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Foreword

et o e e

For successful operation, all manned diving systems, submersibles, and hyperbaric chambers re-
quire pressure-resistant viewports. These viewports allow the personnel inside the diving bells and sub-
mersibles to observe the environment outside the pressure-resistant hulls. In addition, on land, opera-
tors of liyperbaric chambers can observe the behavior of patients or divers undergoing hyperbaric
treatment inside the chambers.

Since the viewports form a part of the pressure-resistant envelope, they must meet or surpass the
safety criteria used for designing either ihe metallic or plastic composite pressure envelope. The
ASME Boiler and Pressure Vessel Code Section 8 provides such design criteria, and the chambers/
pressure hulls designed on their basis have generated an unexcelled safety record.

The viewports, because of the unique structural properties of the acrylic plastic used in coner—1i-
ing the windows, could not be designed according to the same criteria as for the pressure enve.. §
fabricated of metallic or plastic composite materials. To preclude potential catastrophic failures of
windows designed on the basis of inadequate data, in 1965, the U.S. Navy initiated a window testing
program at the Naval Civil Engineering Laboratory and the Naval Ocean Systems Center. Under this
program, window testing was conducted until 1975.

The objective of the window testing program was to generate test data concerning the structural
performance of acrylic-plastic windows fabricated in different shapes, sizes, and thicknesses. Candi-
dates for investigation included the effect of major design parameters, like the thickness to diameter
ratio, bevel angle of bearing surfaces, and the ratio of window diameter to seat-opening diameter on
the structural performance of the windows; and empirical relationships were to be formulated between
these variables and the critical pressures at which windows fail. To make the test results realistic, the
test conditions were varied to simulate the in-service environment that the windows were to be sub-
jected. Thus, during testing, the windows were subjected not only to short-term pressurization at
room temperature, 7An also to long-term sustained and repeated pressurization at different ambient
temperatures.

On the basis of these data, empirical relationships were formulated between design parameters and
test conditions. Committees in the Pressure Technology Codes of the American Society of Mechani-
cai Engineers subsequently incorporated these relationships into the Safety Standard for Pressure Ves-
sels for Human Ocsupancy (ASME PVHO-1 Safety Standard). Since that time, this ASME Safety
Standard has formed the basis — werldwide — for designing acrylic windows in pressure chambers for
human oceupancy. Their performance record is excellent; since the publication of the Safety Stan-
dard in 1977, no catastrophic failures have been recorded that resulted in personal injury.

The data generated by the Navy's window testing proesram were originally disseminated in technical
reports of the Naval Civil Engineering Laboratory and che Naval Ocean Systems Center, and were
made available to the general public through the Defense Technical Information Center. Some of the
data were also presented in technical papers that subsequently were published in the Transactions of
the American Society of Mechanical Engincers. To facilitate distribution of these data to users inside
and outside of the Department of Defense, the technical reports have been collected and are being
reissued as volumes of the U.S. Navy Ocean Engineering Studies.




Volume VII of the Ocean Engineering Series is a compilation of several technical reports and pa-
pers dealing with different aspects of the acrylic plastic window technology. The first report describes
in detail the development of a fabrication technique for casting thick spherical shell windows in per-
manent metal molds to net dimensions and the subsequent experimental evaluation of their structural
performance. The second report summarizes the results of a testing program that analyzed the frac-
ture toughness of spherical shell windows under point impact generated by simulated collisions between
submersibles equipped with spherical bow windows and massive obstacles, like ships, offshore plat-
form, docks, and rocks.

The third report presents experimental data on the effect of bubble inclusions in acrylic castings
on the mechanical properties of cast acrylic plastic. These data are particularly valuable for setting
acceptance limits in quality assurance programs for fabricating large acrylic windows from (1) mono-
lithic casting or (2) multiple segments joined by adhesive bonding.

The fourth report presents the designer with information on how weathering and long-term sus-
tained loading degrade the structural properties of acrylic plastic. On the basis of such information,
the designer can apply the appropriate safety factors to design stress values so the acrylic structure
can, even after 10 or 20 years of service, safely carry the load for which it was designed. The data
contained in this report are further augmented by technical papers on the same subject published in
the Transactions of ASME.

The remainder of the technical papers deal with various design and fabrication aspects of acrylic
windows and pressure hulls. Of particular interest is the paper on the design and performance of
plane disc windows with twin conical bearing curfaces. These windows are installed in diving bells and
personnel transfer capsules where the window is subjected to pressurizations from either side.

Another paper covers the design and performance of hyperhemispherical windows that find application
as observation domes on submersibles or nonpenetrating periscopes on submarines. There are also
several papers of interest to designers of acrylic spherical hulls; one addresses the effect of muliple
penetrations, another the incorporation of polycarbonate plastic inserts, and still another the increase
of wall thickness on the structural performance of acrylic spherical hulls.

The pressure and duration of loading data summarized in the reports apply directly to windows of
any size with an identical t/Di ratio, while the displacements shown must be multiplied by a scale fac-
tor based on the ratio of minor diameters on the test and operational windows. To date, these test
data have been used su.cessfully in designing windows and pressure hulls in sizes up to 96 inches for
tourist submarines.

J. D. Stachiw
Marine Materials Office
Ocean Engineering Division
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SUMMARY

PROBLEM

Spherical shell sector windows of cast acrylic plastic have been found to be better
suited, structurally and optically, for high-pressure service than flat disc or conical frustum
windows. To perform successfully, however, they require close dimensional tolerances that
cannot be met by thermoforming techniques alone. To date, these tolerances have been met
only by machining of cast, or cast and thermoformed, acrylic plastic stock. However, this
method of fabrication of such windows, although otherwise very satisfactory, is prohibitively
expensive for the larger sizes. A less expensive fabrication technique was sought so that the
spherical shell sector windows would become attractive economically.

RESULTS

A technique of casting to finished dimensions was developed that allows the produc-
tion of acrylic plastic spherical shell sector windows to curvature and thickness tolerances
generally found only in machined windows.

Acrylic plastic spherical shell sector windows with 9-inch outside and S-inch inside
radii were cas: tn a radial tolerance of +0.05-inch. The finish on the spherical surfaces was
of such high quality that no machining or sanding of these surfacr:s was required. After a
minor polishing operation the windows met the ASTM D-702 specification for optical clarity.
Machining was required only on the bearing surface of the window.

The mechanical and physical properties of the casting were comparable to those of
commercially available cast acrylic plastic plates (Plexiglas G, Swedlow 310, Acrylite).

RECOMMENDATION

The casting process can be used for fabrication of windows applicable to high-
pressure service in manned and unmanned systems, provided that the dimensional and
material quality controls used in this study are maintained.

Acryliz plastic spherical shell sector windows with t/ Rl 0.8 and included angle of
180° fabricated by casting can be operated in manned service, up to a 5000-psi hydrostatic
pressure, provided: (1) the radii and thickness do not deviate more than 1 percent and
2 percent respeciively i.om specified values; (2) the mechanical properties of cast materials
are equal to or better than those found in the cast windows described in this report (table 2).

It is recommended that the casting process for acrylic plastic spherical shell sector
windows developed in this study be applied to production of man-size spherical acrylic pres-
sure hulls in order to decrease their high acquisition costs. Savings of S0% over the typical
modular NEMO fabrication technique are projected for spherical hulls assembled from cast
hemispheres.
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INTRODUCTION

Acrylic plastic windows* have found wide application as viewports for high-pressure
service at sea and on land (references 1-8, 15, 16). Several window configurations have been
studied for their structural and optical properties. Of these only the conical frustum, flat
disc, and spherical shell sector have found practical application. These windows have been
made from cast acrylic plastic plates by machining. Although the three shapes can be made
massive enough to withstand hydrostatic pressures to 20,000 psi, only the spherical shell
sector** offers optimum optical and structural properties. However, the cost of its fabrica-
tion is an order of magnitude higher than that of the other two shapes, because precise
machining is required on all surfaces of spherical windows to bring it within the necessary
dimensional tolerances.

Only casting to finished dimensions promises to be a viable approach for the reduc-
tion of fabrication costs. Several casting techniques with potential for producing spherical
windews to finished dimensions were studied. Two were developed to the final production
stage. The process reported here is the precision casting process of windows to finished
dimensions.***

BACKGROUND

The difficulty of casting acrylic plastic spherical windows to finished dimensions
increases with the magnitude of the included spherical angle. The basic reason for thic diffi-
culty is the large shrinkage of acrylic plastic resin upon polymerization. Since casting to
finished dimensions requires a set of male and female molds held in a fixed orientation, such
shrinking is restrained by the rigidly held molds.

So long as the included spherical angle is <90 degrees, the male mold exerts very
little radial restraint on the shrinking resin and the resulting castings are relatively stress-free.
However when the included spherical angle is 180°, the radial restraint at the equator of the
hemisphere assumes the full value generated by the shrinking resin. If no special steps are
taken to compensate for the 20% shrinkage of the acrylic resin (methyl methacrylate mon-
omer resin), sufficiently high tensile stresses would be generated in the casting to produce
tensile cracks. The presence of such cracks, besides trapped air bubbles, is the most common
reason for rejection of castings.

Several spproaches have been utilized to decrease tensile stresses in acrylic plastic
resulting from shrinkage of resin during curing. The most common approach has been to
add to the methyl methacrylate monomer resin some already polymerized acrylic plastic in
the form of fine powder. Depending on the percentage of powder added, the shrinkage of
the casting can be decreased to about 5%. Although this procedure is very beneficial in
decreasing of shrinkage stresses, in most cases it is not sufficient enough to prevent a few
tensile cracks.

*The production of acrylic plastic transperent pressure hulls {references 9-15), their technology being simliar
10 that of windows, shoukd benefit jrom the progress in casting reported here,
®*For the sake of brevity, spherical shell sector windows will be referred 1o as “spherloal windows, *'
The other process is reported in reference 17,

208




The additional steps taken for the further reduction of tensile stresses in the casting
: address themselves to the reduction of radial restraint. This can be accomplished by making

the male mold from a compliant material, so that it would compress radially under the action
of shrinking acrylic plastic resin and prevent the buildup of tensile stresses in polymerized ]

\ acrylic plastic to dangerous levels. The mold would have to have a thin wall and be con-
structed from a material with (1) a low modulus of elasticity, (2) a coefficient of thermal i |
expansion matching that of acrylic plastic and (3) the ability to retain its structural proper- ] {
ties at temperatures encountered in polymerization of acrylic plastic resin.

A material meeting most of those requirements is glass-fiber-reinforced epoxy plastic.
With a male mold of this material, successful castings of acrylic plastic hemispherical windows
have been produced. 17

The major shortcoming of this approach has been that the cast hemisphere requires
excessive amounts of hand sanding and polishing to make it optically acceptable. In addi-
tion, the dimensions deviate from those specified considerably in excess of those attainable
through machining. Still, because this type of mold is inexpensive, this approach to casting
of acrylic plastic spherical windows is economically attractive — provided that only one or
two castings of given dimensions are required and the noticeable deviations from specified
sphericity and thickness can be tolerated.

The anproach described here to reduce tensile stresses in cast spherical windows
avoids sacrifi.. ~ any qualitv of surface finish or dimensional tole-..::ces typically associated
with machined and subsequently polished acrylic plastic hemispheres.

The casting technique developed satisfied the requirement of economical mass pro-
duction of precision-made, large, spherical acrylic windows applicable to high-pressure service.
A low unit cost was achieved by eliminating the expensive and time-consuming machining
and polishing of spherica' surfaces commonly associated with the production of precision-
made spherical windows. The only machining necessary was on the equatorial bearing sur-
face of the spherical window.

FABRICATION

These goals were achieved by developing the proper tooling, casting mix, and polym-
erization process.

Tooling

The tooling consisted of mated male and female molds (figure 1) machined from
6061-T6 aluminum alloy forged billets (figure 2). The spherical surfaces on both molds {
were machined to a 32 rms finish and subsequently polished to a mirror-like finish. Through i
careful contro! of dimensional tolerances on the spherical radii of mold surfaces and location i
of indexing pins in the assembly components, the mold cavity was within £0.032 in. of the
specified nominal curvature dimensions. This tolerance does not indicate the maximum
attainable precision for this type of mold assembly. 1t was considered more than adequate
for the window size chosen for test purposes.




Casting Mix

A batch of casting mix consisted of 1000 ml methyl methacrylate monomer (DuPont
H324), 1500 g polymer (DuPont 4FNC99) passing No. 77 sieve, 2 g catalyst (DuPont Vazo
52), and 10 ml of methylene glycol methacrylate (Sartomer Resins Co.) for crosslinking. The
materials were mixed with an electric rotary mixer and placed under 80 mm of vacuum.
After several minutes the vacuum was released and the mix was stirred until it thickened to
a creamy consistency. At that time the mix was poured into the mold assembly, which had
been cleaned with methyl or ethyl alcohol (figure 3).

Casting

The mold assembly, filled with the casting mix, was placed into an autoclave, which
was kept in the 70 to 80°F temperature range (figure 4). The autoclave door was closed and
pressurization with con:pressed air was begun. When, after approximately six hours the
internal pressure reached 150 psi, the thermal cycle was begun.

The thermal cycle consisted of the temperature of the pressurized autoclave being
raised from 80° to 180°F in 3 hr and 30 min. The 180°F temperature was maintained for
18 hr. Then the pressurized autoclave was cooled to 120°F, which took 24 hr. When 120°F
was reached the autoclave was depressurized and the door opened, and the male mold was
removed from the assembly, leaving the casting undisturbed in the female mold. The auto-
clave was closed again anu, remaining unpressurized, cooled down to 80°F.

When the interior of the autoclave reached 80°F the door was opened and the casting
removed from the female mold (figure 5). Subsequently the molds were cleaned with methyl
alcohol and were ready for another batch of casting mix.

1t is important to note here that the removal of the male mold when the polymerized
casting is at 120°F prevents the formation of tensile cracks in the finished casting. This
temperature is quite critical: if the male mold is removed at higher temperatures, parts of
the casting adhere to the male mold and are torn from "he casting, while at lower tempera-
tures cracks are already present in the casting.

WINDOW SPECIMENS
Shape

Two shapes were chosen for casting the test specimens (figures 6 and 7). One shape

was that of a classical, thick-walled hemisphere, the other of a flanged, thick-walied hemisphere.

The flangeless hemisphere was chosen to demonstrate the capability of the new casting proc-
ess to produce true spherical windows with optically clear surfaces within tight dimensional
tolerances. The flanged hemisphere was chosen to test the capability of the casting process
to produce optically acceptable spherical castings with heavy equatorial flanges. A total of
nine flangeless and three flanged hemispheres were cast in the machined aluminum molds to
establish the feasibility of the precision casting process for spherical windows.

= . b




I

o ——— e oo

Dimensions

The dimensions of the windows were determined by the diameter of the available
deep-ocean test simulator with a maximum hydrostatic working pressure of 20,000 psi. The
thickness also was determined by this maximum pressure, which was suitable for the subse-
quent destructive testing. Through accommodating the window dimensions to the capacity
of the available deep-ocean simulator, substantial economies were achieved in the testing.
This permiited the testing of more specimens with greater detail than would otherwise have
been feasible with the available funding.

Quality Control

The windows produced fully met the objectives of the study. The internal and exter-
nal surfaces did not require any sanding or machining ir order to meet the tolerances speci-
fied. Only machining of the equatorial bearing surfaces was required to convert the castings
into a finished optical product (figures 8 and 9). The visibility through the windows more
than surpassed the requirements of ASTM D-702 and no bubbles or cracks were noticeable.

The mechanical and physical properties of the cast material were established through
testing of coupons cast from the same mix by means of the same polymerization process.
The massiveness of the coupons (4 in. in diameter and 12 in. long), ensured similarity of the
mechanical properties of the coupons with those of the window castings (figure 10).

The properties (table 1) were found to be comparable to those of commercially avail-
able cast acrylic plastic plate 4-in. thick commonly used as machining stock for small pressure-
resistant windows. This indicates t - .t the process described here produces high-quality win-
dow castings acceptable for high-pressure service in manned and unmanned systems, such as
submersibles, habitats, hyperbaric chambers, water tunnels, and deep ocean simulators.

TESTING OF WINDOWS
Objective

The objective of the test program was to establish experimentally the safe operational
pressure to which the flangeless spherical windows with t/R; = 0.8 (figure 7) could be sub-
jected in service. They were tested under three pressure conditions: short-term, long-term,
and cyclic (table 2). The three cast flanged wincdows (figure 6) were not tested at this time.

The short-term test determined the pressure at which catastrophic failure of the
flangeless spherical window would occur under accidental increase in service pressure (such
as through loss of control over a diving submersible, or failure of the pressure regulator on the
pressurization system for a hyperbaric ciamber). In the short-term test the pressure was raised
till either catastrophic failure took place or the operational limit of the pressure vessel was
reached at 20,000 psi internal pressure.

The long-term test showed how much creep could be expected in the flangeless spher-
ical window under sustained pressure loading, such as in a habitat submerged for weeks or
even years. The duration of each test was 750 hr.
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The cyclic test produced data for a cyclic fatigue curve, which would be used for
predicting the fatigue life of windows. The duration of each cycle was 8 hr, of which 4 hr { ‘
was sustained loading and 4 was relaxation. This pressure cycle regimen was considered i
representative of typical submersible service. Each window was subjected to 100 pressure
cycles unless catastrophic failure occurred sooner. ‘

Test Conditions

The tests were performed in a water-filled, deep ocean simulator maintained at
70-75°F temperature range. All tests but the short-term were performed with the hemi-
spheres resting on a steel bulkhead with 63 rms machined finish (figure 11).

For the short-term test, two hemispheres were bonded together to form a sphere
(figure 12) and were tested as a unit. This was done to avoid influencing the character of
catastrophic failure by end conditions.

The pressurization was achieved through positive displacement pumps raising the
pressure at 500 psi/min. The depressurization was accomplished at approximately the same
rate.

The instrumentation consisted mainly of electric-resistance, 90°, strain-gage rosettes.
In addition, for the short-term test, the water displacement technique was utilized (figure 12),
as it was feared that the strain gages might fail before catastrophic failure occurred.

TEST OBSERVATIONS
Short-Term Test

Since the sphere composed of two hemispheric windows did not fail catastrophically
at 20,000 psi, the maximum working pressure of the deep-ocean test simulator, it cannot be
stated positively what is the short-term collapse pressure of the windows tested. However,
judging by the recorded strains, displaced water, and radial displacements (figures 13, 14, 15),
the short-term collapse pressure lies somewhere in the 22,000-to-24,000-psi range.

The maximum stresses reached were above the yield strength of the material and thus
it can be predicted that the catastrophic failure would have the character of plastic instability.
That considerable plastic flow occurred at 20,000 psi is evident by extensive fracturing having
iaken place at 2,000 psi during the depressurization of the deep-ocean simulator. All the
cracks originated on the interior spherical and equatorial bearing surfaces (where the highest
compressive stresses and the associated plastic flow occurred) and propagated through approx-
imately 75% of the wall thickness (figures 16, 17, 18, 19).

Cyclic Fatigue Tests

The cyclic fatigue tests conducted on four windows at 13,500-, 10,000-, 7500- and
5000-psi pressure levels for 100 consecutive pressure cycles have shown that the spherical
windows tested can probably withstand without catastrophic failure at least 10,000 pressure
loadings of 4-hour duration at 5000 psi (figure 20). ‘




This evaluation is based on the fact that 13 pressure cycles to 13,500 psi were
required for a catastrophic failure to occur (figure 20), while even 100 pressure cycles to
7500 or 10,000 psi failed to damage the windows catastrophically (figures 21, 22, 23 and
24). The complete absence of cracks in the window cycled 100 times to 5000 psi, and only
moderate cracking in the window cycled 100 times to 7500 psi, attest to the adequacy of
the window for cyclic service at 5000 psi.

The strains (figures 25 and 26) recorded during pressure cycling also substantiate a
phenomenon peculiar to cyclic pressure testing of spherical windows. This phenomenon,
postulated before by researchers (reference 18) but never proven, is that the initiation of
cracks on the interior surface of windows occurs during the relaxation and not the sustained
loading phase of the pressure cycle.

The cracks are initiated by tensile strains in the plastically deformed interior surface.
These strains are generated by expansion of the material still in elastic condition near the
outer surface of the hemisphere when the hydrostatic pressure on the window is reduced to
zero. The plastically compressed material cannot return to its original relaxed condition,
although it is physically joined to the elastically expanding material, thus generating tensile
stresses in the plastically compressed material.

The growth of tensile stresses during each relaxation phase is cumulative; the magni-
tude increases during each relaxation phase by approximately the same increment. So long
as cycling continu s, the magnitude increases until it surpasses the tensile strength of the
acrylic plastic. At that time a tensile crack is initiated that rapidly propagates inward towards
the elastic zone of material. As the strain records show (figures 25 and 26), this occurs when
the magnitude of strains in the interior surface reaches +9000 microinches/inch. Since both
the creep of material producing the plastically deformed zone and the subsequent tensile
static fatigue are functions of duration of loading and relaxation periods, it is obvious that
acrylic windows under cyclic loading are very sensitive to the duration of the pressure cycle.
This substantiates the author’s testing philosophy that the length of a test cycle should,
whenever possible, correspond to the length of the operational cycle of the system in which
the windows zre to be incorporated.

The strain magnitude observed during the initiation of cracks on the interior surface
of the spherical windows correlates rather well with the magnitude of positive strains in a
biaxial stress field predicted (reference 19) for tensile failure of acrylic plastic.

The same explanation can be postulated for the initiation of the circumferential
cracks in the bearing surface. They are also created during the relaxation phase of the cycle,
by tensile radial strains generated through elastically expanding ou(<r layers of window acting
on the plastically compressed inner layer. This would also logically explain why the cracks
are more frequent and are located at closer intervals near the inner surface of the window.

where the maximum compressive stresses are found during hydrostatic loading of the window.

The repeated contraction and expansion of the window during pressure cycling also
resulted in radial scoring of the bearing surface in contact with steel. Use of a gasket would
have prevented this.*

°A concurrent stud (reference 20 hes shown that the use of & Feirprene 5722A or epox y-impregnated KEVLAR 49

l Jabric gasket compleiely eliminates the scoring of the begring surface on spherical acrylic windows with en included
angle > 120°.
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Long-Term Tests

The 750 hr long sustained pressure loadings conducted on three windows at 15,000-,
10,000-, and 5000-psi pressure levels have shown that the windows tested can sustain with
reasonable degree of confidence a pressure loading of 5000 psi for a period of time in excess
of 1000 hr.

This evaluation is based both on the magnitude of creep (figure 27) recorded during
sustained loadings at different pressure levels and on the severity of cracking observed after
termination of tests at different pressure leveis (figures 28, 29 and 30). Not only is the total
creep at 5,000 psi less than 5,000 microinches/inch; also the creep rate approaches zero after
the first 200 hr of sustained loading. In addition, while the cracks observed in windows after
testing to 15,000 and 10,000 psi are severe, in the window tested to 5,000 psi they are absent
completely.

The radial cracks observed on the interior surface and the circumferential cracks
observed on the bearing surface are postulated to have occurred only after the pressure was
released. In this case, the action of crack initiation is similar to that observed during fatigue
cycling of other window specimens.

Since the total period of sustained loading during which creep could occur was near
750 hr, while during cycling fatigue tests it was only 400 hr (100 cycles with individual 4-hr
sustained loading periods), it was to be expected that the number and depth of cracks would
be greater in windows subjected to long-term sustained loading at the same pressure level as
the cyclically fatigued windows.

Observation of window specimens 5 and 8 tested to 10,000 psi under cyclic and long-
term conditions, respectively, bears this out. The cracks in specimen 8, subjected to uninter-
rupted 750 hr of sustained loading, were significantly deeper and more numerous than those
in specimen 5, which experienced only 400 hr under sustained loading (figures 23, 29).

FINDINGS

A fabrication process was developed for precision casting of acrylic plastic spherical
shell sector windows with a spherical included angle < 180°, in a mold assembly of matched
metallic male and female molds. Potential cracking of castings due to polymerization shrink-
age is precluded by removal of the male mold from the casting, while it is cooling, when its
temperature is at 120°F. Such spherical castings do not require machining or sanding of
spherical surfaces.

The casting technique utilizes a polymerization process that produces acrylic plastic
with mechanical and physical properties comparable to that of commercially available cast
acrylic plates (Plexiglas G, Svredlow 310, Acrylite, etc.).

The windows, in the form of hemispheres with a thickness-to-inner-radius ratio of
t/ R; = 0.8, were found to be safe for operational hydrostatic pressure of 5000 psi.

Cracking of the windows during cyclic pressure loading tests was found to originate
on the equatorial bearing and internal spherical surfaces during the relaxation phase of the
cycle, when the external pressure on the window is equal to zero.

Cracking of the windows during long-term sustained loading tests, when ‘.:lure
through general instability did not occur, was found to originate also on the equatcrial bear-
ing and internal spherical surfaces, but only during depressurization at the end of the test.

A
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The short-term critical pressure of the hemispherical windows, having t/ Ri = (.8, was
found to be in excess of 20,000 psi.

CONCLUSION _ !

Massive spherical shell sector windows of acrylic plastic can be mass produced, eco-
nomically and within tight dimensional tolerances, for high-pressure service in unmanned or N
manned systems. There appears to be no size limitations inherent in the casting process
developed.

RECOMMENDATIONS

In general, the casting process described can be used for fabrication of acrylic plastic
spherical shell sector windows applicable to high-pressure service in manned and unmanned
systems — providing that the dimensional and material quality cuntrols used in this study
are maintained. -

Cast spherical windows with t/R; = 0.8 and included angle of 180° can be operated
in manned service to S000 psi, provided that: (1) the radii and thickness do not deviate
more than 1% and 2% respectively from specified values and (2) the mechanical properties
of the casting are equal to, or surpass, those specified in table 1.

For cast acrylic plastic spherical shell windows with different t/R; ratios and included
angles, the design specifications should be those developed in previous studies for spherical
windows machined, or fonned,14 from cast acrylic plates with the material properties shown
in table 1.

The casting process developed also can be applied to production of man-size spher-
ical acrylic pressure hulls in order to decrease their high acquisition costs. Savings of 50%
should be feasible over the typical modular fabrication technique previously developed by
the Navy for fabrication of the first acrylic plastic submersible NEMO.
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Table 1. Physical Properties of Cast Acrylic Plastic Hemispheres

and of Plexiglas G Sheets
ASTM Hemisphere Plexiglas G
Property method Units casting* sheets**

Specific gravity D792 — 1.17 1.19 £ 0.01
Residual monomer SPI % 0.2 1.5 max.
Tension

ultimate strength D638 psi 9,750 9,000 min.

max. elongation D638 % 3.64 2 min.

modulus D639 psi 480,000 400,000 min.
Flexure

ultimate strength D790 psi 14,500 14,000 min.

modulus D790 psi 490,000 420,000 min.
Compression

yield D695 psi 15,800 15,000 min.

modulus D695 psi 400,000 400,000 min.

deformation D621 % 0.72 1.0 max.

(at 4000 psi & 120°F)
Shear

uitimate strength D732 psi 9,250 8,000 min.
Impact

Izod notch D256 ft b/ 0.22 0.3 min.

in. of notch

Heat distortion D648 °F 213 205 min.

(temperature at 264 psi)
Resistance to stress MIL-P-8184 psi 2,000 psi 1,500 min.

(critical crazing minor

stress in presence crazing

of isopropyl alcohol)

®Actua! measured values of hemispheres fabricated by Polymer Products, Ocklend, CA.

"Speviﬁed valuss for procirement of Plexiglas G material used in fabrication of pressure-resistant windows for
man-rated submersibles and hyperbaric chambers (Reference 16).
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Table 2. Hydrostatic Tests of Cast Acrylic Plastic Hemispheres

Test Test parameters Specimen no. Results
Short-term Pressurized to 1,2 Severe cracks appeared during
20,000 psi and held depressurization. {
for 1 hr
Cyclic fatigue | Cycle regimen: 3 No cracks after 100 cycles.
4 hr at 5,000 psi
4 hr at 0 psi
Cycle regimen: 4 Minor cracks after 100 cycles.
4 hr at 7,500 psi
4 hr at 0 psi
Cycle regimen: 5 Severe cracking after 28 cycles.
4 hr at 10,000 psi Survived 100 cycles without
4 hr at 0 psi catastrophic failure, but failure
imminent.
Cycle regimen: 6 Catastrophic failure after
4 hr at 13,500 psi 13 cycles.
4 hr at 0 psi
Long-term sustained 5,000 psi i No cracks after 750 hr of
for 750 hr loading and depressurization.
sustained 10,000 psi 8 Cracks after 750 hr of loading
for 750 hr and depressurization.
sustained 15,000 psi 9 Severe cracks after 759 hr of

for 750 hr

loading and depressurization.

All tests conducted in water at 70°-75°F renge.
All hemispheres have an 18-in. OD and 10-in. ID.

Pressurization anc' depressurization rates are 500 psi/min.
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Note that only equatorial surface is wrinkled and requires machining.

Casting after removal from the mold.
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A. PRIOR TO MACHINING.

& /e A e

2970

}5.6 ALLOWANCE

1

Figure 6. Dimensions of fla;:sed spherical window casting.

SECTION A-A |




B. AFTER MACHINING.

BREAK
CORNERS 0.005R
. AS CAST
0.375 POLISHED
0.380 —ol SURFACES
DIA.

14.475 (REF)

(O RING 2458)

¥ 00"! l '
AS CAST . ; ;
% . 1-1/2" + 1/64 |
BREAK I——u.m + 0.010 (O RING GROOVE I.D.)——l I !

SHARP EDGE

16.057 + 0.0251

! SECTION A-A i

Figure 6. (Continued).

21




A. PRIOR TO MACHINING.

- / v W \ |

—-» >

e

ALLOWANCE FOR MACHINING '/
- 10.060 ) A g }
9940 -
' 2.000 5
18.060 ., .| 1.000 ;
SECTION A-A

Figure 7. Dimensions of spherical window casting.
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B. AFTER MACHINING.

- 4
‘ i

— >

— >

AS CAST
POLISHED SURFACES

BREAK SHARP EDGES

18.060 .
17.940

SECTION A-A

Figure 7. (Continued).
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A. TOP VIEW.

B. BOTTOM VIEW.

Figure 8. Finished 18-in. OD X 10-in. {D Nangeless spherical window.
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A. TOP VIEW.

Figure 9. Finished 14-in. OD X 10+in. ID flanged window.
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UNIAXIAL COMPRESSIVE STRESS, psi

T e ——

18,000 |-

16,000 —

14,000

12,000 i~

10,000 |~

8000 TEST RESULTS
B COMPRESSIVE YIELD = 15,800 psi
MODULUS OF ELASTICITY = 400,000 psi

TEST CONDITIONS
TEST SPECIMEN: 2-IN. O.D. X 4-IN. LONG
MATERIAL: ACRYLIC PLASTIC CASTING
TEMPERATURE: 75°F
LOADING RATE: 1500 psi/min.

4000

2000

0 0.060 0.100 0.150
COMPRESSIVE STRAIN, in.fin.

Figure 10. Compressive strength of acrylic plastic casting.

26

—

B h‘”ﬁ.ﬁn:’-l

s -




27

e 7 " N 1 ,




Figure 12. Test arrangoment for short-term hydrostatic testing of cast acrylic
spherical windows. Note tubing used for fllling the interior of the sphere with
water prior to hydrostatic testing. During the tezt displaced water from the
interior of the sphere flows through the tubing tn a graduated container
located outside the pressure vessel.
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E B TEST SPECIMEN: 18-in.0.D. X 10-in.1.D.
w MATERIAL: ACRYLIC PLASTIC CASTING
X PRESSURIZATION: 500 psi/min
TEMPERATURE: 75°F
LOCATION OF GAGE: AT THE APEX OF HEMISPHERE
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Figure 13. Strains on interior of sphere under short-term external hydrostatic loading.
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EXTERNAL HYDROSTATIC PRESSURE, psi

20,000

16,000

12,000

8000 |

A. SHORT TERM.

N B I N

e
TEST SPECIMEN:  18-in. 0.D. X 10-in. 1.D. SPHERE
MATERIAL: ACRYLIC PLASTIC CASTING
PRESSURIZATION: 500 psi/min
TEMPERATURE: 70°F

0 1000 2000
DISPLACEMENT, ml

Figure 14. Decrease in internal volume of sphere under external hydrostatic loading.
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DURATION OF SUSTAINED LOADING, min

24

12

B. LONG TERM.

TEST SPECIMEN: 18-in. 0.D. X 10-in. 1.D. SPHERE
MATERIAL: ACRYLIC PLASTIC CASTING
TEMPERATURE: 70°F

I I T R T I I |

0 1000 2000 3000

DISPLACEMENT, ml
Figure 14. (Continued).
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EXTERNAL HYDROSTATIC PRESSURE, psi

A. SHORT TERM.

20,000

18,000

16,000

:

12,000
10,000
8000
6000
4000
TEST SPECIMEN: 18-IN. 0.D. X 10-IN. I.D. HEMISPHERE
2000 MATERIAL: ACRYLICPLASTIC CASTING
PRESSURIZATION: 500 psi/min.
TEMPERATURE: 75°F
0 1 1 | 1 |
0 0.1 0.2 0.3 04 0.5 0.6

RADIAL DISPLACEMENT, in.
Figure 15. Radial displacement of sphere under external hydrostatic loading.




DURATION OF SUSTAINED LOADING, min.

24

12

B. LONG TERM.

TEST SPECIMEN: 18-IN. O.D. X 10-IN. 1.D.

HEMISPHERE
MATERIAL: ACRYLIC PLASTIC CASTING
TEMPERATURE: 78°F
PRESSURE: 20,000 psi
| 1 | | | 1 | |
0.1 02 0.3 04 05 0.6
RADIAL DISPLACEMENT, in.

Figure 1S. (Continued).
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Figure 16. Fracturing in cast acrylic sphere after 20,000-psi external hydroststic

pressure for 1 hr. The cracks formed during depressurization. View of top
hemisphere.




Figure 17. Fracturing in cast acrylic sphere after 20,000-psi external hydrostatic {
pressure for 1 hr. The cracks formed during depressurization. View of bottom

| hemisphere.
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@ ACTUAL CATASTROPHIC FAILURE
B ESTIMATED CATASTROPHIC FAILURE

rTrrit

a

LR

1

1

TEST SPECIMEN:  18-IN. O.D. X 10-IN. I.D. HEMISPHERE
MATERIAL: ACRYLIC PLASTIC CASTING
PRESSURIZATION: 500 psi/min
TEMPERATURE:  75°F
CYCLE LENGTH: 4 HR AT PRESSURE

4 HR AT 0 psi

-
o
w

UL LA

EXTERNAL HYDROSTATIC PRESSURE, psi
1

|

|

102 1 1 1 113111 1 11 t 1111t ] 1 1.1 11t
1 10 100 1000

PRESSURE CYCLES TO CATASTROPHIC FAILURE

Figure 20. Cyclic fatigue curve for spherical cast acrylic windows with t/R; = C.8.




A. TOP VIEW.

8. BOTTOM VIEW.

Figure 21. Spherical specimen 3 after 100 pressure cycles to S000-psi hydrostatic pressure.
Note compiete absence of cracks.




sasd QO 131)¢ p uawidads esusyds 77 amdly

-a1nssald oneisoIpAy 1sd-00sL 0 $3]040 21ns

‘M3IIA dOL Y




‘(panunuo)) 77 aindiy

B TRy P g o B = ¥t
R = —— .:l.«li;rr-.u.n'rf B

gt

s
‘H313WV!Ia
3AISNI HY3N 32V4HNS ONIHVY 38 NI SMIVHDI IVILNIHIAWNDIHIDO M34 310N ‘M3IA WO1108 '8




(ponupuo)) 7T amdig

42

"ONIAYO0T 3HNSS3Hd JIMDAD HIANN AVIHYWING
1331S NO MOONIM 40 NOISNYdX3 ONVY NOILDOVYHLINOD Q31Vv3d3H A8 A3SNVvD
30V4HNS DONIYY3E8 NO S3DN0D TVIAVYH LHOHS 3LON ‘dN-3S071D 'IDV4HNS ONI¥Y3IE D




A. TOP VIEW; NOTE MERIONAL CRACKS. '

B. BOTTOM VIEW; NOTE MANY CIRCUMFERENTIAL CRACKS IN
BEARING SURFACE NEAR INSIDE DIAMETER.

. —

Figure 23. Spherical specimen $ after 100 pressure cycles to
10,000-psi hydrostatic pressure.
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A. TOP VIEW,

T e =t e

B. SIDE VIiEW; NOTE THAT CENTER OF WINDOW SHEARED IN
FORM OF /* PLUG. i

Figure 24. Spherical specimen 6 after 13 pressure cycles 1o 13,500-psi hydrostatic
pressure. The catastrophic failure took place midway through the pressure cycle.
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STRAIN, THOUSANDS OF gin./in.

~-32

-24

-16

+8

TEST SPECIMEN:
MATERIAL:
PRESSURIZATION:
CYCLE LENGTH:
TEMPERATURE:
LOCATION OF GAGE:

18-in. 0.D. X 10-in. I.D. HEMISPHERE
ACRYLIC PLASTIC CASTING

500 psi/min

4 hr AT 7500 psi, 4 hr AT 0 psi

75 °F

AT THE APEX OF HEMISPHERE

ON THE INTERNAL SURFACE
w74 STRAIN DURING PRESSURE APPLICATION

B s @ STRAIN DURING RELAXATION
= e

S
=
~
\\
S
—
L1
\\
\\
\\\
\\
] | | i ] l 1
10 20 0 40
CYCLES

Figure 25. Strain on interior surface of spherical window during pressure cycling to 7500-psi
hydrostatic pressure. Note that compressive strain decreased in magnitude with each
succeeding pressure application, while tensile strain increased with each relaxation period
between pressure cycles.




STRAIN, uin./in. X 103

-32

-24
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TEST SPECIMEN: 18-in. 0.D. X 10-in. I.D. HEMISPHERE ﬁ

MATERIAL: ACRYLIC PLASTIC CASTING
PRESSURIZATION: 500 psi/min
CYCLE LENGTH: 4 hr AT 10,000 psi; 4 hr AT 0 psi
= TEMPERATURE: 75 °F |
~ LOCATION OF GAGE: AT THE APEX OF HEMiSPHERE |
Sl ON THE INTERNAL SURFACE ‘
S~
S
S~

y224 STRAIN DURING
PRESSURE
APPLICATION

I STRAIN DURING
RELAXATION

TL_LLAASTTLAEGS AT T i T T Tt ittt LTt hMhth bttt vts RN
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T
My CRACK ORIGINATES
i /
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| | | | | | 1
0 10 20 20 40

CYCLES

Figure 26. S:irain on interior surface of spherical window during pressure cycling of the window
to 10,000-psi hydiostatic pressure. Note again that compressive strain decreased in magnitude
with esch succeeding pressure application, while tensile strain increased with each succeeding
relaxation period between pressure cycles.




COMPRESSIVE STRAIN, pin./in. X 103

120

100

STRAIN AT 20,000-psi
EXTERNAL PRESSURE

TS\ 20,000-psi PRESSURIZATION COMPLETED

TEST SPECIMEN:

18-in.0.D. X 10-in. I.D. HEMISPHERE

o MATERIAL: ACRYLIC PLASTIC CASTING
PRESSURIZATION: 500 psi/min
[ TEMPERATURE: 75 °F
— LOCATION OF GAGE: AT THE APEX OF HEMISPHERE
ON THE INTERNAL SURFACE
— / STRAIN AT 10,000-psi EXTERNAL PRESSURE

/ 10,000-psi PRESSURIZATION COMPLETED

! STRAIN AT 5000-psi
| EXTERNAL PRESSURE
5000-psi
PRESSURIZATION
—  COMPLETED
I A N A N N N N T Y R O
0 100 200 300 400

DURATION OF LOADING, hr

Figure 27. Strain on interior surface of spherical window during sustained pressure loading. Note
that magnitude of time-dependent strain is very smail at 5000 psi, while at 10,000 psi it is quite
high. At 20,000 psi, time-dependent strain increases at catastrophic rate.
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A. TOP VIEW

Figure 28. Spherical specimen 7 after 750 hr of sustained hydrostatic loading
at S000 psi. Note complete absence of cracks.
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C. BEARING SURFACE, CLOSE-UP,

51

Figure 28. (Continued).
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A. TOP VIEW; NOTE SEVERE MERIDIONAL CRACKS, AND FORMATION
OF POLYGONAL SHEAR FRACTURE SURFACE.

s

B. BOTTOM VIEW; NOTE CIRCUMFERENTIAL CRACKS IN BEARING
SURFACE.

Figure 29. Spherical specimen 8 after 750 hr of sustained hydrostatic loading
at 10,000 psi.
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A. TOP VIEW; NOTE SEVERE MERIDIONAL CRACKS AND FORMATION
FORMATION OF POLYGONAL SHEAR FRACTURE SURFACE.

B. BOTTOM VIEW; NOTE CIRCUMFERENTIAL CRACKS IN BEARING
SURFACE, WHICH APPEAR TO BE DISTRIBUTED ACROSS WHOLE
THICKNESS OF WINDOW.

Figure 30. Spherical specimen 9 after 750 hy of sustained hydrostatic loading at 15,000 pei.
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SUMMARY

PROBLEM

Manned submersibles for work and research require panoramic visibility for opera-
tional safety and performance of their missions. The presence of a large spherical panoramic
window in the bow of a submersible, however, constitutes a potential hazard to the crew if
the submersible were to collide head-on with a submerged object. If the impact parameters
are known at which the failure of a spherical window takes place, steps can be taken to pro-
tect the window against damage under impact. These steps may take the form of design
changes (such as the incorporation of impact shields and bumpers) and/or limitation on
operational speeds of the submersible in the vicinity of obstacles.
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RESULTS

Acrylic plastic spherical shell sector windows with 117° included angle and outside
radius of 24-inches (610 millimeters), have been impacted at their center, with a 12,500-
pound (5662-kilogram) weight. in a simulated ocean environment. Velocities of impacts
ranged from 0.205 to 10.702 feet (0.06 to 3.26 meters) per second.

It has been found that window fracture is initiated by tensile stresses on the concave
surface of the window, directly below the point of impact. Compressive stresses, generated
by external hydrostatic pressure, decrease the destructive effect of tensile stresses introduced
by point impact loading. For 2.25 and 4.0-inch (57 and 101 mm) thick windows the critical
impact velocities were found to fall into the 1.5 to 3-foot (0.45 to 0.91 m) per second range,
the exact value being a function of window thickness and external hydrostatic pressure.

A finite element analysis was found to agree rather well with the experimental
results. This analysis can be employed to predict, with a reasonable degree of confidence,
the critical impact velocities for acrylic plastic spherical windows in the bows of submersibles.

RECOMMENDATION

Submersibles equipped with panoramic windows either should be provided with
bumpers. or should reduce their cruising speed in the vicinity of massive underwater obstacles
to avoid the possibility of a window fracture generated by the collision with the obstacle.
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INTRODUCTION

Acrylic plastic windows in submersibles and undersea habitats have earned a reputa-
tion over the years for reliability and safety even when subjected to operational conditions
outside the stated performance specifications. Window failure has been avoided because of
a circuitous combination of material properties, window shapes and window design philos-
ophy. The high plasticity of the acrylic plastic, the small sizes of conical frustum windows
and the high safety factors used in window design have made it possible for the windows to
withstand impacts and dynamic pressure loadings not included by the designer in the opera-
tional scenario for the submersible or'habitat.

The situation is somewhat different in the case of the large spherical shell sector
windows!»2,3,:4,5 and transparent pressure hulls6,7,8,9,10,11 Although the spherical win-
dows and pressure hulls are also fabricated from the proven acrylic plastic, their large size
makes them significantly more susceptible to point impact damage in an underwater collision
with a submerged obstacle. This can be seen readily from the comparison of the window
areas in the bows of traditional submarines such as Soucoupe, for example, and modern sub-
mersibles such as the Aquarius, PC-8B, Johnson-Sea-Link and others (figures | and 2).

There is less than 10 percent probability of an object impacting the window in an
old fashioned submersible during a head-on collision with an obstacle because the windows
represent less than 10 percent of the bow frontal area. On the other hand, in a modem sub-
mersible with a panoramic bow window or transparent pilot capsule, the probability of
impact during a head-on collision is over 90 percent. With the odds for a window impact
approaching 100 percent certainty, steps must be taken to evaluate the potential damage to
the transparent plastic bow in order to prevent catastrophic flooding of the pressure hull
with its one atmosphere interior.

The Naval Undersea Center, San Diego, California, and the Harbor Branch Founda-
tion, Vero Beach, Florida, jointly have initiated an exploratory study to evaluate the threat
posed to panoramic visibility submersibles by head-on collisions with underwater obstacles.
This report is a summary of the study.

STUDY PARAMETERS

The objective of the exploratory study was to determine the seriousness of the
impact da.nage to spherical shell acrylic windows and to evaluate the performance of trans-
parent impact shields for such windows.

The scope of the study was limited to spherical shell windows with 24.0-inch radius
and 117° included spherical angle, thermoformed from 2.250- and 4.000-inch thick acrylic
plastic plates (figure 3). The evaluation of impact shields was limited to.the spherical shell
type with 2-inch star.;~f, thermoformed from 0.375-inch thick acrylic plastic sheet. The
impact generator coni, 5 .:ation was limited to a 12,500-pound steel ram with a flat impactor
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moving at velocities ranging from 0.2 to 11.0 feet/second. The depths at which the impacts ! ;
were generated were 11, 224 and 1120 feet.
The approach chosen for obtaining of the required data from windows subjected to | 1

impact was experimental with a minimum of analytical calculations. i
The results of the study were to be presented in the form of recommendations for

the use of designers and operators of submersibles.
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EXPERIMENTAL PROCEDURE

TEST SPECIMENS

Spherical shell windows fabricated from acrylic plastic sheets served as test specimens.
Their material properties met the proposed U. S. Navy and ASME material specifications
(table 1) for acrylic plastic windows in manned hyperbaric pressure vessels. The windows
i were vacuum thermoformed (figure 4) in a metallic mold with 24-inch radius from 2.250-inch
and 4.000-inch acrylic plastic discs cut from standard 48- by 60-inch sheets. After thermo-
forming, the edges of the discs were machined to form an included spherical angle of 117°
with a 63-root mean square finish on the machined bearing surface of the window (figure 5).

The impact shields were fabricated from 0.375-inch thick acrylic plastic. The 26-inch
radius impact shield was thermoformed at 270°F by free blowing (figure 6) an acrylic sheet
clamped to a plywood jig with steel retainer rings. Holes were drilled in the impact shield
flange to complete fabrication of the shield (figure 7).

TEST ARRANGEMENT

The test arrangement was set up to simulate, as much as feasible, the forces encoun-
tered by a panoramic window during a head-on collision with an immovable obstacle such
as a ship’s hull, legs of a drill platform or surface of a cliff. Since the surfaces of those
objects are either flat or have a very large radius of curvature, an impactor with a flat surface
was chosen for simulating collisions with an immovable object.

Several test parameters appeared to influence the generation of a fracture in an
impacted window. These parameters are (1) the kinetic energy, (2) momentum and
(3) velocity of the impactor striking the window. Although the velocity of the impactor
enters into the expression for momentum and kinetic energy, it also has a major effect of
its own. It generates a compression wave in the material. Upon reflection from the free
concave surface of the window, this compression wave changes into a tension wave. Through
interference between the incident and reflected waves this will cause a tensile stress to be
built up a short distance from the free surface. If the tensile stress reaches a sufficiently
high value the window could form a Hopkinson fracture.

It was not known at what impact speed a compression wave impulse might form to ,
result in scabbing of the acrvlic plastic spherical window surfaces. Therefore, it was con- |
sidered prudent to make the simulated collision as realistic as possible so that no uncertain-
ties would appear in the design and engineering recommendations based on the experimental




Table 1. Specified Values of Physical Properties in Acrylic Plastic Sheets Used to
Thermoform 2.25- and 4.0-inch Thick Spherical Shell Sector Windows

ASTM Plexiglas G
Property Method Units Sheets

Specific gravity D792 - 1.19 £ 0.0]
Residual monomer SPi % 1.5 maximum
Tens.on

ultimate strength D638 psi 9,000 minimum

maximum elongation D638 % 2 minimum

modulus D638 psi 400,000 minimum
Flexure

ultimate strength D790 psi 14,000 minimum

modulus D790 psi 420,000 minimum
Compression

yield D695 psi 15,000 minimum

modulus D695 psi 400,000 minimum

deformation D621 % 1.0 maximum
Shear

ultimate strength D732 psi 8,000 minimum
Impact

1zod notch D256 ft Ib/ 0.3 minimurn

in. of
notch

Heat distortion D648 °F 205 minimum

(temperature at 264 psi)
Resistance to stress MIL-P-8184 psi 1,500 minimum

(critical crazing stress in

presence of isopropyl

alcohol)
Compressive deformation D621 % 1.0 maximum

at 4000 psi loading and
122°F ambient
temperature




: data. Thus, instead of selecting an experimental setup where the known kinetic energy of
the impacting submersible is simulated by a small impactor (about 100 pounds) moving at a
high velocity (50 to 100 feet), a test arrangement was considered more appropriate where
the mass of the impactor is of the same magnitude as a small submersible and the velocity of
impact is in the same range as operational speeds of typical work and research submersibles
(figure 8).

Based on these premises, the mass of the impact generator was chosen to be 12,500
pounds, which approximates the weight of a small manned submersible in air. The velocities
chosen for the experimental program were in the 0.2 to 11 feet per second range, which are
typical for operational speeds of modern research and work submersibles. Obviously, there
are and will be other submersibles that weigh more or less than the impact generator chosen
and thus the experimental data will not be directly applicable to them. Since the difference
in mass of the impactor and operational submersibles is less than an order of magnitude, it
is acceptable to apply the experimental data to those submersibles. However, the difference
in mass must be taken into account during calculations by compensating the difference in

masses with increased or decreased impact velocities so that the kinetic energy of the impact-

ing submersible is the same as that of the impact generator used in the test program.

The impact generator consisted of a vertical gravity actuated ram with 12,500-pound
mass whose impact speed could be varied from 0.1 to 11 feet/second (figure 9). The window

specimen was held in a steel flange with conical bearing surface directly below the impact
ram (figure 10). When the ram latch was released the ram descended downwards until the
flat impact s. rface of the ram contacted the apex of the window (figure 11).

INSTRUMENTATION

The instrumentation for the window impact tests consisted of a 90° strain gage
rosette mounted on the concave window surface (figure 12) directly below the point of
impact and a rotary potentiometer displacement indicator mounted on the frame of the ram
(figure 13). Strains and ram displacement were recorded by a high frequency response oscil-

lograph at 8- and 32-inch/second chart speeds (figure 14). Failed windows were photographed

after the impact tests.

The window test specimen was placed into the previously well-greased window flange

by means of a vacuum suction cup attached to the forks of a forklift (figure 15). After the
window was aligned in the flange, a 0.25-inch thick rubber gasket was placed over the joint
between the window and the flange to serve as the primary water seal for the window flange
assembly (figure 16). A beveled l-inch thick window retainer ring subsequently was placed
on top of the gasket and fastened with bolts to the window flange (figures 17 and 18).
If the test setup called for an impact shield, a 2-inch thick steel spacer ring with
0.25-inch thick gaskets on both sides of the spacer was placed on top of the retainer ring
(figure 19). The impact shield (figure 20) and shield retainer ring were placed on top of the
spacer ring and secured to the window flange by means of bolts (figure 21). This completed
the assembly of window and impact shield specimens inside the impact test jig (figure 22).
After the window and the impact shield were secured in the window flange the
whole impact ram assembly was placed inside the Southwest Research Institute’s 90-inch
| diameter pressure vessel (figure 23). If the simulated collision was conducted at 1 [-foot




depth, the pressure vessel cover was left oft after filling the vessel with tap water. On the
other hand, for tests at 224- and 1120-foot simulated depth, the pressure vessel cover was
locked in place and the interior of the vessel pressurized to 100 or 500 psi, respectively
(figure 24).

The ram inside the pressure vessel was released hydraulically, and the oscillograph
recorder was actuated simultaneously. At the completion of each impact test the ram
assembly was removed from the vessel, damage to the window was photographed (figure 25)
and the ram was reset for another impact test. If there was no visible damage to the window,
the same window was subjected to another, but more severe, impact test. The operation was
repeated until the window showed damage.

EXPERIMENTAL TEST RESULTS

A total of 19 impact tests were performed on four windows with 2.250-inch thick-
ness (table 2) and five impact tests, on windows with 4-inch thickness (table 3). The tests
were conducted under simulated submergences of 11, 224 and 1120 feet. The impact veloc-
ities ranged from 0.202 to 10.702 feet/second.

2.25-INCH THICK WINDOWS

Strains were recorded on the internal surface of the window as its apex. The level of
strain depended on the nature of the loading and the magnitude of the load. Static compres-
sive strains generated by hydrostatic pressure applied to the window’s exterior varied with
the pressure at 8-microinches/inch psi rate. Static tensile strains, generated by statically
supporting the submerged dead weight of the ram (about 11,500 pounds) on the window’s
apex, were in the +2000- to +2800-microinches/inch range.

Dynamic tensile strains generated by the impacting ram with 12,500-pound mass
were significantly higher than the static tensile strains generated by supporting the ram stat-
ically (figure 26). Fracture was initiated on the low pressure face of the window at its apex
when the tensile strains at that site passed the 8000-microinches/inch level.

An impact velocity of only 1.5 feet/second was reauired to generate the tensile
strain of 8000 microinches/inch in a window submerged 11 feet below the water surface,

At greater simulated depths the impact velocity had to be higher for the dynamic tensile
strains to exceed the hydrostatically generated compressive static strains by at least 8000
microinches/inch. Thus, at 100 and 500 psi the ram had to strike the window with 1.7- and
2-feet/second velocities, respectively, for the resultant tensile strain to be equal to, or exceed
8000 microinches/inch. These impact velocity values are only approximated, extrapolated
from widely scattered velocity data points,

The dynamic response of the window to the point impact was similar to a dampened
spring with a 10-cycle/second frequency and maximum amplitude of 0.5 inches. The win-
dows, as a rule, stored sufficient energy during the initial dynamically generated deflection
to bounce the 12,500 pound ram clear of its surface between the first and second dynamic
loading cycles (figure 27). The impact generated maximum dynamic strains during the initial
deflection cycle. The succeeding cycles showed progressively lower dynamic strains until
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the tenth cycle when the magnitude of the dynamic strains following it became essentially |
equal to the static strain generated by the 12,500 pound ram (about 11,500 pounds in water)
resting on the window.

The fracture patterns were the same for all windows tested. The fracture pattern was
in the shape of a cone whose apex was located at the middle of the shell thickness, while the
base intersected the interior surface of the shell. The fracture plane was always initiated by
a star-shaped crack whose edges would progressively coalesce into a conical fracture plane.
During the impact test 3A on window A the kinetic energy of the ram was adequate to initiate
the cracks but not sufficient to complete the formation of the fracture plane, Therefore,
window A is an excellent illustration for the mechanism of fracture initiation (figure 28).

Close up study of the star-shaped crack in window A shows the leading edges of the
crack beginning to curl along the conical plane whose apex is at the center of the star crack.
If the impact velocity was 10 to 20 percent greater than the 1.576 feet/second that initiated
the crack, the leading edges of the cracks would have joined, resulting in a cone-shaped frac-
ture plane. Cone-shaped fracture planes were observed in fractured windows B, C and D
(figure 29) where the kinetic energy of the ram was in excess of the energy required to
initiate cracks.

All of the fractured windows retained their watertight integrity even though after
the test they had to support the static weight of the cam. Since the external hydrostatic
pressures varied from 5 to 500 psi during the impact tests, it is postulated that watertight
integrity of the bow window in a submersible will be maintained over a wide range of exter-
nal pressures after initiation of cracks in the window.

The impact shield, 0.375-inch thick acrylic plastic, has been found to provide very
little, if any, practical protection against point impact by the 12,500 pound ram (figure 30).
This is substantiated by tests 18A and 19A. There the impact velocities were roughly the
same, except that in test 18A the window was bare while in test 19A the window was pro-
tected by a shield (figure 31). In both cases the damage to the window was in the form of a
fracture cone. Each impact resulted in damage of equal severity (figure 32), even though
one window was shielded and the other one was not. This does not imply, however, that at
very low impact speeds the shield may not mean the difference between the presence or
absence of a crack.

4.0-INCH THICK WINDOWS

The strains in the 4.0-inch windows were, as a rule, lower than in the 2.25-inch win-
dows. The static tensile strain on the internal window surface directly below the point of
ram contact was measured to be in the 1000- to 1500-microinches range. The static com-
pressive strain on the internal window surface at the apex increased at 4-microinches/inch
psi rate with the external hydrostatic pressure.

Under impact loading the dynamic strains rose quite rapidly, but it required an
impact velocity of at least 3 feet/second before a dynamic tensile strain of 8000 microinches/
inch would be generated on the internal window surface at the apex (figure 33). If the win-
dow was not externally pressurized, the impact velocity of 3 feet/second was sufficient to
initiate fracture in the window. Slightly higher impact velocities were required to overcome
the effect of negative static strains if the window was externally pressurized.




The dynamic strains measured at 5.35- and 10.702-feet/second impact velocities
(tests 4B and 5B) were significantly lower than expected from the extrapolation of slower
impact velocities data (tests 1B, 2B and 3B). It appears that once the tensile strain reaches
the level required for initiation of fracture, it seldom increases beyond this value because
the rapidly progressing conical fracture plane immediately relieves the peak stresses found
on the inner surface of the window at the apex.

Dynamic response of the 4-inch thick windows was similar to that of the 2.25-inch
thick windows except that the frequency of vibration was 8 cycles/second and the maximum
amplitude about 0.25 inches (figure 34). There was sufficient energy stored in the initial
dynamically generated deflection of the window to bounce the ram clear of the window’s
external surface immediately following the first dynamic loading cycle. Windows that frac-
tured under the impact also vibrated and bounced off the impact ram after initial loading
cycle. -
The fracture patterns generated by impact loading in the 4-inch windows were similar
to those observed in the 2.25-inch thick windows. Since in all cases the impact velocity of
the ram was significantly higher than required for initiation of cracks on the inner surface of
the window, the result was always a complete fracture cone (figures 35 and 36).

None of the fractured windows lost their watertight in‘zgrity even though the tests
spanned the pressure range of 5 to 500 psi. On this basis it .an be postulated that the win-
dows will retain their watertight integrity, regardless of the depth at which the submersible
window impacts an obstacle, if the impacting surface is flat and the impact velocity is only
moderately higher than the critical velocity required for initiation of cracking.

The impact shield fabricated from 0.375-inch thick acrylic plastic was found to be
just as ineffective in preventing fracture of 4-inch thick windows (figure 37) as it was for
2.25-inch thick windows. The strains plotted during the impact testing (test number 5B) of
the shielding window showed no irregularities (like dips or steps) attritutable to the protec-
tive action of the acrylic shield (figure 38).

DISCUSSION OF EXPERIMENTAL TEST RESULTS
CRITICAL IMPACT VELOCITY

Although the number of impact tests conducted was not adequate to establish accu-
rately the critical impact velocities for the whole range of depths between 0 and 1120 feet,
it was sufficient to predict the probable value of impact velocities. The evaluation of test
results was complicated further by repeated impacts performed on the same window and
fatigue had some effect on the window performance.

Additionally, the gravity operated impact ram generated an impact that was more
severe than in an actual collision between a submersible and an underwater obstacle. In an
actual collision the submersible bounces back from the obstacle after the initial impact
because of the window"s spring-like resilience. However, in the simulated collision the
impact ram returned to impact the window several times in rapid succession until the oscil-
lations of the window decayed to zero. Inasmuch as the test conditions were more severe




than actual submersible collisions, the extrapolated critical impact velocities are probably )
conservative.

Critical impact velocities for acrylic spheres with the same t/R; ratios as the spherical
] sector window test specimens can be expected to be in the same range as the distribution of i
tensile stresses in the spheres under the point of impact is the same as in spherical sector win- i
dows. Shock mounting of acrylic spheres in the submersible structure could be utilized to
absorb some of the kinetic energy and thus decrease the magnitude of dynamic tensile
stresses under the point of impact.

DYNAMIC STRAINS

The dynamic strains, recorded on the spherical sector window during impacts where
no cracking of window took place, are fairly accurate, although they are probably on the
low side. This is caused by the inertia of oscillograph recording mechanism that does not
allow the recording galvanometers to track the strains in real time. Thus, it can be postulated
with reasonable certainty that the recorded dynamic strains under subcritical impact veloc-
ities are low by approximately 10 to 20 percent.

In tests where the impact velccity was supercritical, the recorded strains at moment
of fracture are probably lower than actual values by 30 to 40 percent. The lower values here
are the result not only of recording galvanometer inertia, but also of the rapidly progressing
fracture in the acrylic which relieves the peak strains directly underneath the point of impact.
Therefore, it is postulated that the resultant tensile strain measured on the concave surface
of the window at the critical impact velocity is probably in the range of 9000 to 14.000
microinches/inch. It is prudent. however. in all the critical velocity predictions to use the
more conservative value of +8000 microinches/inch actually recorded during the impact
tests with supercritical velocities.

FRACTURES

All windows fractured by the same failure mechanism. The shape of the fracture,
where the apex of the fracture cone is at midplane of the shell and the base of the cone on
the inner shell surface, substantiates the postulate that the shells fail in flexure. In a typical
flexure situation, the outer half of the shell is in compression and only the inner one is in
tension. Because of this type of stress distribution the apex of the fracture cone cannot
extend past the shell midplane and intersect the convex surface of the window. The com-
pressive stresses located in the outer half of the shell prevent the propagation of the tensile
fracture cone into the outer half of the shell thickness.

ANALYTICAL CALCULATIONS

BACKGROUND

The analytical calculations use the finite element method to numerically predict the
collapse of a window as it impacts a rigid wall. The finite element results were then to be
correlated with the experimental failure data preserited in this report. If both theoretical
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and experimental results were in sufficient agreement, the finite element method could sup-
plement experimental testing in computing the structural integrity of the submersible
windows.

FINITE ELEMENT MODEL
Mesh

The acrylic window and rigid wall were modeled as axisymmetric bodies (figure 39),
using the general-purpose finite element program ANSYS.! 2 The window had inside and
outside radii of 24.00 and 21.75 inches, respectively. The element mesh was very fine in the
area of the expected contact with the wall. There were five elements across the thickness
and the angular spacing was increased away from the contact point at the window’s apex.
The wall which the window impacted was modeled as a series of stiff springs with initial gaps.
The total model included:

205 isoparametric axisymmetric elements (STIF 42 in ANSYS)

_19 axisymmetric gap elements (STIF 12 in ANSYS)

224 total elements
Physical Constants

The elastic constants of the acrylic window were taken as

Young's modulus:  E = 500.000 psi

Poisson’s ratio: v =0.35

The linear springs which model the rigid wall were given a spring constant of

10121
=1 X
K5 l in-rad

Each spring was sufficiently stiff so that a compression of 0.0001 inches would store
2618 foot-pounds of energy. However, the ratio of spring stitfness to the stiffness of the
elements in the shell is not large enough to cause ill-<conditioning of the total stiffness matrix.

FINITE ELEMENT MESH VERIFICATION
One case to be examined was thie window subjected only to external pressure. Fora

complete sphere, the clasticity solution has been determined by Lamé in closed form and is
given as reference 13,

13
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where
ORR 1S the radial stress
0gg s the hoop or meridional stress

a is the inside radius
b  is the outside radius

R is the radius

o B
(1 +v)(l=-2v)
= E
& T2(1+w)

P = the external pressure

For the finite element solution, only the first ten rows of elements were analyzed
(figure 40). To model a portion of a complete sphere, the boundary conditions were taken as:

50=0

at the nodes 1 to 6 and 61 to 66, where b is the displacement in the 6-direction. When the
Lamé and finite element solutions for 000 psi external pressure were compared, they were
in very close agreement in both the dispiacement and stress solutions (table 4).

14
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Table 4, Comparison of Lamé and Finite Element Solutions j
%5 Hoop | PMeridional U |
(psi) (psi) (psi) (in.)
Lame Solution
Inside Surface 0 -5866. -5866. -0.1659
Outside Surface -1000. -5366. -5366. -0.1506
Finite Element Solution
Element | , 0 5831, | -5831. NodE [ 1846
Surface Stress ]
Element 5 21000, | -5424. | -s42¢. Node | 5517
Surface Stress 6
Element 46 Node .
. ~589 .
Surface Stress Y 628 el 61 =Balloep
Element 50 : Node
Surface Stress -1000. -5366. ~5348. 66 -0.1509

ACRYLIC WINDOW STRESS SOLUTION WITH EXTERNAL PRESSURE LOAD

A stress analysis of the full acrylic window was then conducted for an external pres-
sure load. The results of this solution were used in the window-wall impact case to deter-
mine the effects of hydrostatic pressure on the critical impact velceities.

Since the window is considered fixed to the submarine, the boundary conditions
taken along this interface were

6x=5\'=0

at nodes 247 to 252, where dx-and by are displacements in the global X and Y directions.
Nodes 1 to 6 on the Y-uaxis of symmetry we 2 free to move in the Y direction but were con-
stramed in the X-direction. This gave

6X=0

at nodes | to 6.

The external pressure was taken as 1000 psi. The computer generated displacement
plot siows the undeformed configuration in dashed outline (figure 41). The s.ress contour
plots show distribution of 0. 0y, and oy (hoop) stresses, respectively (figures 42 through
44). On the exterior elements | and 5 the numerical values of the surface stresses and strains

are
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Element Component Strain (u-in.fin.) Stress (psi)
1 Hoop -7823. -6018,
Meridional -7824. -6018.
Normal 8426. 0.
5 Hoop -6755. -5737.
Meridional -6765. -5741.
Normal 6034. -1000.

ACRYLIC WINDOW IMPACTING THE RIGID WALL
The Method of Approach

The following discussion is based upon the assumption that window failure is
dependent only upon the submarine’s kinetic energy before impact. With this assumption,
the work performed by the window-submarine boundary forces can be used to relate the
change in kinetic energy of the submarine to the stress state in the window.

Let us assume during impact the only forces acting on the submarine are the
submarine-window boundary forces Fy and Fy (figure 45). The unuts of Fy and Fy are
in pounds per radian. If the submarine only moves in the Y direction, the force Fyx does no
work. and the work done by the force Fy is equal to the change in kinetic energy of the
submarine, i.e.,

i ot Lo d2 2
Work = ] - Fyls)ds = 3 M ( £ Vi) 4)
i

where M is the submarine mass, V; and Vg are the initial and final velocities, and s is the
boundary displacement.

The window can be considered sufficienily strong to withstand a give: impact if the
submarine velocity can be reduced to zero without the window failing. From equation 4
this gives

Sf
_ U
f Fy(S)dS = 3 MVi : (5)
S.

i

The integral in cquation S can be evaluateu by displacing the submarine window boundary
in small increments and computing the boundary force Fy(s) at each step. Assuming the
window will fail when a given strain or strain state is reached. the boundary displacements
can be increased until the failure criterion is satisfied and the initial kinetic energy can be
computed from equation 5.

Numerical Calculations

When the submarine impacts the wall, there is initial contact only at the window’s
apex. As the impact process continues, the contact area increases. This phenomenon can be

16
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modeled mathematically by displacing the boundary nodes 247 to 252 in the +Y direction. !
These displacements should be in small enough increments to allow the window to gradually
contact the wall. During a displacement increment, if the gap distance between the wall and
window is zero, the stiffness of the corresponding spring element is added to the total stiff-
ness matrix of the structure. Since large deflections were expected, the stiffness matrix of
the window, based upon the current geometry, was recomputed at each step. The relation-
ship between boundary displacement and step numbers has been plotted for the convenience
of the reader (figure 46).

A synopsis of the results from the finite elernent analysis is shown in table 5. Fyjis
the resultant boundary force in the Y direction at nodes 247 to 252 for the ith displacement
step, i.e.,

The relationship between total boundary force and boundary displacements is shown
in figure 26 and the work done by the boundary forces is given by

S=S"
W= FYI (s)ds .

v

This integral is the area under the curve in figure 47 and may be evaluated numerically using
the trapezoidal integration rule
(s; = S;

. i~ Si-1)
This method should be very accurate since the force curve is almost a straight line. The
finite element analysis was continued for twelve boundary displacement steps and the strain
and stress results shown in table 4 indicate this loading is sufficient to cause failure in the
acrylic window.

During displacement steps 9 to 12 spring number 4 (nodes 24 to 303). as well a-
springs 1 to 3. are in contact with the window. This indicates that the contact area between
the rigid obstacle and the window has a circular shape whose area is equal to 4,935 inch<.

The maximum spring force of 4055 pound/radian during displacement steps 1 to 12
occurred in spring 3 at step 12. This indicates the rigidity of the wall since maximum dis-
placement of the nodes which model the rigid wall during impact was

5=% = 2055%x10%m. .

K

Figures 48 to 51 show stress contour plots for the window at the final load step 12.
The o and hoop stress plots indicate that the regions in the vicinity of the inside and out-
side apexes are in tension and compression, respectively. If the acrylic window fails primarily
in tenpsion, then one would expect the failure to propagate generally along the tension contour
lines in: figures 48 and 50. Tl change in kinetic energy of the submarine versus boundary

167,
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displacement curve is shown in figure 52 and the kinetic energy of the submarine required ]
to induce a given maximum stress and strain in the acrylic window is shown in figures 53 i
and 54. The maximum tension and compression occurs in elements 1 and 5, and although
the hoop and meridional surface stresses and strains are almost equal, the hoop values are !
slightly higher.

Figure 53 indicates, for example, if the window fails at 10,000 psi tension, a sub-
marine with 400 foot-pounds of initial kinetic energy would induce failure. The value of
the initial kinetic energy initiating fracture is, of course, dependent upon the choice of fail-
ure criterion.

The Effect of Depth on Window Failure

Let us assume that the failure prediction is based upon a maximum tensile hoop
stress criterion. Since an external pressure causes compression in the vicinity of the win-
dow’s apex, this pressure will strengthen the window by requiring the submarine to have a
greater initial kinetic energy to induce tension on the internal surface of the window at its
apex during impact. Further assume that the stress solution due to external pressure may be
added to the previous boundary displacement solution, then

Ototal = 9depth * Pboundary displacement
where

Ototal = total hoop stress component

Odepth = hoop stress component due to depth

9boundary displacement = hoop stress component due to boundary displacement.

In salt water the pressure P due to a depth h in feet is

64 by
P=——Xh.
ft3

From uniform external pressure solution a 1000 psi external pressure (2250 foot
depth) induces a -6018 psi hoop stress and, therefore, Odepth may be taken as

_ 6018 psi
Iepth = 3350

and

6018 psi

Oboundary displacement = “total v 33501t Xh. (6)

Once the value of ayq,] to induce failure has been assumed, opoundary displacement from
equation 6 with figure 53 can be used to compute the corresponding initial kinetic energy
required for window failure. Figures 55 to 57 show curves of constant kinetic energy for
hoop stress tension failures at 8,000, 10,000 and 12,000 psi failure criterion at water depths
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of 0,225 and 1125 feet. These figures indicate, for a submarine of a given weight, that the
impact velocity required to initiate window failure increases as the depth increases.

Although precise failure criterion would be difficult to establish, the finite element
solution does provide a method to analytically predict ranges of critical impact velocities
for a given submarine. These velocities can be used by the designer in determining the ade-
quacy of a given submarine window. For example, if we assume the window in the numerical
problem fails between

8000 psi < 0,05 < 12.000 psi .

then the critical impact velocities in foot/second for a 12,500 pound, submarine are from
figures 55 to 57

Ll <V <17 (h=" 0ft)
12<Vy<1.8 (h= 22511
1.6 < V3<2.3 (h= 1125 fv).

COMPARISON OF EXPERIMENTAL AND ANALYTICAL DATA

In general, it appears that the correlation between experimental and analytical data
is quite good. Asa matter of fact, the agreement between the experimental and analytical
data is close enough to establish the validity ¢f the analytical program tor predicting the
magnitude of kinetic energy required to initia! fracture in an acrylic plastic spherical sector

window or pressure hull during a collision between a submersible and an underwater obstacle.

LOCATION OF FRACTURE

The unalytical program predicts that the fracture will originate on the concave side
of the window directly underneath the point of impact because this is the location of maxi-
mun tensile stresses (figures 48 and 50).

Observation of all faited window test specimens shows that in every case the {racture
originated on { e concave side of the window directly below the point of impact (figures 28,
29,31, 35, 36.und 37).

SHAPE OF FRACTURE PLANE

The analytical program predicis that the fracture plane will be in the shape of an
inverted cone whose apex is located at the mid-thickness of acrylic shell. This prediction is
based on the calculated distribution of stresses below the point of impact shown in figures
48 and 50. The shape of the planes of equal tensile stress intensity is an inverted cone whose
apex contacts the plane of zero stress located in the vicinity of mid-thickness of the shell.
Above the plane of zero stress there exists a field of biaxial compressive stresses that prevents
the propagation «.{ any tensile cracks. '
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After the fragments were removed from the failed test specimens, each cavity was
found to have a shallow cone shape with a major diameter of about 8 inches and an apex
located at the mid-thickness of the shell (figures 28, 29, 31, 35, 36 and 37).

CRITICAL KINETIC ENERGY

The analytical program predicts that the magnitude of the critical kinetic energy
necessary to initiate fracture in the acrylic spherical window is a function of shell thickness,
radius of curvature and external hydrostatic pressure. Windows with thick shells and short
radius of curvature located in a high ambient hydrostatic pressure environment require
higher Kinetic energy to initiate fracture than thin shells with large radius of curvature in a
low ambient pressure environment.

The analytical program also predicts that the numerical solution for critical kinetic
energy in impacts on 2.25-inch thick spherical sector windows with 117° included angle can
be used without further modification as an approximation of critical kinetic energy for win-
dows with larger included angle. or even complete spheres.

Actual values of critical impact velocities have been calculated for 2.25-inch thick
spherical window test specimens (figures 55, 56 and 57). They show that for an assumed
biaxial stress failure criterion of 10,000 psi the critical impact velocity in 0 psi ambient pres-
sure environment for the 2.25-inch thick windows is 1.4 feet/second. For 500 psi ambient
pressure environment the critical velocity is predicted to increase to 1.9 feet/second.

Experimental test data shows that the critical impact velocity in 0 psi ambient pres-
sure environment for 2.25-inch thick acrylic plastic spherical windows is 1.5 feet/second.

In 500 psi ambient pressure environment the critical velocity increased to 2 fect/second.

FINDINGS

1. Spherical shell acrylic plastic windows with 1/R; < 0.2 founs w the bows of
modern submersibles fracture readily in simulated collisions between a sutmersible @nd an
immovable object.

2. The magnitude of the critical impact velocity capable of mitiatieg fracture in the
spherical shell window is a function of vehicle mass, R;, t/Rj. inciuded angle of the window
and the ambient hydrostatic pressure.,

3. The fracture in acrylic originates on the low pressure face of the window directly
underncath the point of impact when the dynamic biaxia! tensile stresses exceed the static
strength of acrylic plastic under biaxial tension,

4. The fracture in acrylic takes the foim of a star-shaped crack whaose lezding edges
coalesce into the sk ipe of a cone with very low height-to-diam:ter ratio.

5. External hydrostatic pressure generates in the spherical shell static compressive
stresses which, when combined with dynamic stresses. result in lower magnitude of tensile
stresses on the convex surface of the spherical window. The net effect of external hydrostatie




pressure is to make the spherical shell windows more resistant to cracking under point
impact loading.

6. The critical impact velocity for 2.25-inch and 4-inch thick spherical shell windows
with 24-inch radius and 117° included angle, when mounted on a 12,500-pound submersible
cruising on the surface, is approximately 1.5 and 3 feet/second, respectively. The critical
impact velocities for these windows when the submersible is at 1120-foot depth are approxi-
mately 2 and 3.2 feet/second.

7. Catastrophic failure, resulting in the loss of a submersible does not occur in
spherical shell windows even at impact velocities that are 100 percent higher than the critical
velocity providing that the surface area of the underwater obstacle is flat.

8. Thin spherical shields of acrylic plastic do not appear to increase significantly the
critical impact velocity for spherical shell acrylic windows.

9. The finite element computer program which substitutes a series of very stiff
springs for the rigid surface of the impactor seems to predict reasonably well the critical
impact velocity for an acrylic spherical shell window.

CONCLUSION

Acrylic plastic spherical shells, serving as panoramic visibility bow windows or per-
sonnel capsules on submersibles, can be fractured by colliding with an underwater obstacle.
This can occur at typical cruising velocities of submersibles and because of this must be con-
sidered seriously in the design and operation of modern submersibles with panoramic
visibility.

Through proper design or operational procedures or both, the large spherical shell
acrylic plastic windows of panoramic visibility submersibles should be protected froin cata-
streohic failure in underwater collision.

DESIGN

The fracture of acrylic plastic spherical shell windows can be eliminated by one of
two design approaches. In one, the submersible can be provided with an adequate bow
bumper designed to absorb the kinetic energy of the submersible at its top cruising speed.
When properly positioned, such a bumper eliminates all the danger to the window resulting
from a collision, while at the saine time imposing only minor restrictions on the visibility
through the window.

The other design approach concentrates on improving the impact resistance of the
window to such a degice that the critical impact velocity surpasses the top cruising speed of
the submersible. In practical terms this means that the thickness of the windows should be
in the range of about 6 to 8 inches and protected with an additional |-inch layer of trans-
parent elastomeric material.

At the present time the use of 6 to 8-inch thick spherical shell bow windows appears
to impose an unacceptable cost and payload penalty on submersibles operating in the 0 to




1200-foot depth range. In the near future, however, when the operational depth require-
ments for submersibles increase to 4000-foot depth, the thickness of spherical bow windows
will be in the 6- to 8-inch range to satisfy hydrostatic load requirements. At that time the
design approach utilizing a bumper will become less and the other approach more economi-
cally attractive,

OPERATION

Two recommendations can be used to either substantially decrease, or even wholly
eliminate, the collision hazard to spherical shell acrylic plastic windows. One, collision avoid-
ance sonar can be installed in the submersible and, two, the operational speed of the sub-
mersible can be restricted to speeds < 1 foot/second when operating in the immediate
vicinity of massive underwater obstacles like wrecks, plat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>