an8T14

(18d) sanssaig uorsordur

00S 00y 00t 00z 001 0,
SYUT 8/5-91 9 _ \\v&
saypur § O L~ "/,
aapul ¢ Q \\
uoysoTdwl WOXJ FDUEISEA -~ 7 /
— 17 002 =
-7 7 |/ o
~T .Q Y | o
el 7/ ]
- 00%
P \\\ e Jk m
\Ocﬁ y /7 0
” -] o
Vs / p
YA -
Fay 009 ¢
o la)
’ % -
L o~
Y4 79 3
4 / £
0 W
Ly
Ze
740
L4
c00T

PO I

38




*g8913yds youy-%¢ 103 3inssaad uorsoyduy snsiaa
IpniyTdoe aanssaid pue sanssoid dtweulpoiply wrmyxeR

(1ed} aanssaig uoysordmy

002

00T

/7,

0
-7

Prd

(y8d) epnayyduy @inssarg oFuwuiporpiy

01

b

*291 2an814

(¥s8d) Ianssaag uoysorduy

00S 00% 00t 00¢ 001 0
T T A0
SIPUT g/S-¥1 @ <
SePUL g @
SeYout £ 8
uoysordu] wWoiy IDUWEISTd
g
- &
0
”~ \.M <
o3 -
O 3
[\ =3
-7 o
r /. 7
/7 H
c
7 o
P o
PAY / z
AQ /- <
. .
70 %,
/7 \0
7/ {
/ 7
z L4 0001

39




*sareyds Youy-4 103j 3anssaid uoysordwy snsasa
spn3trdue aanssaxd pue ainssead >jweulpoipAy wnwfxeR

{xsd) ainssaiz uoysoyduy

0s oo
\\“\
- 4
B
- 7 7/
- 7
-~ oo, / 0<
-~ /
o ’ /
”~ 0 7/
<% 7] 4
\O.A. s 9 \0
< v 001
/ 7/
4/
s 7
/
s ,/ to
v ST
7S \kv
£
A Vi
/s, L’
< .
/7 o
Vi z

(19d) epnijrdmy sanssezy STWRUAPOAPAH

*p9T 2and14

(ysd) ainssaiy woysordey

001 0S 0q
—\ )
sagouy g 04
worsoTdmy mo23 adueIsyq \D\ \\ /
”~
-~ “e s/ x
P /7 7/ <
7 7 I
P 14
-~ 7 / A
~% 7 e/ 3
22 / g
A / o
el YA 15
, / §
/7 / g
7/ / »
/ / )
\ & 1 .._lr
Zs ad =
s /*
% r75°
\\o. /
rW\‘ / 14

40



*sa19ds WYPUI-%Z I0J UOTSOTdE] WOIJ IDULISEP SNSIJA

apnytrdue aangsaid pue ainssaid oyweulpoipiy mnmrxeR ‘BT 2in31d

(83gauT) FouRIST {s2yout) 2dueISTq
0z__ st ot s 0 z s ot 5 0

sd L <
186 G(T = [ <
vd pgz = Lg a
b ~

sd 527 = h— 00z o 18d 577 = Ig ooz =

] 1sd 0Oz = .“molllll/ &

Ty ———] 3

/// N A .I///./ £ 3

i

/ ooy v // 00y 3

8 o
@

] ~

< ~

- ©

® &

/ :

] ) 3

- ~

[ad o

c »

[ -

® !

08 ~ 008
)
c
T 001




*sazayds YPOUF-g/5-¢ 103 woISOTdWT WOIF IDVUBISIP SNSIIA

spnitidwe aanssaid pue siussead >JweudpoapAy wnmixeR “q/T 2An3T4

(89Youy) VuLISIq (oyouT) IUBISIG
19 113 S 0 0z ST ot

Fid G227 =

hid 05z =
¥19d GtZ =

S

ted czz IM&\L

002

ﬁommu —

SN
R

009

1% 517 = Ig ~ /

00y

(ysd) epnijiduy sanssexg dyawulpoapdy

G001

008

000T

(18d) sanssaag spuwulpoapiy

42




*8313yds 1PuUT-%¢ 103 UOTSOTdWT WOIJ 2IURISTP SNSIBA
spnyfrdue aanssaid pue ainssaid dfweudpoapdy WNWTXE}!

(sapur)
0

2dum3Isq
1 ¢

T8d ¢ = Am

tod (QT = M..Pl/.

0Z

yod ¢ZT = "4

/.///

009

008

(rsd) sopn3iyrdwy 9anssaxg djuwulpoapdy

00T

*241 3andyg

(sa1pry) adur3siq

0c ST
01 < AW
vod ¢/ = Ug
T
rsd 00T = & 00z
¥8d 571 17 // T
<
& ™
g -
Y <
b=
8
[*9
(2]
-4
~
9 3
»
=4
-
1 ]
3
008 ~
1




*Tsd Q0¢ 3o 2anssaid uvorsolduyl 103 2zFY [Opom SNSIIA

opn3fTdue 9anssaad pue 2inssaad o 1weulpoipAy wnumyxel

(%9pPur) I2TS TIPOK
1 £ 4

1

*gT 2in31jg

(89YOUT) 9z1S T2PoH

W8/E—€ = P

eod

uST = P
1

-
cc S y € 4 T cc
o
-
o
\mﬂ 2
002
007 B
g \\ 3
C3 ;|
m ..Q\mln = p .m-r
3 a
00% § on 3
o H
o I
3 :
H w01 =P 1
9 8 009 B
3 / :
_~
] s
Lot ~
08 008 ©
WST = Pd 2
uoysojdwy wo1j adURISIP = P
000T 1 i . 00T

44




350

300

Steel Cylinder
{Torque @ 40 and 30 ft-1b)

200

Aluminum Cylinder
(Torque @ 20 and 30 1ba)

-
n
(=}

Hydrostatic Pressure (psi)

100

50

Glass Cylinder
(Torque at 20 ft-1b)

200 400
Circumferential Strain (4 in/in)
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Frame 18

Frame 27

Figure 36. Typical collapse sequence of a 4-inch mode
at 3,000 frames/sec.
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Frame 27 Frame 50

ollapse sequence of a 4-inch model; camera speed
frames/sec.
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Figure 39. Loose pipe connections causing water to leak from
the pressure vessel.
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Figure 40. Damaged o-rings cf the top cover plug.

Figure 41.

Damaged o-rings of the pressure transducer probe.
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Figure 42,

Aluminum rods sheared off from the top cover plug.
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Figure 43.

Aluminum frames damaged by the implosions.
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Appendix

BUAEB PUBVMALY N PERUTPAIE PR A
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Implosion Method

To generate implosions at designated hydrostatic pressures, the
ball-breaker method (Figure A-1) was tested in the glass cylinder. The
method consisted of s sharp pin driven upward by a remote batterys
activated solenoid. After several trials, this mathod was considsred
unsatisfactory primarily dscauss penetration did not always cause an
impiosion or penetration was not always possible. The alternate
method employed was to pressurize the vessel until implosion occurred,

Sealing Method

The sealing method for the glass and steel cylinders consisted
a hard rubber gasket at both ends of the cylinder. Major difficulties
encountered are summarized as follows:

1. Between tests, sealing materials had to be applied along the
inner radius of the gasket to prevent minor leaks.

. .2, Considerable time had to be spent compressing the cover plates
to attain maximum sealing pressures,

3. The gaskets had to be replaced after several tests.

The rubber gaskets were replaced by O-rings for the final seriass
of tests conducted in the aluminum cylinder; no major difficultiaes
were then encountered.

Triggering of Oscilloscopes

To record the initial phase of the dynamic response, it was
necessary to trigger the oscilloscopes an instant oefore the implosion
occurred. Since the implosion pressure was unpredictable and more
sophisticated instrumentation was not available, it was difficult to
trigger the oscilloscopes as desired. Therefore, a stress-induced
signal from one of the transducers was employed to trigger one scope;
the gate output of that scope triggered the other scopes. The result
was that the pre-implosion static pressure and strains were difficult
to determine from the photographed traces since some of the initial
traces were generally not recorded, Therefore, the static measurements
of the pressure gage and the pressure-strain calibration curves were
used,
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-triggered the oscilloscopes; this method was more successful. -

The transducer used for triggering the oscilloscopes was either
All three transducers presented difficulties: (1) premature triggerings
occurred frequently due to sporadic high noise signals, (2) the induced
signals failed many times to trigger the oscilloscopes, and (3) the
triggering sensitiveness of the oscilloscope was difficult to adjust,

In a later series of low-pressure tests, the conductive paint
method was finally tried. A narrow strip of conductive paint was
applied to the model, with electrical leadr attached and circuited to
the oacilloscope. When the implosion occurred, the break in the circuit

et e e e 2

For tests conducted in the 20,000-psi .pressure vessel, the
conductive paint method was not used because electrical circuit .connections
(via the top cover to the model) could not be made easily. Instead, the
strain-induced signal from one of the strain gages was employed to
trigger the oscilloscopes.

Drifting Signals

The trace signals drifted during the pressurization. For the
low=pressure tasts, drifting of the varlous trace signals was tolerable;
the drifting error was corrected by shifting the zero condition line
until either the initial or final hydrodynamic conditions coincided
approximataly with the initial or final static cenditions, The implosion C e
pressure was recorded diractly from the pressure gages; the static
strains were determined from the pressure-strain curves,

The causes for signal drifting are not exactly known, but changes
in environmental temperatures may have been a contributing factor.

Other factors may be the inherent electrical drifting in the odscilloscopes,
the ineffectiveness of the température-compensating strain gages, and
the instability of the power sources.

In testsé in the 20,000-psi pressure, the trace signals of the
strain gages drifted completely out of the scopes, primarily because
of the longer time required to attain the high collapsing pressures,

To eliminate drifting, the AC stability feature of the scope was
employed, This feature allows the trace to remain at constant position
for a slow change in the strains. At implosion, the trace would deflect
corresponding to the dynamic strains, The method oi measuring implosion
pressures and static strains was similar to that used in low-pressure
tests,




The ball-breaker method.

Pigure A-1,
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