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Foreword 

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 hyperbaric 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 the 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 co«i«i»~ici- 
ing the windows, could not be designed according to the same criteria as for the pressure envt.     s 
fabricated of metallic or plastic composite materials.  To preclude potential catastrophic failures of 
windows designed on the basis of inadequate data, in 196S, 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, durinp testing, the windows were subjected not only to short-term pressurization at 
room temperature, but 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- 
cal Engineers subsequently incorporated these relationships into the Safety Standard for Pressure Ves- 
sels for Human Oc-upancy (ASME PVHO-1 Safety Standard).   Since that time, this ASME Safety 
Standard has formed the basis — worldwide — for designing acrylic windows in pressure chambers for 
human occupancy.  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 program were originally disseminated in technical 
reports of the Naval Civil Engineering Laboratory and Jnt 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 Engineers. 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. 
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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 multiple 
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 successfully in designing windows and pressure hulls in sizes up to 96 inches for 
tourist submarines. 

J. D. Sttchiw 
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 cast fo 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 surfaces 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. 

Acryli: plastic spherical shell sector windows with t/Rj ■ 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 respectively 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 50% 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 
windows 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 this 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 methacry'ate 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 approaches 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 acrylkplastic transparent pressure hulls (references 9-15), their technology being similar 
to that of windows, thuukl benefit from the progress in casting reported here. 

"For the mke of brevity, spherical shell sector windows will be referred to as "spherical windows," 
***The other process is reported In reference 17. 

■ 

3 ■ 

mm 



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 
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 piastre hemispherical windows 
have been produced. 

The major shortcoming of this approach has been that the cast hemisphere requires 
excessive imounts 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 sacrifLi " any qualitv of surface finish or dimensional tolerances 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 spheric?' 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 
606I-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 
careful control of dimensional tolerances on the spherical radii of mold surfaces and location 
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. It was considered more than adequate 
for the window size chosen for test purposes. 



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 compressed 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 ami, 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. 

It 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-walled 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. 

1 
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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 permitted the testing of more specimens with greater detail than would otherwise have 
been feasible with the available funding. 

• 

Qua'ity Control 

The windows produced fully met the objectives of the study. The internal and exter- 
nal surfaces did not require any sanding or machining in 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 at 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 windows (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 chamber). 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 7S0 hr. 

Hi ■ 
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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 
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, IS), 
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 
taken 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 contim- JS, 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 ere 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 outer 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 study (reference 20) has shown that the use of a Fairprene 5 7224 or tpox /-impregnated KE VLAR 49 
fabric gasket completely eliminates the scoring of the bearing surface on spherical acrylk windows with an included 
angle > 120*. 
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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 levels (figures 28, 29 and 30). Not only is the total 
creep at 5,000 psi less than 5,000 micro inches/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 

1 

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, Svedlow 310, Acrylite, etc.). 

The windows, in the form of hemispheres with a thickness-to-inner-radius ratio of 
t/Rj = 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 lailura 
through general instability did not occur, was found to originate also on the equatorial bear- 
ing and internal spherical surfaces, but only during depressurization at the end of the test. 

- 
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The short-term critical pressure of the hemispherical windows, having t/R: = 0.8, 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 
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 controls used in this study 
are maintained. 

Cast spherical windows with t/Rj ■ 0.8 and included angle of 180° can be operated 
in manned service to 5000 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/Rj ratios and included 
angles, the design specifications should be those developed in previous studies for spherical 
windows machined, or formed,     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. 
(at4000psi& 120°F) 

Shear 
ultimate strength D732 psi 9,250 8,000 min. 

Impact 
Izod notch D2S6 ft lb/ 

in. of notch 
0.22 0.3 min. 

Heat distortion D648 °F 213 205 min. 
(temperature at 264 psi) 

Resistance to stress M1L-P-8184 psi 2,000 psi 1,500 min. 
(critical crazing minor 
stress in presence crazing 
of isopropy 1 alcohol) 

*A ctual measured values of hemispheres fabricated by Polymer Products, Oakland. CA. 
"Specified taluks for procurement of Plexiglas G material used in fabrication of pressure-resistant windows for 

man-rated tubmersibles 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 
20,000 psi and held 
for Ihr 

1,2 Severe cracks appeared during 
depressurization. 

Cyclic fatigue Cycle regimen: 
4 hr at 5,000 psi 
4 hr at        0 psi 

3 No cracks after 100 cycles. 

Cycle regimen: 
4 hr at 7,500 psi 
4 hr at        0 psi 

4 Minor cracks after 100 cycles. 

Cycle regimen: 
4hrat 10,000 psi 
4 hr at          0 psi 

5 Severe cracking after 28 cycles. 
Survived 100 cycles without 
catastrophic failure, but failure 
imminent. 

Cycle regimen: 
4hrat 13,500 psi 
4 hr at          0 psi 

6 Catastrophic failure after 
13 cycles. 

Long-term sustained 5,000 psi 
for 750 hr 

7 No cracks after 750 hr of 
loading and depressurization. 

sustained 10,000 psi 
for 750 hr 

8 Cracks after 750 hr of loading 
and depressurization. 

sustained 15,000 psi 
for 750 hr 

9 Severe cracks after 750 hr of 
loading and depressurization. 

AII test* conducted in water at 70°-7S'F rang«. 
All hemisphere* have an 18-ln. OD and 10-tn. ID. 
h-essurizatton am.' Jepressun:aiton ratrs art 500 psi; mm. 
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Figur« 3. Acrylic pUttk as ting mix being poured into moid «trembly. 
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Figure 5. Cutim aftei removal from the mold. No» that only equatorial «urfaee it wrinkled and requires machminf • 
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A.  PRIOR TO MACHINING. 
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SECTION A A 

Figure 6. Dimeruioru of fW;ed spherical window catting 
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B.  AFTER MACHINING. 

BREAK 
CORNERS 0.005R 

0.380 
DIA. 
14.475 (REF) 

(0 RING 2-458) 

3° 
AS CAST 

32 

BREAK 
SHARP EDGE 

SECTION A-A 

Figure 6. (Continued). 
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A. PRIOR TO MACHINING. 

r73*ö' 
SECTION A-A 

Figure 7. Dimensions of spherical window casting 
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B.  AFTER MACHINING. 
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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. ID flangcleu spherical window. 
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A. TOP VIEW. 
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B.  BOTTOM VIEW. 

Figure 9. Finuhed 14-in. OD X 10-in. ID Oinjed window. 
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TEST RESULTS 
COMPRESSIVE YIELD - 15300 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. 

I      I      I I L 
0.060 0.100 

COMPRESSIVE STRAIN, InJin. 

Figur« 10. Comprenivc strength of »aylic ptottk anting. 
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Figure 11   Twt MiMiMMnt for kM«-Mm ud cydkiMMMN 
Now tube uMd for venting interior of htmiipbtn to ambient 
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J- teure 12. Test arrangement for short-term hydrostatic ««tin» of cast acrylic 
spherical windows. Note tubini uted for (Win* the imerior of the sphere with 
water prior to hydrostatic testing. During the text displaced water from the 
interior of the sphere flows through the tubing tna graduated container 
located outside the pressure vessel. 
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COMPRESSIVt STRAIN, nin.fm. X 103 

Figure 13. Strains on interior of sphere under short-term external hydrostatic loading. 
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TEST SPECIMEN:      18-in. O.D. X 10-in. I.D. SPHERE 
MATERIAL: ACRYLIC PLASTIC CASTING 
PRESSURIZATION: 500 psi/min 
TEMPERATURE:      70° F 
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Figure 14. Decrease in internal volume of sphere under external hydrostatic loading. 
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TEST SPECIMEN: 
MATERIAL: 
TEMPERATURE: 

18-in. O.D. X 10-in. I.D. SPHERE 
ACRYLIC PLASTIC CASTING 
70° F 

 ill 
2000 

DISPLACEMENT, ml 
Figure 14. (Continued). 
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A. SHORT TERM. 
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RADIAL DISPLACEMENT, in. 

Figure 15. Radul displacement of sphere under extern»! hydrostatic loading. 
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Figure 16. Fracturing in cut acrylic sphere after 20.000-pti external hydrostatic 
pressure for 1 hr. The cracks formed during deprasurization. View of top 
hemisphere. 
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Figure 17. Fracturta« in cast «rylic iphere »f ter 20.<XKH»i e**n»> hydrostitic 
pressure for 1 hr. rhe cracks forme« during depressuritttion. View of bottom 

hemisphere. 
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ACTUAL CATASTROPHIC FAILURE 
ESTIMATED CATASTROPHIC FAILURE 

TEST SPECIMEN: 
MATERIAL: 
PRESSURIZATION: 
TEMPERATURE: 
CYCLE LENGTH: 

18-IN. O.D. X 10-IN. I.D. HEMISPHERE 
ACRYLIC PLASTIC CASTING 
500 psi/min 
75° F 
4 HR AT PRESSURE 
4 HR AT 0 psi 

I   I  I I I II I       I I   I   I I I II J L »   I ■ " 
10 100 

PRESSURE CYCLES TO CATASTROPHIC FAILURE 
1000 

Figure 20. Cydic fatigue curve for spherical cut acrylic windows with t/Rj ■ 0.8. 
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A. TOP VIEW. 

B.  BOTTOM VIEW. 

Figure 21. Spherical specimen 3 aft« 100 prawn cycles to 5000-pti hydrostatic pressure. 
Note complete absence of cracks. 
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n 
A. TOP VIEW; NOTE MERIONAL CRACKS. 

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

Je?** 

Figure 23. Spherical specimen 5 efter 100 prenure cycles to 
10,000-pii hydrotutic pressure. 

43 

. 

* 
mm 



44 

• 



m 

A.  TOP VIEW. 

SIDE VIEW; NOTE THAT CENTER OF WINDOW SHEARED IN 
FORM OF t PLUG. 

Figure 24. Spherical specimen 6 after 13 pressure cydei to 13.500-psi hydrostatic 
pressure. The catastrophic failure took place midway through the pressure cycle. 
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TEST SPECIMEN:           18-in. O.D. X 10-in. I.D. HEMISPHERE 
MATERIAL:                   ACRYLIC PLASTIC CASTING 
PRESSURIZATION:       500 psi/min 
CYCLE LENGTH:           4 hr AT 7500 psi, 4 hr AT 0 psi 
TEMPERATURE:            75 °F 
LOCATION OF GAGE:  AT THE APEX OF HEMISPHERE 
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Figure 25. Striin on interior surface of spherical window during pressure cycling to 7500-psi 
hydrostatic pressure. Note that compression strain decreased in magnitude with each 
succeeding pressure application, while tensile strain increased with each relaxation period 
between pressure cycles. 

47 

* 

-1 '■ 

- 



-32 

-24 

x 
c 

Z 
< 

Vi 

-16 

+8 

4; 

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

18-in. O.D. X 10-in. I.D. HEMISPHERE 
ACRYLIC PLASTIC CASTING 
500 psi/min 
4 hr AT 10,000 psi; 4 hr AT 0 psi 
75 °F 
AT THE APEX OF HEMISPHERE 
ON THE INTERNAL SURFACE 

r 

M 

STRAIN DURING 
PRESSURE 
APPLICATION 

I STRAIN DURING 
RELAXATION 

CRACK ORIGINATES 

± 
10 20 

CYCLES 

30 40 

hgure 26. Strain on interior surface of spherical window during pressure cycling of the window 
to 1 Ü.0OO-ps hydrostatic pressure. Note again that compressive strain decreased in magnitude 
with each succeeding pressure application, while tensile strain increased with each succeeding 
relaxation period between pressure cycles. 
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20,000-psi PRESSURIZATION COMPLETED 

TEST SPECIMEN: 
MATERIAL: 
PRESSURIZATION: 
TEMPERATURE: 

18-in. O.D. X 10-in. I.D. HEMISPHERE 
ACRYLIC PLASTIC CASTING 
500 psi/min 
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 

20 

STRAIN AT 5000-pti 
/EXTERNAL PRESSURE 

5000-p»i 
PRESSURIZATION 
COMPLETED 

J I I L_L I       I       I       I       I       I       I       I       I       I       I 
100 200 300 

DURATION OF LOADING, hr 

400 

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

B. BOTTOM VIEW. 

♦ 

Figure 28. Spherical specimen 7 after 750 hr of «uiainad hydtoititic loading 
atSOOOpti. Note complete absence of cracks. 
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A. TOP VIEW; NOTE SEVERE MERIDIONAL CRACKS, AND FORMATION 
OF POLYGONAL SHEAR FRACTURE SURFACE. 

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

Figure 29. Spherical specimen 8 after 750 hr of sustained hydrostatic loading 
at 10.000 pti. 
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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. Spheric»! specimen 9 aftet 750 hr of lutuined hydrotutjc loMlini at 15.000 pii. 
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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. 

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. 

j 
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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 an(j transparent pressure hulls6»7,8,9,10,ll. 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 1 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 modern 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 damage 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 ^ T, thermoformed from 0.375-inch thick acrylic plastic sheet. The 
impact generator comi i   at ion was limited to a 12.500-pound steel ram with a fiat impactor 



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 
impact was experimental with a minimum of analytical calculations. 

The results of the study were to be presented in the form of recommendations for 
the use of designers and operators of submersibles. 

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 
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 acrylic 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 
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Table 1. Specified Vak 
Thermoform 2.25- 

tes of Physical Properties in Acrylic Plastic Sheets Used to 
and 4.0-inch Thick Spherical Shell Sector Windows 

Property 
ASTM 

Method Units 
Plexiglas G 

Sheets 

Specific gravity D792 - 1.19 ±0.01 

Residual monomer SPI % 1.5 maximum 

Tens»on 
ultimate strength 
maximum elongation 
modulus 

D638 
D638 
D638 

psi 
% 
psi 

9,000 minimum 
2 minimum 
400,000 minimum 

Flexure 
ult'mate strength 
modulus 

D790 
D790 

psi 
psi 

14,000 minimum 
420,000 minimum 

Compression 
yield 
modulus 
deformation 

D695 
D695 
D621 

psi 
psi 
% 

15,000 minimum 
400,000 minimum 
1.0 maximum 

Shear 
ultimate strength D732 psi 8,000 minimum 

Impact 
Izod notch D256 ft lb/ 

in. of 
notch 

0.3 minimum 

Heat distortion 
(temperature at 264 psi) 

D648 °F 205 minimum 

Resistance to stress MIL-P-8184 psi 1,500 minimum 
(critical crazing stress in 
presence of isopropyl 
alcohol) 

Compressive deformation 
at 4000 psi loading and 
122°F ambient 
temperature 

D621 % 1.0 maximum 
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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 Sv 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 !4). 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 I-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 11-foot 
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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 reiuired 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-cydc/ 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 ram. 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 microinch.es/ 
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 neptive static strains if the window was externally pressurized. 
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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 IB, 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 integrity even though the tests 
spanned the pressure range of 5 to 500 psi. On this basis it can 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) attributable 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 lor 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 tlu window decayed to zero. Inasmuch as the test conditions were more severe 
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than actual submersible collisions, the extrapolated critical impact velocities are probably 
conservative. 

Critical impact velocities for acrylic spheres with the same t/Rj ratios as the spherical 
sector window test specimens can be expected to be in the same range as the distribution of 
tensile stresses in the spheres under the point of impact is the same as in spherical sector win- 
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 velocity 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 presented 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. 1 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 = 5 00.000 psi 

Poisson's ratio:        v = 0.35 

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

s m-rad 

Lach spring was sufficiently stiff so that a compression of 0.0001 inches would store 
2618 foot-pounds of energy. However, the ratio of spring stiffness 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 the window subjected only to external pressure. For a 
complete sphere, the elasticity solution has been determined by Lame in closed form and is 
given as reference 13. 

°RR (1) 

13 
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3X + 2Gb3_a3'    4GR2(b3-a3)_ 

OJ^R is the radial stress 

Oßß is the hoop or meridional stress 

a      is the inside radius 

b      is the outside radius 

R     is the radius 

x           E 

"      (!+»»)(]-2P) 

c -     E 
2(1+y) 

P  = the external pressure 

(2) 

(3) 

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: 

h = ° 
at the nodes 1 to 6 and 61 to 66, where 6^ is the displacement in the Ö-direction. When the 
Lame and finite element solutions for 000 psi external pressure were compared., they were 
in very close agreement in both the displacement and stress solutions (table 4). 
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Table 4. Comparison of Lame and Finite Element Solutions ■i 

rr °Hoop ffMeridional Ur 
(psi) (psi) (psi) (in.) 

Lame Solution 

Inside Surface 0 -5866. -5866. -0.1659 

Outside Surface -1000. -5366. -5366. -0.1506 

Finite Element Solution 

Element 1 
Surface Stress 

0 -5831. -5831. 
Node 

1 
-0.1665 

Element 5 
Surface Stress 

-1000. -5424. -5428. 
Node 

6 
-0.1517 

Element 46 
Surface Stress 

0 -5858. -5891 Node 
61 

-0.1665 

Element 50 
Surface Stress 

-1000. -5366. -5348. Node 
66 

-0.1509 

i 

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 velocities. 

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

&x = 5y = 0 

at nodes 247 to 252, where b\ and b\ are displacements in the global X and Y directions. 
Nodes I to 6 on the Y-axis of symmetry we't free to move in the Y direction but were con- 
strained in the X-dircciion. This gave 

6X = 0 

at nodes 1 to 6. 
The external pressure was taken as 1000 psi. The computer generated displacement 

plot shows the undeformed configuration in dashed outline (figure 41). The r.ress contour 
plots show distribution of a\. o\, and o^ (hoop) stresses, respectively (figures 42 through 
44). On the exterior elements I and 5 the numerical values of the surface stresses and strains 
are 
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Element Component Strain (ju-in./in.) Stress (psi) 

1 

5 

Hoop 
Meridional 
Normal 

Hoop 
Meridional 
Normal 

-7823. 
-7824. 
8426. 

-6755. 
-6765. 
6034. 

-6018. 
-6018. 

0. 

-5737. 
-5741. 
-1000. 

ACRYLIC WINDOW IMPACTING THE RIGID WALL 

The Method of Approach 

I 

i 

i 

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 F^ and Fy (figure 45). The units of Fx and Fy are 
in pounds per radian. If the submarine only moves in the Y direction, the force Fx does no 
work, and the work done by the force Fy is equal to the change in kinetic energy of the 
submarine, i.e.. 

Work = J    - Fy(s)ds = | M (v~ - V2) (4) 

where M is the submarine mass, Vj and Vf are the initial and final velocities, and s is the 
boundary displacement. 

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

/ 

>f 1        i 
Fy(s)ds = ^MV~ (5) 

The integral in equation 5 can be evaluateo 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 
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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 element analysis is shown in table 5. Fyj is 
the resultant boundary force in the Y direction at nodes 247 to 252 for the ith displacement 
step, i.e., 

252 

'Yn 
n=247 

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. 

s=0        ' 

This integral is the area under the curve in figure 47 and may be evaluated numerically using 
the trapezoidal integration rule 

(Sj-Sj.,) 
AKEj =  ^-(Fyj+l Yi-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 I 2 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 4.95 inch-. 

The maximum spring force of 4055 pound/radian during displacement steps 1 to 12 
occurred in spring 3 at step 1 2. This indicates the rigidity of the wall smce maximum dis- 
placement of the nodes which model the rigid wall during impact was 

5 = £ = 4.055 X 10-9 in. . 

Figures 48 to 51 show stress contour plots for the window at the final load step 12. 
The a\ 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 tension, then one would expect the failure to propagate generally along the tension contour 
lines in figures 48 and 50. The change in kinetic energy of the submarine versus boundary 
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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 
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 

°total      °depth + °boundary displacement 

where 

°total  = tota' nooP stress component 

°depth = n00P stress component due to depth 

°boundary displacement = nooP stress component due to boundary displacement. 

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

641bf 
P = —— Xh. 

ft3 

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

-6018 psi 
°depth ~ !250ft 

X h 

and 

°boundary displacement " °total     2250 ft + 6-2JiEi!xh (6) 

Once the value of ototai to induce failure has been assumed, »boundary displacement *TOm 

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 

h 
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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 < otota, < 12.000 psi, 

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

1.1 <V, < 1.7 

1.2<V2< 1.8 

1.6<V,<2J 

(h= 0 ft) 

(h= 225 ft) 

(h= 1125 ft). 

COMPARISON OF EXPERIMENTAL AND ANALYTICAL DATA 

In general, it appears that the correlation between experimental and analytical data 
is quite pood. As a matter of fact, the agreement between the experimental and analytical 
data is close enough to establish the validity cf the analytical program lor predicting the 
magnitude of kinetic energy required to initial 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 analytical 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- 
mum tensile stresses (figures 48 and 50). 

Observation of all failed window test specimens shows that in every case the fracture 
originated on it* concave side of the window directly below the point of impact (figures 28. 
29,31, 35.36 and M). 

SHAPE OF FRACTURE PLANE 

The analytical program predicts 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 ».f 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 »how 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 feet/second. 

FINDINGS 

1. Spherical shell acrylic plastic windows with t/R; < 0.2 found m the hows of 
modern suhmersibles fracture readily in simulated collisions between a submersible and an 
immovable object. 

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

3. The fracture in acrylic originates on the low pressure face ol the window directly 
underneath 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 fosm of a star-shaped crack whose leading edges 
coalesce into the si; ipe of a cone with very low height-Jo-ciiameter ratio. 

5. Fxternal 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 hydrostatic 
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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 from cata- 
strophic 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 same 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 device 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 1-inch layer of trans- 
parent elastomenc 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 



n 

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. 

J 

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, platforms or reefs. This approach is 
already practiced in other vehicles that have panoramic visibility windows; i.e., helicopters. 
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a. 

Figure 1. Typical viewports found in the older generation of submersibles; 
Cousteau's Soucoupc submersible; (a) overall view, (b) detail view. 
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• 40.926 in. DIA 

SECTION A-A 

TOP VIEW 

Figure 3. Dimensions of spherical shell sector windows used as lest specimens in the point impact loading study. 
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Ffcurc 4. Precision machined female mold with 24-inch ndiiu tiled by the Southwest Research Institute 
for molding of spherical shti! «clot windows. 
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Figure 5. Typical acrylic plastic spherical «dor window with R0 ■ 24 wehes, I * 2.25 inches and 
a ■ 117* used as a lest specimen in the impact loading study. 

29 

! 



.a 

a 
S 

J3 

■t 

s 

3 A 

JO 



-TO?"^--r-V~* 

<*•*&& 

o 
C 

II 

•5 B 

If 
• 2. 

I s 
: a c « 
i - 
- * 
■° s &r, V u 
-  SI 

<8I 
il f 5r 

31 I 
■K*- 

I 



T T 

LIFTING LUG 

ELECTRIC 
CABLE /| 

RELEASE 

ELECTRIC 
/CABLE 

 a 

RAM 
/GUIDE 

A_ 

IMPACT 
MASS 

12,5001b 
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INSTRUMENTATION 
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Figutt I. Schematic of the impact mm uaad to umuhte underwater colKsioni 
between bow windows in mbmenibk» and immovable obstacle*. 
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l in me 9. Impact loading ram aMcmbly prior lo placement in the SWRI preuurc veueL 
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Figure 13. DiipUcement indicator for real time measurement of impact ram iocation and rate of movement; 
a rotary potentiometer mechanically coupled to the ram «et wd at ditpbcement indicator. 
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Figure 14. Dynamic «taint and tarn displacement were recorded on paper moving at 32 rachtt/ieoond. 
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Ffcurc 17. 16 bolii, (,.5-inch ilumcici. held the reuiner ring in pbc*. 
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WINDOW 
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Figure 18. Schematic of the window instillation under the impact rim. All dimensions ire in inches. 
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0.5-NC, 16 STUDS 
EQUALLY SPACED 

SHIELD 
RETAINER 

WINDOW 
RETAINER 

WINDOW 
FLANGE 

BULKHEAD 

ACRYLIC 
WINDOW 

Figure 22. Schematic of the 
window assembly with acrylic plastic impact shield. All dimensions are in inches. 
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Figure 23. Placement of ram assembly inlo the 90-inch ID pressure vessel at SWRI. 
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I yurc lh. Siji-\tuped crack geneuied in J 2.25-inch thick window by 1.576 fect/accomi '"ipaci 
veloctt) in 5 I'M jmbicni pressure eimionRie.lt; (a) Ovtiall vie» .(hi Deuii \\c*. 
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K»jure 29. Conical fracture plane generated in ■ 2.25-mch thick window by 1.913 fwt/iecond impact 
velocity in 100 p« ambient preuure envuonment; (a) Overall view.(b) Detail view. 
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(a) OvetaSl view, <b> C'lo*r-up view. 
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TEST SPECIMEN: ACRYLIC PLASTIC SPHERICAL SHELLS 
20.0 in. INSIDE RADIUS 
24.0 in. OUTSIDE RADIUS 
117° INCLUDED SPHERICAL ANGLE 

< 

POINT OF IMPACT: APEX OF SHELL 
MPACTOR: 12,500 lb MASS 

WITH FLAT SURFACE 
GAGE LOCATION: INTERNAL SURFACE 

BELOW IMPACT POINT 

j_ J_ _i i 

0.5        1.0        1.5        2.0        2.5        3.0        3.5 

IMPACT VELOCITY, ft/sec 

4.0        4.5 5.0 

I IJ:ure 33. Dynamic tensile strains generated mi ilic eoneave side of the 4.0-inch thick windows 
direct h under the point of impact with 1J.500 pound rani. 
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Figure 35. 4.0-inch thick window aft*/ 3.928 feet/second impact with the 12,500 pound ram; 
(a) Overall view, (b) Close up view. 
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Figure 36. Conical fracture plane generated in a 4.0-inch thick window by 10.702-teet/iecond impact velocity 
in 500 psi ambient pressure environment; (a) Overall view, (b) Detail view. 



Htture 37. 4.0-inch thick window after 5.350 feel/»econd impact with the 12,500-pound ram, 
(a) Overall vie», (l>> Close up view. 
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FIXED SURFACE 
STIFF SPRINGS WITH 

300       305/3,0        315  3,8 "Im^cZT 
i/i/uuiju/mti'jiijiiiy/yqiyimiijiniji// / INITIAL GAPS 

Uv (SPECIFIED DISPLACEMENTS! 

H if ute J9. Finite clement mesh representing a 2.25-inch thick spherical sector window 
with R,, ■ 24 inches anil a ■ 117   impacting a rigid wall. 
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\h ' ■ L J L. 

h'mui« 4(1.  I mile element mesh used in the analysis or a complete sphere under 
external hydroilalic pressure. 
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DISPLACEMENT AT 1000 psi EXTERNAL PRESSURE 

Figure 41. Displacement plot of a 2.25-inch thick window under uniform 1000 psi 
external hydrostatic pressure. 

MAX = - 325 psi     ■ 

MIN  = -5988 psi   • 

i 

STRESS CONTOURS AT 
400 psi INTERVALS 

CTX STRESS AT 1000 psi EXTERNAL PRESSURE 

! i»:urc 42.  ax strew contour plot of 2.25-inch thick window under uniform 
external hydrostatic pressure. 
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MAX = 

MIN  = 

-120 psi 

-9253 psi 

STRESS CONTOURS AT 
500 psi INTERVALS 

(Ty STRESS AT 1000 psi EXTERNAL PRESSURE 

Figure 43.  Oy stress contour plot of 2.25-inch thick window under uniform 
1000 psi external hydrostatic pressure. 
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MAX 

MIN 

-455 psi 

-6005 psi 

STRESS CONTOURS AT 
400 psi INTERVALS 

X. 

HOOP STRESS AT 1000 psi EXTERNAL PRESSURE 

[;igurc 44. Pu00D stress contour plot of 2.25-inch thick window under uniform 

I (ion psi external hydrostatic pressure. 
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WALL FORCES 

DIRECTION OF MOTION 

Fx AND FY ARE BOUNDARY FORCES, lb/rad 

window in j submersible during impact. 

11 
„urc 45. I ree-bodj diagram of a spherical «1« *« 
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0      1 6      7      8      9     10     11 

LOAD STEP NUMBER 

15    16 

Figure 46. Window boundary (seat) displacement versus load step number. 

11r 

0    0.2   0.4   0.6   0.8 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 

BOUNDARY DISPLACEMENT, in. 

Figure 47. Total force acting on the boundary as a function of boundary displacement. 
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MAX = 9338 psi 

MIN  =-17472 psi 

iY 

X 

STRESS CONTOURS AT 
1500 psi INTERVALS 

 ZERO STRESS CONTOUR 

<TX STRESS AT DISPLACEMENT STEP 12 

Figure 48. ax stress contour plot of 2.25-inch thick window at displacement step 1 2 
(where displacement - 0.275 inches). 
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II  Y 

MAX-311 psi 

MIN  =-12880 psi 

STRESS CONTOURS AT 
800 psi INTERVALS 

 ZERO STRESS CONTOUR 

(Ty STRESS AT DISPLACEMENT STEP 12 

Figure 49. ay stress contour plot ol' 2.25-inch thick window m displacement step 12 (0.275 inchest 

MAX = 9342 psi       ■ 

MIN  = -17474 psi 

STRESS CONTOURS AT 
1500 psi INTERVALS 

 ZERO STRESS CONTOUR 

X 

HOOP STRESS AT DISPLACEMENT STEP 12 

lijjure SO. o||oop stress contour plot of 2.25-inch thick window at displacement step 12 (0.275 inches». 
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MAX = 4965 psi 

MIN  =26 psi 

STRESS CONTOURS AT 
250 psi INTERVALS 

M AXIMUM SHEAR STRESS AT DISPLACEMENT STEP 12 

Figure 5 1.  Maximum shear stress contour plot of 2.25-inch thick window at displacement 

step 12 (0.275 inches). 

1000r 

0   0.2   0.4   0.6   0.8 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 

BOUNDARY DISPLACEMENT, in. 

figure 52. (harijie in kinetic energy of the submersible it a function of boundary displacement. 
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figure 53.  Hoop stresses at the apex of the 2.25-inch thick window as a function of change 
in kinetic energy of the submersible at impact with the rigid wall. 

CONCAVE SURFACE- 
(TENSILE STRAIN) 

CONVEX SURFACE 
(COMPRESSIVE STRAIN) 

'       i       i I 1 1 
5      6      7      8      9     10    11    12    13    14    15    16    17 

HOOP STRAIN, thousands of /jin./in. 

I igure 54. Hoop strains at the apex of the 2.25-inch thick window as a function of change 
in kinetic energy of the submersible at impact with the rigid wall. 
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45,000 

40,000 

5   35,000 

Z  30,000 
cc 
|  25,000 
CO 

w  20,000 

e/3 
CO 
< 

15,000 

10,000 

5,000 

0 
0 

psi STRESS FAILURE 
CRITERION 

AT 0 psi EXTERNAL 
HYDROSTATIC PRESSURE 

3 4 5 
IMPACT VELOCITY, ft/sec 

Figure 55. Critical impact velocities for 2.25-inch thick windows mounted on submersiblcs 
of different mass operating in 0 psi ambient pressure environment. 
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figure 56. Critical impact velocities for 2.25-inch thick windows mounted on submersibks 
of different mass operating in 100 psi ambient pressure environment. 
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Figure 57. Critical impact velocities for 2.25-inch thick windows mounted on submersible* 
of different mass operating in 500 psi ambient pressure environment. 
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SUMMARY 
'        \ 

PROBLEM 

Bubbles are often present in acrylic plastic castings purchased from commercial 
sources. Since they may lower the mechanical strength of the finished product machined 
from such a casting, it is necessary to define quantitatively their effect on mechanical 
properties. 

RESULTS 

The effect of bubbles on the mechanical properties of acrylic plastic was evaluated 
by testing of 120 specimens machined from castings with bubble inclusions. The specimens 
were tested under both uniaxial tension and compression. 

The stress raiser effect of bubble inclusions caused the tensile specimens to fail at 
stress levels 7 to 30 percent lower than observed in control specimens without bubbles. The 
stresses at which yielding under uniaxial compression took place were found to be, however, 
the same as in control specimens without bubbles. 

RECOMMENDATIONS 

The allowable nominal tensile working stress in acrylic plastic with bubble inclusions 
should be 50 percent less than is generally allowed in acrylic plastic without bubbles. 

The allowable nominal compressive working stress in acrylic plastic with bubble in- 
clusions should be the same as in bubble-free acrylic plastic. 
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INTRODUCTION 

The successful launching and certification for manned dives of acrylic plastic sub- 
mersibles - NEMO by the Naval Civil Engineering Laboratory, Johnson-Sea-Link by the 
Smithsonian Institution, and MAKAKAI by the Naval Undersea Research and Development 
Center - have proven that acrylic plastic is a reliable structural material for fabrication of 
submersible hulls. Its low cost and optical transparency make it ideal for pressure-resistant 
hulls on any manned submersible operating in the 0- to 3000-foot depth range. 

Although the mechanical properties of acrylic plastic are well known and described 
by Federal and ASTM material specifications, very little is known about its structural be- 
havior when bubbles are present in it. Such bubbles are usually generated during casting or 
subsequent curing. When they are observed, the question of their stress raiser effect invari- 
ably arises. If the magnitude of this effect were known, the reduced ability of plastic with 
bubble inclusions to withstand stresses would be taken into consideration and the depth 
rating of an acrylic pressure hull fabricated from such plastic reduced accordingly. The cur- 
rent alternative to this approach is to reject any acrylic casting in which bubbles are present. 
This makes the procurement of massive acrylic plastic castings for ocean engineering appli- 
cations a very costly process. 

To alleviate the lack of this kind of data, a low-effort study was undertaken at the 
Naval Undersea Research and Development Center. The objective of the study was to pro- 
vide some quantitative data on the ability of acrylic plastic to carry tensile and compressive 
stresses in the presence of stress raisers in the form of bubble inclusions. The experimental 
study was conducted on compressive and tensile test specimens machined from massive 
acrylic castings with a large quantity of bubbles. Specimens without any bubbles served as 
test controls. 

DISCUSSION 

Bubbles can be found in almost any acrylic product when the process control has 
been less than perfect. Thus, one can find bubbles in cast sheets, massive custom castings, or 
cast joints in fabricated structures bonded together from many cast acrylic structural 
elements. 

When bubbles are discovered in a piece of acrylic plastic, it is generally rejected be- 
cause their presence is neither esthetically nor structurally beneficial. However, in cases in- 
volving large custom castings or complex fabricated structures, this either involves a severe 
economic penalty or makes the accomplishment of the technical objective impossible. Such 
is the case for (1) massive hemispherical castings used as pressure-resistant submersible win- 
dows and (2) cast-in-place joints bonding structural elements of acrylic pressure hulls for 
submersibles like NEMO, Johnson-Sea-Link, and MAKAKAI. 

The presence of bubbles in the cast-in-place joints between individual spherical shell 
pentagons for NEMO-type modular hulls presented a difficult problem. (References 1-5.) 
Regardless cf what precautions and casting procedures were used, some bubbles were found 
to be present in the c   i acrylic plastic joints (Figure 1). Rejection of all hulls with imper- 
fect joints would in effect have cancelled the program for building of transparent plastic 
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a.  Overall view of typical joint. 

b.   Enlargement of joint section. 

Figure 1. Typical bubbles in cast PS-18 joints on NEMO-type acrylic plastic hull. 
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submersibles, for no NEMO-type hull built to date has been found to have completely 
bubble-free cast-in-place joints. 

Thus, early in the NEMO hull construction program, it was decided to accept cast 
joints with bubbles, providing the bubbles were small and few in number. This decision.was 
considered to be acceptable from the safety viewpoint because (1) the stress levels in the 
hull at maximum depth were only at 15 percent of yield strength and (2) the cyclic fatigue 
cracks always originated at the hatch-hull interface rather than at bubbles in the bonded 
joint. 

This, however, still did not answer the question at which compressive or tensile stress 
loading the bubbles would act as initiators of cracks. Without this information the working 
stress could not be raised above the level equal to 15 percent of yield strength, and thus, by 
the same token, the capability of the acrylic hulls would be always limited to continental 
shelf depths. 

It was hoped that, by performing an exploratory experimental study on this sub- 
ject, sufficient information would be generated to give a quantitative value to the stress level 
at which cracks begin to radiate from bubbles. Knowing the stress level at which this occurs, 
the design engineer would be able to specify a working stress for the hull that maximized its 
operational depth without initiation of cracks. 

EXPERIMENTAL PROCEDURES 

The effect of bubbles on the mechanical strength of cast acrylic plastic was experi- 
mentally studied by uniaxially testing acrylic specimens machined from massive castings 
with bubble inclusi    ?   $; ,ce the relationship between the size of the test specimen and the 
bubbles could be an u      lonal variable amplifying the effect of bubble size on machined 
strength, several sizes of test specimens were utilized in the study. In this manner the effect 
of bubbles on the strength of small test specimens could be compared to the effect of 
bubbles on the strength of large specimens. If no difference between these effects was 
found, the size of test specimens would be considered insignificant. Specimens without 
bubbles served as controls. They were cut from the same massive castings as were the speci- 
mens with bubbles. 

For uniaxial compression testing the specimens had a constant length-to-diameter 
ratio of two, and the diameters were 0.50, 1.00, 2.00, and 4.00 inches. Some test specimens 
contained bubbles that penetrated their surface, while in other cases all of the bubbles were 
located in the interior of the test specimen (Figure 2). 

For uniaxial tension testing the specimens had the following dimensions: 0.25-inch 
outside diameter by 2.0-inch length, 0.500-inch outside diameter by 5.0-inch length, and 
1.00-inch outside diameter by 5.0-inch length. The location of the bubbles varied (Figure 3) 
as in the compressive specimens: In some cases all were contained in the interior of the spe- 
cimen, while in others they penetrated the exterior surface. Each specimen had adequate 
extensions on the ends to permit secure gripping in the test machine. 

The tensile specimens were loaded at a rate of approximately 1000 to 2000 psi per 
minute till failure took place. Compr ssive specimens were loaded at approximately the 
same rate till yielding took place or cracks appeared at the bubbles. 
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Figure 2. Compressive specimens machined from massive acrylic plastic casting containing bubbles; 

2.000 inches in diameter by 4.000 inches long. 

Figure 3. Tensile specimens machined from the same massive acrylic plastic casting; 
0.500 inch in diameter by 5.000 inches long. 
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TEST OBSERVATIONS 

TENSILE TESTS 

Review of the experimental data indicates that the presence of bubbles decreased the 
tensile strength of acrylic plastic significantly. Furthermore, the decrease in strength was re- 
lated to the number of bubbles in the test specimen. This can be readily seen by comparing 
average tensile strength values for test specimens categorized according to the number of 
bubbles they contained. 

Number of Bubbles in Specimen 

None 

1 
2 

4-6 
9-20 

Average Tensile Strength 

9154 psi 

8515 psi 

7695 psi 

7453 psi 

6420 psi 

The location of bubbles (interior or exterior of specimen) appeared to have little 
influence on the stress level at which failure took place (Figure 4). Similarly no correlation 
was found between the size of the bubbles and the tensile strength so long as the bubbles 
ranged between 0.1 and 4.5 millimeters (0.004 and 0.18 inch). There appeared also to be 
no correlation between the tensile strength and the size of test specimen. 

COMPRESSIVE TESTS 

No significant correlation was found between the presence of bubbles and the com- 
pressive yield strength of acrylic plastic. The average strength was 10,072 psi for specimens 
without and 10,160 psi for specimens with bubbles. Thus it appears that bubbles have no 
effect on compressive yield strength, providing their total volume is less than 1 percent of 
the test specimen volume. 

Although bubbles appeared to have no effect on the yield strength of the acrylic 
plastic (in less than 1 percent by volume concentration), they served as crack initiators when 
the uniaxial compression strain was in excess of 5 percent. The fracture planes always were 
oriented in the direction of the applied load and originated at the poles of bubbles in line 
with the load application axis (Figure 5). If the test specimens were compressed in excess 
of 10 percent, visually noticeable distortion of the bubbles took place. The originally spher- 
ical bubbles were transformed into slightly squashed spheroids (Figure 6). 

The compressive strength of the massive castings from which the tensile and com- 
pressive test specimens were machined was somewhat less than for the Plexiglas G acrylic 
plastic sheets used for the fabrication of NEMO hulls (10,000 vs. 15,000 psi). If submer- 
sible hulls were to be machined from massive acrylic castings with lesser mechanical prop- 
erties than Plexiglas G, the operational depth of such hulls would have to be reduced accord- 
ingly. The reasons the massive castings had a reduced compressive yield strength are not 
known. 

- T" 
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Figure 4. Typical fracture initiated by bubble in specimen under 
uniaxial tensile loading; test specimen diameter, 0.500 
inch. 

Figure 5. Typical fracture initiated by bubble in specimen under uniaxiel 
compressive loading; the 0.200-inch-diameter bubble is located 
in a 2.000-inch-diameter specimen. 

t 
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Figure 6. Typical spherical bubble in a specimen that has been subjected to approximately 
10-percent uniaxial compressive strain; the 0.100-inch-diameter bubble is located 
in a 2.000-inch-diameter specimen. 

CONCLUSIONS 

The presence of bubbles in a massive acrylic plastic casting reduces significantly the 
ability of parts machined from the casting to carry tensile stresses. As a result the nominal 
working tensile stress of such parts should be lower than when a casting without bubbles is 
used. 

Bubble inclusions do not affect the nominal compressive yield strength of acrylic 
plastic. However, they act as fracture sources when the plastic is uniaxially compressed 
more than 5 percent. Thus the magnitude of the nominal working compressive stress in 
castings with bubbles can be the same as in castings without bubbles. The magnitude of the 
peak working stress around stress raisers must be, however, lower than for bubble-free castings. 
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Table 1. Ultimate Tensile Strength of Specimens Machined from Massive Acrylic Plastic Castings. 

Specimen 

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
■) •) 

23 
24 
2? 
26 

29 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

Diameter 
(in.) 

0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

Total Number 
of Bubbles 

1 
1 
0 
0 
0 
0 
0 

14 
4 

4 
1 
1 
0 
0 
0 
0 
0 

1 
1 
4 
0 

1 
0 

1 
4 
0 
0 

13 

14 
10 

5 

o 
20 

5 
10 
10 
9 
3 
6 

5 

Number of Bubbles 
in Fracture Plane 

1 inside 
1 at edge 
None 
None 
None 
None 
None 

Size of Bubbles 
in Fracture Plane 

(mm) 

1 inside, 1 at edge 
1 inside, 1 at edge 
2 inside 
1 inside 
1 at edge 
1 inside 
1 inside 
None 
None 
None 
None 
None 
1 inside 
None 
2 inside 
None 

1 inside 
None 
I inside 
1 inside 
None 
1 inside 
1 inside 
None 
None  
1 inside 
2 inside 
1 inside 
I inside 
1 inside 
1 inside 
1 inside 
1 inside 
1 inside 
2 inside 
2 inside 
1 inside 
2 inside 
2 at edge 
I inside 
1 inside 
1 at edge 
2 inside 

0.1 or less 
0.1 or less 

0 

1.2; 3.2 
2.7; 1.8 
1.6; 1 
3.2 
2.2 
2.4 
1.8 

0.1 

2; 1.5 

1.0 

0.4 
1.0 

1.6 
3.1 

1.8 
3; 3.1 
6.1 
3.9 
2.9 
2.0 
1.4 
-> I 

2.6 
1.0; 0.8 
3.5; 2.8 
2.0 
3.8; 2.5 
4.5;4.5 
1.6 
0.6 
0.1;0.2 
2.8; 1.7 

Initiation of Failure* 

Bubble in center 
Bubble at edge 
At edge 
At edge 
At edge 
At edge 
At edge 

Ultimate 
Stress (psi) 

L bubble at edge 
L bubble at edge 
2 bubbles at edge 
L bubble inside 
S bubble at edge 
Bubble at edge 
Bubble at edge 
At edge 
At edge 
At edge 
At edge 
In center 
Bubble center 
At edge 
2 M bubbles at edge 
At edge 
S bubble 1/4 way in 
At edge 
At edge 
Bubble at edge 
At edge 
Bubble 2/3 way in 
Bubble at edge 
At edge 
At edge 
Bubble at center 
Bubble at edge 
Bubble at edge 
Bubble at edge 
Bubble at edge 
Bubble 1/4 way in 
At edge 
Bubble ;it center 
Bubble 1/4 way in 
2 bubbles at center 
L bubbles at edge 
Bubble at edge 
Bubble 114 way in 
Bubble at edge 
Bubble at edge 
Bubble 2/3 way in 
Bubble at edge 
At edge 

10200 
9200 

10400 
10000 
9200 

10000 
9200 
5310 
6800 
6820 
6550 
6300 
6300 
6350 
7850 
8250 
8200 
8210 

11000 
9200 
8750 
7100 

10250 
7620 
7770 
7500 
7750 
8200 
7670 
6950 
8900 
8500 
7050 
7850 
6050 
5850 
7700 
8050 

10200 
7450 
8200 
6100 
6750 
6740 
7250 
7300 
7500 
7300 
7500 
8410 

•T = liny Uppiox 0.1 mm),S = UlullUppro 
x. I.52.5 mm). M = medium Lpprov 3 mm). L = Uigc Uppto* *i »m». 



Table 2. Compressive Yield Strength of Specimens Machined from Massive Acrylic Plastic Castings 

Specimen Diameter (in.) Total Number of Bubbles Size of Bubbles* 
 -——,— 
Yield Strength (psi) 

1 0.500 6 LM 8900 
n 0.500 6 LM 10350 
3 0.500 2 L 8600 
4 0.500 T L 8900 
5 0.500 4 SM 8800 
6 0.500 0 - 9950 
7 0.500 0 -- 10100 
8 0.500 0 - 11700 
9 0.500 0 - 9850 
10 0.500 0 - 10100 
11 0.500 1 T 9670 
12 0.500 0 - 10500 
13 0.500 0 - 10500 
14 0.500 1 M 8900 
15 0.500 0 - 10200 
16 0.500 0 - 9650 
17 0.500 0 _ 10300 
18 0.500 0 ... 10200 

19 1.000 0 _ 10200 
20 1.000 0 - 10000 
21 1.000 0 - 10700 
■>2 1.000 0 - 10950 
23 1.000 0 - 9450 
24 1.000 0 - 10100 
25 1.000 0 - 11000 
26 1.000 0 - 9700 
Tj 1.000 0 - 10200 
28 1.000 0 - 9050 
29 1.000 7 M 10700 
30 1.000 9 M 10850 
31 1.000 11 LM 10450 
32 1.000 9 SML 11450 
33 1.000 10 SML 10300 
34 1.000 6 LM 10250 
35 1.000 10 SML 10100 
36 1.000 13 ML 9650 
37 1.000 7 SM 10800 
38 1.000 7 ML 10100 
39 1.000 41 LS 9500 
40 1.000 12 LS 9600 
41 1.000 12 LS 9700 
42 1.000 10 LS 10150 
43 1.000 12 S 10200 
44 1.000 6 M 10800 
45 1.000 10 LS 9700 
46 1.000 6 S 10600 
47 1.000 8 M 10500 
48 1.000 6 M 10200 
49 1.000 1 S 10700 
50 1.000 13 M 9700 
51 1 000 0 10100 
52 1.000 23 M 10700 
53 1.000 30 ML 9250 
54 1.000 18 M 9800 
55 1.000 23 M 11450 
56 1.000 - - 
57 1.000 7 M 10200 
58 1.000 6 ML 9700 
59 1.000 4 T 1C600 
60 1.000 1 S 10500 
61 2.000 34 ML 10800 
62 2.000 6 ML 10800 
63 2000 3 T 12100 
64 2.000 0 10200 
65 2.000 5 T 11500 
66 2.000 0 _ 12400 
67 2.000 0 - 12800 
68 2.000 30 TSM 9500 

69 4.000 105 ML 10300 
70 4.000 55 ML 9800 

•T * liny (appeox. 0.1 mml.S ■ uniM (appiox. 1.5-2.5 mm}. M ■ medium fippiox. 3 mm): L ■ lufc Uppiox. 4-5 mm) 
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RECOMMENDATIONS 

In structures fabricated from acrylic plastic castings the allowable nominal working 
tensile stress should be 50 percent less when bubbles are present than when they are absent. 
(In bubble-free castings, the maximum allowable working tensile stress is 1500 psi. The 6- 
to-1 ratio between the 9000-psi short-term tensile strength of acrylic plastic and 1500-psi 
working stress takes into account the effects of static and cyclic fatigue, which will cause an 
acrylic casting to fail in service at a stress level below 9000 psi.) 

The allowable nominal working compressive stress in an acrylic plastic casting with 
bubble inclusions should be the same as in bubble-free castings, except that local peak com- 
pressive strains should not exceed 3 percent. (In bubble-free acrylic plastic castings the 
allowable nominal working compressive stress is 5000 psi, providing local peak compressive 
strains at structural discontinuities do not exceed 6 percent.) 
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SUMMARY 

Thick acrylic plates in stressed and unstressed condition have been subjected to 
outdoor weathering for 10 years. The stressed specimens developed surface crazing whose 
extent and depth were a function of flexure stress to which they were continuously 
subjected. Continuously applied flexure stress of 2240 psi generated very deep crazing, 
which resulted in catastrophic failure of the test specimen after 9 years. On the other hand, 
the specimen subjected to only 810-psi flexure stress displayed no crazing. 

The effect of weathering on the strength of acrylic plastic varies with distance from 
the weathered surface. In unstressed specimens 0.040 inch below the weathered surface 
there is no measurable decrease in flexure strength, while on the surface there is approxi- 
mately a 50-percent decrease. This decrease in strength on the surface of the specimen was 
not accompanied by crazing. For this reason, the absence of crazing cannot be considered 
absolute proof that the structural properties of acrylic plastic have not been reduced by 
weathering below the safe limits specified by American National Standards Institute/ 
American Society of Mechanical Engineers (ANSI/ASME) PVHO-1 Safety Standard for 
Pressure Vessels for Human Occupancy. 

Based on thi^ study, we conclude that for continuously stressed structural acrylic 
plastic components exposed to outdoor environment with 110° F maximum summer 
temperature, the maximum flexure design stress for a 10-year service life should not exceed 
1000 psi; otherwise at the end of the service period, the remaining flexural strength of the 
weathered material will not provide the minimum required safety factor of 4. This finding 
supports the design stress levels specified for acrylic plastic by ANSI/ASME/PVH0-I. 

Cleaning of stressed acrylic plastic structural components with organic solvents 
(i.e., alcohol, acetone, tylene, methylethylketone, etc.) is to be avoided as their application 
may accelerate by many orders o* magnitude the degradation of flexural strength and/ or 
appearance of crazing, depending on the solvent used. Because of this phenomenon, only 
water based cleaners can safely be used on acrylic plastic structures. 

* 1 
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INTRODUCTION 

For years, users and manufacturers of plastics have been aware of a phenomenon 
whereby glassy plastics develop what appears to be a multitude of cracks, which initiate at 
the surface of the material and grow perpendicularly to the direction of stress (figure 1).* 
These discontinuities are not always cracks, however, and have been called "crazes" 
because they resemble, somewhat, the cracks found in glass and ceramics, particularly the 
glazes on pottery. Because many structures and structural components of pressure vessels 
subjected to hydrostatic pressures are made from glassy plastics (i.e., polystyrene, poly- 
methyl methacrylate, and polycarbonate), the problems of crazing have become an impor- 
tant consideration in viewing the reliability and longevity of structural parts manufactured 
from these materials. 

A craze, by definition, is a lens-shaped damage zone containing induced micro- 
voics within a highly oriented polymer chain.'1' Within the crazed zone, voids comprise 40 
to 60 percent of the area's volume.'2' These voids allow an increase in material cross section 
without lateral contraction because the lateral contraction is prohibited, at least in thick 
specimens, by the elastic constraint of the surrounding or adjacent undeformed polymer.'2' 

The craze propagates transversely to the principal stress vector, thereby maximizing 
the spreading stress at the tip of the craze.'-,) Crazes contain material which has a lower 
refractive index and density than the bulk of the resin.'4' They are characterized as being 
quite narrow and are often difficult to see. In laminated transparencies, premature crazing 
is a particularly serious problem because the crazes tend to form on the outer surface of the 
acrylic ply. 

But what causes crazing? Studies have shown that there are at least four factors 
which may cause glassy plastics to craze: (i) tensile stress, (2) temperature differential 
across thickness of acrylic member, (3) weathering, and (4) contact with organic solvents. 
Crazes are initiated and propagated only when the tensje stress on the material surface 
exceeds some critical value. This critical stress value changes, however, as a function of 
ambient temperature and humidity, duration of stress loading, duration and intensity of 
solar or x-ray, irradiation, and duration of contact with organic solvents.(2,4) 

Test results indicate that crazing will initiate when a specimen is exposed briefly 
to a stress level of approximately one-third of the failure stress,'5' and that the crazing will 
spread as the load duration increases.16' However, crazing is also time dependent, and 
molded components may craze, with time, even when the magnitude of molded-in-strains 
are quite low.'7' In a comparison between polystyrene and acrylic, it was found that poly- 
styrene is intrinsically stronger, but because polystyrene has a greater tendency to craze 
than acrylic, the observed ultimate strength of normal uncracked samples of acrylic was 
higher.14' 

In the case of crazing caused by weathering, casual observation of everyday glassy 
plastics shows innumerable examples of such crazing. However, the tests performed show 
that weathering, itself, is a surface effect and that the remova. of weather-caused crazes 
returns the material to its approximate former state chemically and mechanically. However, 
if the material h?i been thoroughly exposed to high temperature (i.e., used in solar collec- 
tor covers), or X-ray radiation (i.e., hyperbaric chamber viewports) degradation does occur 
through the hull thickness of the plastic.'*' Therefore, in such cases it is temperature and X- 
ray radiation that cause the material to degrade and not weathering, as such. 

•All figures and tables are placed at the end of the text. 
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Chemically induced crazing has been observed for many years. Most users of glassy 
plastics know they must not use organic solvents to clean the materials, particularly if they 
contain residual stresses or are subjected to tensile or flexure loadings (figure 2). Cleaners 
and disinfectants in a water solution attack acrylic, for example, less than the same cleaners 
and disinfectants in an alcohol solution.'9) Water, itself, even seawater immersion for as 
long as 5 years, does not cause any significant chemical change in acrylic.'10' Absorbed 
moisture gradient, however, can cause crazing as it generates a high surface tensile stress 
when the surface of a specimen has a high moisture content and is rapidly dried.'2' It is the 
stress, then, that causes the crazing and not the moisture, per se. 

Even though most crazes are not true cracks, crazes are still believed to initiate 
failure of a structure or of a structural member when the crazing becomes extensive and the 
depth of crazing exceeds some critical value. In the critical flaw theories, it is assumed that 
the strength of a brittle material is limited by the presence of flaws in the sample, as these 
discontinuities distort the stress field and cause the initiation of the failure process by rapid 
extension of the largest, properly oriented flaw when a critical tensile stress is attained."1' 

Any one of the factors which cause crazing may be acting at any one time; however, 
usually more than one factor is present. There are probably synergistic effects between 
these factors. Little research with quantitative findings has been done on the magnitude of 
synergistic effects. The present study was conceived in an attempt to shed some light on 
major questions concerning the relationship between crazing, weathering, long-term appli- 
cation of flexure stresses, and structural performance of acrylic plastic structures made 
from thick plates. 

The questions under investigation were as follows: 

1. Does weathering decrease the flexure strength of thick acrylic plastic plates 
even without the presence of crazing? 

2. Is the presence of sustained flexure stress required to initiate, maintain, and 
expand crazing in thick acrylic plastic plates exposed to weathering? 

3. Does crazing significantly decrease the load carrying ability of thick acrylic 
plates loaded in tension or flexure? 

4. Does sustained flexure stress accelerate the decrease of flexure strength in 
thick acrylic plates exposed to weathering? 

5. Does the use of cleaners and disinfectants significantly accelerate formation of 
crazing on acrylic plastic under sustained tensile stress? 

6. Is the absence of crazing a reliable indication that the acrylic plastic has not 
been affected by weathering? 

The data generated by this study will be augmented to findings of other studies 
(12,13.14,15) which focused primarily on deterioration of tensile, compressive, and shear 
strengths due to weathering and immersion in seawater. The data generated by testing 
of coupons cut from the weathered 2.5-inch-thick spherical acrylic hull of submersible 
NEMO"5' is of particular interest as the hull was subjected during its lifetime primarily 
only to compressive stresses that have shown to have no effect upon material deterioration 
rate (tables 5, 6. 1). 
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EXPERIMENTAL APPROACH 

To provide answers to the above questions, the test program was divided into three 
phases. 

PHASE 1 

In this phase of the test program, emphasis was placed on weathering of unstressed 
acrylic blocks for 10 years. The blocks were cut from 2- and 4-inch-thick Plexiglas G 
(table 1). From data provided in previous studies, it was known that hot, tropical climates 
tend to have the most effect in lowering the strength of their acrylic samples.(l2-13'&l4) 

Therefore, one set of specimens was placed at the Harbor Branch Oceanographic Institu- 
tion in Linkport, Florida. Also airborne pollutants were suspected as possible sources of 
crazing in weathering samples, so some blocks were placed in Houston, Texas, at the Hahn 
and Clay facilities where they were exposed to a high level of hydrocarbon pollution. The 
third set of specimens was placed in El Cajon, California, in a hot, dry environment with 
more than 300 days per year of direct sunlight (figure 3). All of the blocks used in this 
phase of the study were plates with 12- by 12- by 4-inch and 12- by 12- by 2-inch dimen- 
sions. These samples differ radically from all previous weathered samples in that these 
samples were on an order of magnitude thicker (i.e., 4 or 2 inches versus .025 inch). If 
weathering is truly only a surface effect, thick specimens would exhibit this effect. None of 
the plate specimens were subjected to loading during the years they were exposed to the 
various environments. The specimens were placed in metal frames that kept them about 
6 inches above the surfaces on which they were placed. The same face of the specimen was 
always facing towards the sun. Test coupons were periodically cut from weathered plates 
and tested for flexural strength (table 2). 

PHASE 2 

In this phase of the test program. 2- by 22- by 0.25-inch-thick strips of Plexiglas G 
were subjected to both stress and chemical solvents- a combination which causes rapid 
cra/ing that culminates in failure. While under a constant 2000-psi flexure stress, various 
organic solvents were applied to the area of maximum stress on the acrylic strips, resulting 
in rapid cra/ing (figure 4). By holding the stress level constant, the effects of different 
chemon initiation and progress of cra/ing could be observed. The 2000-psi flexure stress 
was selected as the test stress level because this magnitude of stress is the industry-wide 
accepted standard for detecting the onset of chemically induced cra/ing. 

Some of the test specimens were immersed in organic solvents and dried off prior 
lo placing them in the test fixture and applying the bending moment for generation of 
2000-psi flexure stress. This was done to determine whether contact with organic solvents 
prior to stress application sensiti/ed the acrylic plastic to cra/e initiation as severely as 
contact with the same organic solvents during stress application. 

Data thai were generated in this phase of testing were (I) the time to initiation 
of cra/ing on the surface of specimen, (2) the depth of the cra/ing. and (3) the time to 
catastrophic failure of the flexure specimen.'1" 
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PHASE 3 

In this phase of test program, six acrylic beams of 48- by 4- by 2-inch dimensions 
were mounted in an outdoor bending load fixture and subjected to six different stress 
levels. Seven beams were cut from a single sheet of 2-inch-thick Plexiglas G plate (figure 5). 
They were sawed, sanded, and polished at the edges. Approximately 2 inches from each 
end, 3/4-inch diameter holes were drilled without any visible cracks in the material. After 
all the machining drilling and polishing was accomplished, the beams were annealed at 
!90°F for 24 hours. Material coupons were also machined at this time from the top, 
middle, and bottom of the Plexiglas G plate to determine whether there was a significant 
difference in the mechanical properties of the material at these locations prior to outdoor 
weathering. 

One end of each beam was attached to the mounting plate set in concrete by a 
threaded rod through the hole in the beam, and a steel nut was screwed down tightly on the 
beam (figure 6). A threaded eye bolt was then attached to the other end of the cantilever 
beam. After securing the eye bolt to the beam, a specified weight was suspended from the 
eye bolt by a wire placing the beam under a continuous sustained flexure stress loading 
(figure 7). A control beam was placed beside this test fixture on the rock outcrop. This 
beam was allowed to weather unstressed. All the beams were installed in the test fixture 
on 25 June 1977 at the test site in El Cajon (figure 8). Deflection readings were taken 
frequently to determine the rate of creep in test beams under different levels of sustained 
flexure stress (figure 9). The test was terminated on 31 January 1988 by removing weights 
from all the six test beams and recording the snap-back of the bent test beams (table 3). 

After 24 hours of relaxation, the six test beams were loaded individually until frac- 
ture occurred. Maximum deflection and load at moment of failure were recorded (table 4). 
For comparison purposes an identical test beam No. 7 that was exposed to 10 years of 
weathering but not sustained flexure loading, was also mounted in the outdoor bending 
load fixture and was loaded to failure. The maximum load and deflection at failure were 
also recorded (table 4). 
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OBJECTIVES 

PHASE 1 

Determine the effect of climate on the weathering of thick, unstressed acrylic plates. 

Determine whether the change in material properties due to weathering is only a 
surface effect, or whether it extends through the whole thickness of acrylic plates. 

Determine whether in unstressed acrylic plates a significant change in material 
properties is always accompanied by crazing of surfaces. 

PHASE 2 

Determine whether contact with organic solvents degrades the structural properties 
of acrylic plastic as much in unstressed specimens as it does in stressed specimens. 

Determine the synergistic effect of sustained flexure stress on static fatigue of 
acrylic plastic in contact with organic solvents. 

Determine whether contact with organic solvents generates crazing in unstressed 
acrylic specimens. 

Determine whether prior contact by unstressed acrylic with an organic solvent will 
initiate rapid crazing in the material after application of sustained flexure stress. 

PHASE 3 

Determine the relationship between the magnitude of sustained flexure stress and 
the rate of crazing on surfaces of acrylic plastic subje.'ted to weathering. 

Delermine whether the reduction in flexure strength of weathered acrylic plastic 
specimens under long-term flexure loading is solely a function of weathering, or also of 
sustained stress level. 

Determine the magnitude of maximum flexure stress that can be continuously 
applied to an acrylic structural component in an outdoor environment with a 110°F peak 
daytime temperature without the occurrence of catastrophic failure in less than 10 years. 

Determine the magnitude of maximum flexure stress that can be continuously 
applied to an acrylic structural component in an outdoor environment with a 110°F peak 
daytime temperature without the appearance of crazing in less than 10 years. 
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TEST OBSERVATIONS 

PHASE 1 

There was no visible crazing on the surfaces of unstressed test plates subjected to 
outdoor weathering in El Cajon, Linkport, or Houston. There was observed, however, a 
dulling of surfaces that reduced the light transmittance in the visible spectrum by 10 percent. 
Weathering affects the physical properties of acrylic plastic only in a thin layer below the 
surfaces of the specimen, as shown by the large difference in tensile strength and molecular 
weight of coupons sliced both from the surface and either of the test plates (table 2). 

PHASE 2 

Wetting with organic solvents of surfaces on acrylic strips subjected to sustained 
flexure stress of 2,000 psi rapidly initiated crazing. Some solvents (i.e., benzene, xylene, 
aceton, and methylethylketone) initiated crazing instantaneously, while others (i.e., methyl, 
ethyl, and isopopyl alcohols) required several minutes to initiate crazing (figure 10). 
Prolonged exposure ultimately produced catastrophic failure of the flexure specimen due 
to transformation of the crazing into deep cracks. 

Reducing the flexure stress level in the flexure specimens prior to wetting them 
with organic solvents increases the time required for initiation of crazing. While at sustained 
flexure stress of 2,000 psi, it required approximately 20 minutes for development of severe 
crazing while wetted by ethyl alcohol, at 1,000 psi the time interval increased to 200 minutes, 
and at 500 psi it was in excess of 1000 minutes. Thus, it appears that crazing will take place 
at any stress level, providing that wetting with the solvent is continued indefinitely. 

Wetting followed by drying off of surfaces on unstressed specimens that were 
subsequently subjected to 2,000-psi flexure stress did not appear to have the same effect as 
wetting of stressed specimens While wetting with ethyl alcohol of specimens under sustained 
2.000-psi flexure stress initiated crazing in approximately I minute and resulted in cata- 
strophic failure in about 30 minutes, wetting and drying of unstressed specimens followed 
by application of 2,000-psi flexure stress did not initiate crazing even after 1,000 minutes of 
sustained loading, 

PHASE 3 

Test beams did not craze significantly even alter 10 years of weathering if the 
maximum tensile flexure stress on the beam's surface was less than 810 psi. In the highly 
stressed beam No. I crazing became very noticeable in one \e«r. in beam No. 2 after 
2 year-,, and in beam No. 3 after 4 years, and in beam No. 4 only after 5 years (figures 11 
through 17). Whenever present, the crazing was limited to a small area on the top surface 
>bo\e the cantilever beam fulcrum, where the tensile flexure stress was the highest. The 
extent and depth of crazing decreased rapidly with distance from the beam fulcrum until, 
at some distance, it disappeared totally. In beam No. I, the crazing was observed only 
within 6 inches of the fulcrum. In that beam, the stress level at 6 inches from the fulcrum 
was calculated to be 1900 psi. 

I he catastrophic failure of the test beam No. I, subjected to 2,240-psi sustained 
flexure stress for 9 years, indicates that all test beams under sustained loading will ulti- 
mately fail; the duration of loading required for failure will vary, however, inversely with 
the magnitude of sustained stress level (figure 18) 
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Application of sustained flexure stress to acrylic plastic can have a larger effect on 
its effective (residual) flexural strength than weathering; however, there is no doubt weath- 
ering significantly accelerates the effect of static fatigue (table 4). For example, test beam 
No. 7, which was subjected to weathering but not to sustained flexure stress for 10 years, 
had an effective flexural strength of 9.300 psi (i.e., lost 45 percent of original strengths) 
while beam No. 1, which in addition to weathering was also subjected to sustained flexure 
stress of 2,240 psi, lost 100 percent of its effective strength after 9 years (i.e., it failed). At 
low sustained stress levels, the effect of weathering exceeds the effect of static fatigue on 
effective strength. For example, beam No. 6 subjected to a sustained low stress level of 810 
lost 45 percent of its original strength due to weathering and only 25 percent due to static 
fatigue. After 10 years of weathering, the crazing was very severe on test beams No. 1 and 2 
(figures 19 and 20), moderately severe on test beam No. 3 (figure 21), barely noticeable on 
test beams Nos. 4 and 5 (figures 22 and 23), incipient on test beam No. 6 (figure 24), and 
totally absent on unstressed test beam No. 7 (figure 25). The extent and depth of crazing 
did not increase during the short-term flexure test to destruction conducted at the conclu- 
sion of the 10-year-long sustained flexure loading test program (figure 26). 

The deflections of the test beams after 10 years of sustained flexure loading were 
proportional to the magnitude of flexure loading to which they were subjected (figure 27). 
Most of the deflection took place within 1 day after application of sustained flexure load- 
ing; the rate of creep decreased significantly thereafter. 

The deflection of test beam No. 1 at catastrophic failure after 9 years of sustained 
flexure loading (figure 27) was significantly less than of test beam No. 7 during short- 
term destructive testing (figure 28). This was also true of test beams Nos. 2, 3, 4, 5, and 6 
(tables 3 and 4). 

The effective strength of test beams 2, 3, 4, 5, and 6 was, after 10 years of sustained 
flexure loading, found to be significantly less than that of test beam No. 7 not subjected to 
sustained flexure loading (figure 3). 
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DISCUSSION 

EFFECT OF WEATHERING 

The data generated in this study, as well as in previous studies conducted by the 
authors'15' on the effect of weathering on the physical properties of acrylic plastic with 
ultraviolet absorber, very strongly support the following findings: 

1. Weathering degrades the physical properties of acrylic plastic. The molecular 
weight and flexural strength decreases, while the material becomes more brittle (tables 2, 4, 
5, 6, and 7). 

2. The effect of weathering does not penetrate deeply below the surface; 0.06 inch 
below the surface the physical properties of the material remain unchanged (table 5). 

3. The physical properties most affected by weathering are the flexure strength, 
tensile strength, and tensile elongation at failure. Shear strength is affected very little and 
the compressive strength almost none at all (table 7). 

The flexure strength is the most affected by weathering because during bending the 
highest tensile component of the flexure stress is generated at the surface of the material 
where the effect of weathering is the greatest. The cracks, which originate during flexure 
loading in the weak, brittle surface layer, penetrate readily into the body of the unweath- 
ered material causing it to fail catastrophically. 

The scenarios are quite different for acrylic plastic specimens under tensile or shear 
loading, where the stresses are uniformly distributed across the thickness of the specimen. 
Because of the uniform stress distribution across the thickness of the material, the layers of 
degraded material contribute very little to the overall reduction of strength in the 0.25-inch- 
thick test coupons. In structural components several inches thick, the effect of a weathered 
surface layer on the performance of the components loaded in tension is not significant. 

Compressive strength of acrylic plastic structural components is totally unaffected 
by weathering as the stresses are uniformly distributed across the thickness of the compo- 
nents and, furthermore, the compressive strains prevent the initiation of cracks in the 
external weathered surfaces. 

Based on the above discussion, we can postulate that thick structural members 
subjected to bending movements (for example, plane windows in pressure chambers) are as 
much affected by weathering as thin components, since the maximum tensile strain gener- 
ated by flexure stress is always located on the surfaces most affected by weathering. For 
this reason, the structural performance of new thick plane windows must be discounted for 
future deterioration due to weathering by the same percentage a? the structural perfor- 
mance of new thin plane windows. 

Thus lor a projected operational life of 10 years, the original flexure strength of 
acrylic plastic materials used in a structure must be discounted by at least 35 and preferably 
50 percent. If the structure is subjected for 10 years to the maximum sustained flexure 
stress recommended by ANSI ASME PVHO,l6) for a I25°F peak temperature, the static 
fatigue further reduces the effective flexure strength, so the original flexural strength must 
be discounted instead by 75 percent. Data are not available for prediction of flexural 
strength in acrylic plastic that in addition to weathering is also subjected to cyclic flexure 
loading; lor example, frequently pressurized plane windows in pressure chambers. A 
conservative assumption can be made, however, that weathering and cyclic application of 
flexure stresses does not decrease the flexural strength more than a sustained application 
of the same flexure stress 
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Since the compressive strength of a structural member is not affected significantly 
by weathering (less than 2 percent) the structural performance of acrylic plastic structures 
loaded in compression need not be discounted for the effects of weathering, as is the case 
for structures subjected to flexure loading (table 7). Because of this observation it is desir- 
able that, whenever feasible, acrylic plastic structures be designed for compressive, rather 
than flexure or tensile, loads. Thus, it is always preferable that viewports be curved rather 
than plane, even though the fabrication process for curved viewports is more expensive 
than for plane ones. 

The effect of weathering on the tensile strength of acrylic plastic structures is 
significantly less than on the flexure strength, mostly because the tensile stress in a struc- 
tural member under pure tension is distributed evenly across its thickness. This holds also 
true for the 0.25-inch-thick test specimens used for the determination of tensile strength in 
weathered thick plates. If the thickness of the tensile test specimens could be somehow 
reduced to 0.020 inch, the tensile strength of the weathered acrylic would be found to be 
the same as the flexure strength determined by 0.25-inch-thick flexure test specimens cut 
from the thick weathered plates. 

Since this study did not address testing for tensile strength, data will be used from 
previous studies*l5) to determine by how much the tensile strength should be discounted for 
the effect of weathering. Data from previous studies show that the tensile strength of acrylic 
plastic members of a structure can be expected to decrease after 10 years of weathering by 
approximately 20 percent (table 7). Thus, it appears that tensile loading is less desirable 
than compressive loading, but certainly more desirable than flexure loading. 

The shear strength appears to be even less affected by weathering than tensile 
strength (table 7). This is probably due to the fact that the test specimens for testing of 
shear strength are 0.5 inch thick and the distribution of shear stress across the specimen is 
fairly uniform. The reduction of strength due to weathering based on data from previous 
studies appears to be about 10 percent. Thus weathering affects the shear strength of acrylic 
plastic, as determined by standard test specimens, less than the flexure or tensile strength. 

EFFECTS OF STRESS 

Since most acrylic plastic structures or structural components subjected to weather- 
ing are also stressed either continuously or intermittently, the effect of stress on the effec- 
tive strength of acrylic plastic must also be considered. As continuously applied stress is 
known from the published literature to affect the strength of an acrylic structure more than 
infrequent stress application, it was chosen for this study. The type of loading selected was 
flexure loading, as it would affect the flexural strength of materials shown to be the most 
sensitive to effects of weathering. 

The range of stresses to which the flexure test beams were subjected was rather 
wide; the highest stress level chosen (2,240 psi) was to produce catastrophic failure in less 
than 10 years, while the lowest stress (810 psi) was not to initiate any significant crazing in 
10 years. The test results confirmed this; test beam No. 1 under sustained flexure stress of 
2.240 psi failed catastrophically after 9 years, while test beam No. 6 under sustained flexure 
loading of 810 psi did not exhibit any significant crazing. 

The catastrophic failure of test beam No. 1 and the effective strengths of test beam 
Nos. 2 through 6 at the end of the 10-year-long test program (table 3) that were lower than 
the original strength of the material (»able 1) confirm the existence of static fatigue, which 
was well documented by other investigators in technical literature. What this study added 
to the already published body of data is the contribution that weathering makes to the 
reduction in original flexure strength of thick beams under sustained flexure loading. 
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The reduction in strength due to static fatigue alone can be estimated by comparing 
the effective strengths (as denoted by maximum flexure stress during short-term testing to 
failure) of weathered test beams subjected to sustained flexure loading (test beams Nos. 1, 2, 
3, 4, 5, & 6) with the remaining strength of the test beam that was weathered, but not 
subjected to sustained flexure loading (test beam No. 7). In this particular case, the effect of 
weathering by itself reduced the original strength of test beam No. 7 from 17,000 to 9,300 psi 
or to approximately 55 percent of original strength (table 4). 

The additional reduction in strength due to static fatigue of the material was very 
significant, and the magnitude of this reduction in strength varied with the level of sustained 
stress to which the test beam was subjected. The static fatigue together with 10 years of 
weathering reduced the effective strength of flexure test beams to the following percent of 
original strength: 

Test beam No. 1 — 0 percent 

Test be*m No. 2—19 percent 

Test beam No. 3 — 22 percent 

Test beam No. 4 — 24 percent 

Test beam No. 5 — 25 percent 

Test beam No. 6 — 30 percent 

Since weathering alone appears to have reduced the flexure strength to 55 percent 
of original strength, the contribution of static fatigue to reduction of strength can be esti- 
mated. It is estimated that fatigued flexure beams would have retained the following 
percent of original strength if the effects of weathering were discounted: 

Test beam No. I — 45 percent 

Test beam No. 2 64 percent 

Test beam No. 3 — 67 percent 

Test beam No. 4 69 percent 

Test beam No. 5 — 70 percent 

Test beam No. 6      74 percent 

A brief inspection of the i   umated strengths that would remain in the flexure test 
beams it. during the sustained flexure loading they were not exposed to weathering, leads 
us to the opinion that at sustained stress levels below 2.000 psi weathering contributes more 
to reduction o! original strength than static fatigue by itself. 

Since the study did not address itself to intermittent stress application, there are 
no data on which to form an opinion on the contribution of cyclic stress fatigue to the 
reduction of original strength in weathered structures. A conservative opinion, however, 
can be formulated which states that the reduction of materials strength in an acrylic struc- 
ture subjected to both weathering and intermittent flexure stress aoes not exceed the reduc- 
tion in st.ength measured on flexure test beams subjected to both weathenng and continu- 
ous sustained loading. 

10 
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DESIGN STRESS SELECTION 

Since both weathering and application of flexure stress reduce the effective strength 
of acrylic plastic, the reduction in effective strength after 10 years of service must be taken 
into account in the selection of design stress for any acrylic plastic structure or structural 
components that are subjected to flexure loading (i.e., plane windows under pressure load- 
ing, horizontal panels, and beams under gravity loading, etc.). Obviously, the lower the 
value of design stress the higher the effective safety factor, and the lower the extent of craz- 
ing will be after 10 years of operational service in outdoor environment. 

Economic considerations, on the other hand, dictate that the design stress should 
be as high as possible without undue increase in risk of catastrophic failure. The highest 
design stress level that meets both safety and economic considerations is based on the 
premise that at no time during the operational life of the acrylic plastic shall the effective 
safety factor decrease below the value of 2. Flexure test beam No. 3 met this criteria after 
10 years of sustained flexure loading at the 1570-psi maximum stress level. It still could 
withstand a short-term flexure stress of 3,800-psi magnitude prior to failure during short- 
term destructive testing in 65° F ambient air environment. The maximum safe design stress 
experimentally validated by flexure test beam No. 3 also meets the maximum design stress 
criteria of ANSI ASME PVHO-1 for maximum ambient air environment temperature in 
the 100 to 125°F range. The minimum conversion factor (short-term critical stress divided 
b\ long-term design stress) specified by ANSI/ASME PVHO-1 for the 100 to 125°F 
temperature range is 10, which is readily converted into minimum design stress range of 
1400 to 1700 psi magnitude (the exact value depending on the short-term fiexural strength 
of acrylic plastic used in the construction of the structure). 

Although a design stress of approximately 1500 psi will provide a minimum safety 
factor of at least 2. even at the end of the 10-year life uperational period, it will not prevent 
the appearance of crazing that detracts from the appearance of the acrylic structure after 
about 5 years in an outdoor environment. To prevent the appearance of crazing during the 
10-year operational life period calls for a maximum design stress of less than 810 psi. Flex- 
ure test beam No. 6 stressed to this sustained stress level did develop only barely noticeable 
crazing during the 10-year test period in outdoor environment. This design stress level for 
avoidance of significant crazing during a 10-year operational life translates into a minimum 
conversion (actor of approximately 20. At this design stress level, the minimum effective 
safety factor at the end of 10-year service period is calculated to be 6. 

hrom this discussion, it appears that the minimum conversion factor of 10 specified 
by ANSI  ASME PVHO-1 represents from the safety viewpoint the maximum acceptable 
value of design stress for an acrylic pressure-resistant window with a 10-year operational 
life in an outdoor environment with peak temperatures in 100 to i25°F range. At this 
design stress level, there will be, however, very noticeable crazing that may prompt the 
replacement of the pressure resistant window in less than 10 years. It would appear, there- 
fore, cost effective to select for large, expensive plane windows, as in underwater observa- 
tories, a lower design stress preferably in the 500- to H00-psi range (conversion factors 30 to 
20) to insure absence of crazing lor 10 years. 

II 



DEFLECTIONS 

The deflection of the cantilever test beams followed the classical strain theory for 
acrylic plastic (table 4). The instantaneous deflection after hanging of the dead weight from 
the tip of the beam was large, and its magnitude could be predicted on the basis of classical 
theory for bending of cantilever beams fabricated from totally elastic isotropic material 
with modulus of elasticity in the 450,000- to 500,000-psi range. The deflection continued to 
increase rapidly during the first hour after load application; the rate of creep, however, 
immediately began to decrease exponentially and continued to do so at this rate for 
approximately 24 hours. 

After 24 hours, the creep rate stabilized into a logarithmic relationship between 
time and strain. Because of this logarithmic creep rate, the magnitude of beam deflection 
could be predicted for any time in the future using a mathematical formula and two deflec- 
tion measurements. 

A/ = 

log -i 

log (7-, - r,) 

where 

M       - slope constant for a straight line expressing effective modulus elasticity 
decay on log coordinates. 

d\       - deflection at time T 

d2       - deflection at time 7\ 

r,;r: = time, usually  I to 10 days (a later reading may be substantiated for the 
10-day reading). 

The 0.057 value of M was calculated on the basis of 3.04- and 3.50-inch displace- 
ments recorded 1 day and 13 days after load application to test beam No. 2. Using M ~ 
0.057, the deflection of test beam No. 2 was predicted to increase to 4.83 inches in 10 years; 
this value compares rather well with the measured deflection of 5.0 inches. The calculated 
va'Me of M compares also well with published value of M in technical literature for MIL- 
P-5425 pol,methyl methacrylate in 70°F environment (figure 29). The good agreement 
between experimentally measured displacement after 10 years and the calculated displace- 
ment was not expected, as the ambient temperature during this time period fluctuated for 
45 to 110° F. The only possible explanation for this good agreement between the experi- 
mental and calculated data is that during the first 13 days of load application, when deflec- 
tion d and d: were measured for the determination of M, the ambient temperatures were 
in the upper half of the 45 to 110° F temperature range experienced during the following 
10 years. This is a reasonable explanation, as during the typical year in El Cajon, the 
ambient temperature remains above 70° more than 70 percent of the time. 

Also note that the deflections of the test beams after 10 years of sustained loading 
are approximately twice as large as instantaneous deflection upon load applications (table 2). 

1 hus, a rule of thumb can be formulated which states that to predict the deflection of an 
acrylic structure alter 10 years of sustained load application, measure the instantaneous 
deflection after application of the load and multiply it by a factor of 2. 

12 
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FINDINGS 

1. The effective flexural strength of acrylic plastic decreases with duration of 
exposure to outdoor weathering. After 10 years of weathering, the effective strength is only 
approximately 55 percent of original strength. 

2. Sustained flexural stress decreases the effective strength further; at the 
1500-psi maximum design stress level specified by ANSI/ASME PVHO for the peak 
ambient temperature range of 100 to 125°F, the total effective strength after 10 years of 
weathering is approximately only 3800 psi providing an effective safety factor of only 2. 

3. The maximum design stress for avoidance of crazing during 10 years of 
sustained flexure loading and weathering appears to be <810 psi. Using the crazing 
avoidance design stress provides, at the end of 10-year-long service period, a strength of 
30 percent and an effective safety factor of 6. 

4. Weathering affects only the first 0.060 inch of thickness in acrylic plastic 
(MIL-P-5425): the remainder of the material retains its original strength even after 10 years 
of weathering. 

5. The compressive strength of acrylic plastic structures appears not to be 
affected at all by weathering. 

6. The deflection of acrylic structures during a 10-year-long period while under 
sustained flexure loading can be predicted on the basis of deflection measurements taken 
on the first and tenth day after the application of sustained loading. 

7. The deflection after 10 years of sustained flexure loading appears to be 
100 percent greater than the deflection immediately after application of sustained load. 

8. Cleaning with organic solvents of acrylic plastic surfaces under tensile strain 
produced by flexure or tensile stresses accelerates the crazing process. Alcohol contained by 
most disinfectants and window cleaners will initiate crazing in several minutes on acrylic 
plastic surfaces that are under tensile stresses of 2000 psi and in several hours on surfaces 
that are under stresses of 1000 psi. 

9. Cleaning with organic solvents prior to application of stress does not initiate 
crazing in realtime after load application. 

10. Degradation of physical properties in acrylic plastic due to weathering 
appears to correlate well with the decrease of molecular weight in the material affected by 
weathering. 

' I hoe findings have been experimentally validated (inly for non-cross-linked polymethyl metha- 
crvlate plastic with ultraviolet filter additive meeting the requirements ANSI ASME PVHO, 
section 2. table 2.1-1, and or Mll-P-5425 

13 
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CONCLUSIOP 

1. Weathering affects only a thin surface layer on acrylic plastic with ultraviolet 
absorber; the affected material becomes more brittle and less able to withstand tensile 
strains. 

2. The effective load-carrying capacity of thick acrylic plastic structural members 
under flexure loading (i.e., pressure proof windows, beams, roof paneling, etc.) is deter- 
mined by the reduced mechanical properties of the thin weathered surface layer subjected 
to peak flexure stresses. 

3. The flexure design stress of 1500-psi magnitude (i.e., conversion factor of 10) 
specified by ANSI/ASME PVHO-I for plane pressure proof windows subjected to weath- 
ering and a biaxial tensile stress field in ambient environment with peak temperatures in 
the 100 to 125°F range provides an adequate effective safety factor of 2 at the end of the 
10-year service period. 

4. Crazing of acrylic structures subjected to weathering and sustained flexure 
loading can be avoided over a 10-year period by specifying maximum flexure design stress 
<800 psi (i.e., conversion factor >20). 

5. Cleaning of acrylic surfaces under applied, or residual, tensile strain with 
organic solvents (alcohol, methylethylketone, trichloroethylene, benzene, etc.) will acceler- 
ate the formation of crazing by several orders of magnitude, leading in some cases to 
immediate catastrophic failure. 

6. The experimental data are insufficient to allow prediction of effective strength 
in flexure loaded acrylic plastic structure after 20 years of weathering; it is certain, however, 
that the design stresses (i e., conversion factors) specified by ANSI/ASME - PVHO for 
windows under flexure loading will not provide an adequate effective safety factor after 
10 years of sustained loading in an outdoor environment. 

7. It is preferable to design acrylic plastic structural components for compression 
rather than flexure or tensile loading, as weathering and sustained loading do not decrease 
significantly the compressed strength of acrylic plastic even after 10 years of exposure. 

8. The most sensitive analytical tool for detecting the effect of weathering on 
acrylic plastic and its depth of penetration into the material is the measurement of molecu- 
lar weight performed on thin coupons of material sliced from the surface of weathered 
material. 

9. The most feasible approach to eliminating the effect of weathering on the 
effective strength of acrylic plastic structural members under flexure loading is to de-couple 
the weathered layer from the body of the structural member, so that a crack initiated in the 
weathered layer does not propagate into the body of the material, causing it to fail cata- 
strophically. This can be accomplished by laminating a thin sheet of acrylic plastic with 
elaslomeric adhesive to the thick structural member; a crack originating in the weathered 
laser would not propagate across the elastomeric adhesive interlaycr into the body of the 
structural member 

14 



RECOMMENDATIONS 

1. The 1500-psi maximum design stress value specified by ANSI/ASME PVHO-1 
(i.e., conversion factor of 10) for plane windows in chambers for human occupancy operat- 
ing in ambient environment with peak temperatures in the 100 to 125°F range should not, 
for any reason, be increased to a higher value, as this will decrease the effective safety 
factor of the window after 10 years of service to less than 2. 

2. To eliminate the appearance of unsightly crazing for a period of 10 years on 
the weathered surfaces of plane acrylic plastic windows in chambers for human occupancy, 
the design stress should not exceed 800 psi (i.e., conversion factor of 20). 

3. installed acrylic plastic windows should not be cleaned with anything but 
water and mild detergents approved for washing of dishes. 

4. Brand new acrylic plastic windows of any shape (plane, spherical, and cylin- 
drical) should, prior to installation in chamber viewports, be inspected under polarized 
light for the presence of residual stresses, as residual stresses in excess of 800 psi will 
produce crazing in less than 10 years.'17' 
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Figure 4. Text fixture «or application of bending moments to several 2- by 
22 by 0 25-inch thick acryiic strips. Note that Dr. Stachiw is wetting the top 
surface of test specimens stressed to 2000 psi with ethyl alcohol. 
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2 NOMINAL 

NOTE: ' 

1. All the test bars to be cut from a single 
sheet of 2 inch-thick Plexiglas G 

2   The edges of the test bars to be saw cut, 
sanded smooth, and polished 

3. After polishing, anneal the test bars at 
190°Ffor 24 hours 

Figure 5. Dimensions of test beams for flexure testing cut from 
2-inch-thick acrylic plastic plate. 
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2 x 4 

acrylic plastic 

test specimen mm 
Concrete foundation 

Figure 7. Arrangement for application of bending moments to 4- by 
48-by 2-inch-thick acrylic plastic test beams. 
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Figure 8. Completed installation of the flexure test beams at the StachKv 
Associates' outdoor weathering test facility located in El Cajon. Note that 
each of the cantilever ^eams 's subjected to a different size of dead load. 

23 

-T™, * ia.i-->**Mi -^-.—■  mi mm 



Figure 9. The deflection of each 4- by 48- by 2-inch-thick beam was recorded 
periodically by placing a water level on the top surface of the beam at its base 
and measuring the distance between the tip of the deflected beam and the 
horizontal level 
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—I 1 1 1 1— 
TEST BARS: 2 x 4 x 48 in. PLEXIGLAS G 
AMBIENT TEMPERATURE RANGE: 40-105°F 
LOCATION: EL CAJON, CA, USA 
MOMENT ARM: 39 in. 

X  FRACTURE 

 I  

DEFLECTION OF CANTILEVER BEAMS 
UNDER LONG TERM LOADING 

IN 
OUTDOOR ENVIRONMENT 

J_ 1 _L 1 _L 1 
123456789 

LOADING DURATION (years) 

Figure 27. Deflections of the cantilevered test beams at their tips during 
sustained flexure loading in outdoor environment. The test beam under highest 
flexure loading failed in 9 years after extensive crazing. 
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DEFLECTIONS OF CANTILEVER BEAMS 
UNDER 

SHORT-TERM LOADING 

WEATHERED & STRESSED 
TEST BAR #6 

WEATHERED, BUT NOT STRESSED 
TEST BAR #7 

TESTCONDITONS 
LOADING RATE: 
TEMPERATURE 
TEST BAR 

MOMENT ARM 

300 psi/min 
65°F 
2 x 4 x 48 in. 
PLEXIGLAS G 
39 in. 

100 200 300 400 500 600 700 

LOAD (pounds) 

Figure 28. Deflections of cantilevered test beams during short-term loading 
to destruction. Note the significant difference in effective strength between the 
two weathered, crazing free beams: one unstressed and the other one under 
sustained flexure stress of 810 psi for 10 years. 
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Table 4. Remaining strength of cantilever beams after 10 years' sustained loading 
in outdoor environment. 

Maximum Maximum Maximum 
Flexure Stress Flexure Stress Deflection at 

Test Bar Sustained for 10 yrs at Short Term Fracture Fracture 
(psi) (psi) (in.) 

#1 2240     

#2 1960 3300 337 

#3 1570 3800 394 

»4 1200 4130 380 

«5 970 4230 3.90 

»6 810 5020 506 

ni 000 9300 850 

Test Conditions 

Test Bars 2 x 4 x 48 in  Plexiglas G 

Moment Arm   39 in 

Temperature   40 105°F range during long term testing 
65°F during short term testing 

Location Outdoors exposed to direct sunshine. El Caion, CA 
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Table 6. Flexural strength of 2.5-inch Plexiglas G—disc specimens. 

MATERIAL 

Interior of 

10-year old weathered 

Plexiglas G 

Outward layer 

10 year cW weathered 

Plexiglas Q 

Inward layer 

10 year old weathered 

Plexiglas G 

BIAXIAL FLEXURE STRENGTH 

ARRANGEMENT A 

Interior ot 

1-year old unweatneied 

Plexiglas G 

16.483 psi. mean 

2.460 psi. standard deviation 

6 specimens 

8,500 psi mean 

7 236 psi. standard deviation 

6 specimens 

10.816 psi. mean 

2.616 psi. standard deviation 

6 specimens 

!6 750 psi, mean 

995 psi, standard deviation 

6 specmens 

ARRANGEMENT B 

17,583 psi, mean 

2.456 psi. standard deviation 

6 specmens 

18,240 psi, mean 

2.043 psi. mean 

6 specimens 

14.460 psi. mear 

1751 psi, standard deviation 

6 specmens 

16.250 psi. mean 

910 psi, standard deviation 

>" specimens 

NOTES 

1 The dimensions ot disc specmens weie 5 inches diameter x 05 inch thickness 

2 The specimens were taken horn the tolowng locations n the 2 5 nch thick spherical pentagon, cut out 

horn the 10-yeai old weathered piessure hul ot submersble NEMO. 

Outaaid. layer  - The ejlsnoj surface of the sphere served as one surfac i c; the disc specmen 

Inters« Ejocjy     - The disc specmen was al horn the mid thickness of the casting, botn surfaces ot 

the specmen were machined, sanded and polished 

Inward layet     - The imenoi surface ot the sphere served as one surface ot the dec specimen 

3 Arrangement A - The discs'romoutwaid and rwaid^yeisaie tested wfnongnal hul surfaces in 

tens« Discs from ihe nteroi of the casing wlh both machmed surfaces have the tension surface 

selected at random 

Auarigement B      The discs riom outward an^rwardlayeisaie tested wthongnai hul sutacesr 

compression Discs fiom the rteiior ot the casing wlh both machred surfaces tiave the conpiession 

surface seeded at random 

4 Tie rise, specimens wen; macnred trom Ihe same spherical pentagon as ASTM specimens 

SH 
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DEFINITIONS 

Flexural strength — maximum calculated flexure stress in a specimen under four-point 
loading per ASTM D 790 at the moment of fracture initiation. 

Compressive strength — nominal calculated compressive stress in a specimen under normal 
compression loading per ASTM D 695 at the initiation of yielding. 

Tensile strength — nominal calculated tensile stress in a tensile specimen under uniaxial 
tensile loading per ASTM D 638 at the initiation of fracture. 

Shear strength — nominal calculated shear stress in a shear specimen under shear punch 
loading per ASTM D 732 at the initiation of fracture. 

Effective strength — (same as residual or remaining strength) strength of material after 
being subjected to weathering or service loading. 

Degradation of material — difference between strengths of material prior to and after 
placement in service or environmental test program. 

Short-term loading — continuous increase in load until yielding or fracture occurs. 

Sustained loading — constant loading which, once applied, is not varied in magnitude until 
termination of test program. 

Creep — time-dependent increase in strain under constant magnitude of loading. 

Modulus of elasticity — stress-to-strain ratio of material under short-term loading, (slope 
of the stress-strain graph on linear coordinates). 

Effective modulus — stress to total strain ratio of material after a selected time duration of 
sustained loading (total strain is the sum of elastic and time dependent strains). The effec- 
tive modulus is always less than the modulus of elasticity. 

Creep rate — the rate at which the magnitude of creep increases with duration of sustained 
loading (i.e., microinches per inch per unit of lime). 

Modulus decay      the rate at which the effective modulus decreases with duration of 
sustained loading. 

Short-term critical pressure (STCP)      hydrostatic pressure causing a pressure-resistant 
window to fail catastrophically under short-term loading. 

H orking pressure (WP)      maximum pressure for which the window is rated. 

Design pressure (DP)     magnitude of pressure used in structural calculations for windows. 
As a rule, P equals or exceeds WP. 

Conversion factor (CF)     ratio of short-term critical pressure for a brand new window to 
the working pressure specified by ANSI ASME PVHO-safety standard. 

Safety factor — ratio of effective material strength after placement of acrylic structure in 
service to the design stress fur that structure. 
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Effect of Weathering and Submersion in 
Seawater on the Mechanical Properties of 
Acrylic Plastic 

J. L. STACHIW J. D. STACHIW 

INTRODUCTION 

When using acrylic as an engineering ma- 

terial, it is imperative that the characteristics 

of the material, as well as its resistance to 

ambient environment, be well known. In the case 

of fouling, effects of long term submergence, 

and weathering, extensive data are not present. 

Because we do not know how acrylic deteriorates, 

we have to severely limit the proposed life of 

an acrylic structure. This approach is clearly 

seen in the ANSl/ASME PVHO-1 Safety Standard. 
In general, there are two prerequisites 

to being able to predict safe operational life 

of any structure. The first of these is to have 

an accurate prediction of what the loads will be 

to which the structure is subjected both under 

static and dynamic loading. To a major extent 

we can satisfy this prerequisite because we can 

predict the loads by controlling the use of the 

structure. In the second prerequisite, we must 

have an accurate schedule of material deteriora- 

tion under the Influence of environment if we 

are to accurately predict safe operational life. 

Because we do not have sufficient data, ANSI/ 

ASME PVHO-1 Safety Standard has incorporated 

the use of conversion factors into the Safety 

Standard which do take into account some de-   , 

terloratlon. But even with the conversion fac- 

tors, we think at the present time that 10 yr 

is the maximum life for acrylic structures. 

This 10-yr life is based on the experi- 

mental data that do exist in the areas of foul- 

ing, effects of long term submergence, and 

weathering. 

FOULING 

Marine microorganisms attach themselves 

to all submerged surfaces and create, first of 

all, a marine slime layer of bacteria, algae 
and other microorganisms (2).1 On this primary 

layer which acts as an inducement, the barnacle 

population begins to grow along with the hydroids 

and other marine plants and animals. These or- 

ganisms multiply at a rate up to 1,000,000 times 

faster when attached than when free floating (2). 

There are, however, some natural deterrents to 

the accumulation of fouling. Cold, excessive 

heat, salinity, pressure, pollution and water 

movement all act to inhibit the growth of marine 

organisms (6). Fouling organisms decrease in 

variety and abundance with increased depth to 

about 100 ft and below 100 ft the fouling in- 
creases the closer the object is to the bot- 

tom (6). For information on what happens at 
greater depths, the work of James S. Muraoka 

of the Civil Engineering Laboratory, Port 

Hueneme, California, is very valuable. 

Over a period of years, a large number of 

test specimens of various materials were lowered 

into the ocean to a maximum depth of 6800 ft and 

left for periods of up to 5 yr. When retrieved 

from the ocean, Muraoka found that most of the 

fouling on the acrylic panels consisted of mud 

tubes made by tubeworms and growth of various 

species of bryozoa, hydroids, barnacles, anomiae 

and colonial tunicates (7-11). It was also dis- 

covered that numerous deep to shallow grooves 

were present in the acrylic (12). These had 

been created when the acrylic was placed in 

contact with untreated wood and the borers had 

eaten through the wood and into the acrylic. 

In extruded acrylic, however, only a small num- 

ber of borers penetrated into the plastic at 

all (8). It seems reasonable to assume that 

while acrylic is probably not susceptible to 

biological deterioration in the deep ocean, it 

must not be placed in direct contact with un- 

treated wood as it will be damaged to some ex- 

tent by wood borers attached to wood (9). 

While the agents of fouling do not ac- 

tually damage the acrylic in a way that would 

1 Numbers in parentheses designate 

References at end of paper. 



SEPTEMBER 1967 
.\u>>. 

mi»'T~im~"','! 
«*s;  *~* 

Fig. 1 Untreated sample of 2.5-in. thick 

acrylic plastic after continuous submersion 

for two weeks, 9 ft below sea surface in 33 ft 

deep water off Pt. Mugu, Calif. 

cause structural failure, they do cause the 

acrylic to cease to be useful because these 
agents reduce or destroy visibility. Dr. C. V. 

Metzler of the Naval Missile Center, Point Mugu, 
California, conducted a series of experiments 
to determine the rate of loss of visibility of 

acrylic in shallow water at the end of a pier. 

He found that after 8 hr, there was no loss of 

visibility and no fouling; after 1 wk a slight 

loss of visibility and fouling by algae; after 

18 days, a complete loss of visibility and foul- 

ing by many different organisms (6), (Pig. 1). 

Muraoka conducted a similar experiment but this 
was in the open ocean at a depth of 120 ft. He 

found after 12 months exposure, visibility 

through a clear acrylic panel was only fair and 

fouling consisted of hydroid growth; in 18 

months, the visibility was very poor (12). 

There were several factors apparently involved 

in the wide variation of results in these two 

tests. First, the difference in depth. Metz- 

ler's specimens were at times as close as 15 ft 

to the surface. Second, Muraoka's tests were 

conducted in the open ocean while Metzler1s were 

from a pier located in calm water. In addition, 

there vrere differences in the temperature ranges, 

water movement and pollutants present. There- 

fore, the best that can be generalized from 

these studies is that fouling does occur and, 

in a relative short period of time, an acrylic 

panel can become so fouled as to be virtually 

opaque. 

This loss of visibility, of course, makes 
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Fig. 2 Untreated sample of 2.5-in. thick 

acrylic plastic after 2 weeks cumulative sub- 

mersion, 18 ft below sea surface in 33 ft deep 

water off Pt. Mugu, Calif. Sample was removed 

each day during the first week and bathed brief- 

ly in fresh water. During the second week the 

sample was left undisturbed. 

an acrylic window useless once extensive foul- 

ing has set in. In the case of a submersible 

which may be in the water for only 4 to 6 hr a 

day and then rinsed off topside with fresh 

water, the windows will never become fouled. 

Fig. 2 illustrates this very clearly. The 

specimen was placed in the ocean but removed 

once a day and rinsed off with fresh water for 

a period of one week. Then the specimen was 
continually submerged for one week. As can be 

seen, visibility is still quite good (6). When 
instead of rinsing with fresh water, sea water 

was used, visibility was destroyed within the 

two week period (Fig. 3). If the windows are 
to be subjected to prolonged continuous ex- 

posure, however, some other method must be 

found to keep fouling organisms from attaching 

themselves to the windows. 
Over the years various substances have 

been used in an attempt to provide an anti- 

fouling coating. Any anti-fouling material 

must be highly toxic to the fouling organisms, 

easily applied, have a long toxic life, and 

must be a clear material so that it will not 

affect the transparency of the acrylic (11). 

In addition, the substance oust not attack the 

acrylic. Most anti-fouling "paints," whether 

those used on ship bottoms or windows, wear off 

in from 12 to 20 months (2). In some cases a 

bacterial film may form a protective layer over 
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Fig. 3    Untreated sample of 2.5 in. thick 
acrylic plastic after 2 weeks cumulative sub- 
mersion 18 ft below sea surface in 33 ft deep 
water off Pt. Magu,  Calif.    Sample was removed 
each day during the first week and bathed briefly 
in sea water.    During the second week the sample 
was left undisturbed. 

the anti-fouling coating normally toxic to 
fouling animals, thereby affording a foothold 
for growth for those animals  (13). 

The Organo-tin compound known as bis 
(tri-N-butyltin) oxide or simply TBTO appeared 
to be the most promising of all the anti-foul- 
ing coatings as it met all the criteria for 
desirability (1, 6, 14).    Ames found that in 
Iiis tests the best protection was afforded by 
using Farboil 207-2 to which 3 to 5 percent of 
TBTO was added (1).    After 60 days of immer- 
sion, Ames found no fouling organisms but 
there was a slight slime detritus film over 
the windows  (1).    However, visibility and 
transparency were still fair to good, and the 
windows could easily be cleaned by simply wip- 
ing with a soft cloth (1)   (Fig. 4). 

Metzler, in his shallow water tests, 
coated his windows with TBTO straight from the 
bottle and found that there was no fouling for 
at least two weeks  (6)   (Fig. 5). 

Dyckman and others decided, after some 
inconclusive tests with anti-fouling agents, 
that the only way the anti-fouling agents would 
work for prolonged periods of time would be if 
the agent were introduced directly into the 
surface of the acrylic  (6) or were bound within 
a resinous polymer matrix  (2),    Muraoka experi- 
mented with impregnating acrylic with a con- 
centrated TBTO solution by placing the test 

Fig. 4    Acrylic plastic samples after continu- 
ous submersion for 2 months in Charlestown Pond, 
R.I.   Window on the left was coated with Far- 
boil 207-2  (3 percent TBTO),  while the one on 
the right was left untreated.    The coated window 
was fouled only with algae film. 

specimens under hydrostatic pressure and so at- 
tempting to force the TBTO inside the acrylic 
(14).    In his experiment, Muraoka had four 
series of panels.    One set was untreated and 
was the control set.    A second set was simply 
dip-treated in a TBTO solution and allowed to 
dry in air.    A third set was put in a concen- 
trated solution of TBTO and subjected to 3000- 
psi hydrostatic pressure for 30 min.    The fourth 
set was put in a concentrated solution of TBTO, 
and subjected to 10,000 psi for 5 hr.    Both sets 
3 and 4 were drip dried.    This left a sticky 
coating which did distort visual images.    There- 
fore,  some of the 3000-psi treated windows were 
cleaned with alcohol to remove the sticky coat- 
ing.    All the sets were put in the ocean in ap- 
proximately 20 ft of water about 5 it off the 
bottom.    After 9 days,  the uncleaned 3000"psi 
treated panels showed very little growth, with 
good visibility.    After 29 days, these windows 
were completely covered and no visibility.    The 
average temperature during this test was 60 F 
(14).    For the 10,000-psi treated and the dip 
treated panels the results were slightly dif- 
ferent.    After 6 days, these windows were free 
of biological growth but there was a slight 
reduction in visibility.    After 18 days, there 
was no significant growth and visibility was 
very good.    After 35 days the panels were cov- 
ered with a fine film which significantly re- 
duced visibility.    The water temperature during 

.■ii«W. 
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Fig. 5 Sample of 2.5-in. thick acrylic plastic 

treated with TBTO after continuous submersion 

for 2 weeks, 11 ft below sea surface in 33 ft 

deep sea water off Pt. Mugu, Calif. 

this test averaged 64 F (14). While these 

tests are certainly not conclusive, it would 

seem reasonable to conclude that TBTO, no mat- 

ter how applied, protects the acrylic only dur- 

ing the early stages of exposure and for only 

a limited time (14). In fact, some experiments 

indicate that no anti-fouling agent for acrylic 

windows has been truly successful for more than 

20 days (3). 

This same conclusion appears to hold true 

for the strippable films which can be applied 

directly to the window. Metzler found that 

II. F. Cardarelli of B. F. Ooodrich Company has 

developed a transparent polyvinyl chloride film 

impregnated with TBTO (6). The film, like TBTO 

applied any other way, has a rather short life 

but does have the advantage of easy replacement. 

This strippable film was used on the PX-15 when 

it floated for 3 months in the oulf stream in 

1968. Muraoka found that a plastic film of 
PTFE tested for 5 yr at 120 ft, while covered 
with growth, could easily be stripped away and 
underr"«=th, the window was as clean as when 

first placed in the ocean (12). Ho cleaning 

of the window was necessary and therefore, there 

may be certain advantages of the strippable film 

over painted-on antl-fouling coatings. 

It is apparent, however, that if an 

acrylic window is to be submerged for any ap- 

preciable period of time, for example in a 

submerged habitat, then some other antl-fouling 
measures besides the presently available antl- 

fouling coatings must be employed. If the 

window is placed at diver depth, it is possible 

that a combination of painted-on TBTO, strip- 
pable film, and wiping could keep the window 

clean. At the greater depths, these approaches 

simply rf.ll not suffice. 

Wnen the Civil Engineering Laboratory at 

Port Hueneme, California, decided to build a 

concrete experimental habitat to test materials 

construction and deployment techniques at a 

depth of 600 ft a large spherical sector window 

of acrylic plastic was incorporated into the 

structure even though the habitat was never to 

be manned. After submersion of the habitat 

the window would allow manned submersibles and 

unmanned robots not only to inspect the interior 

of the habitat for leakage but also photographi- 

cally record some data prominently displayed on 

instrumentation panels inside the habitat. 

While SEACON I, the name given to this habitat, 

was still in the planning stages, it became 

apparent that some new approach must be tried 

if the window were to remain useful for the 

full 10 /2 months SEACON I was to be on the 

ocean floor, therefore, a special external 

fouling prevention system was designed, in- 

stalled, and made operational. This system 

was composed of a window cover, a wiper brush 

assembly, a lift bag attached to the window 

cover and wiper assembly, a solenoid valve to 

activate air for the lift bag, a 1/10 hp d-c 

motor to rotate the brushes and a chemical 

dispenser of TBTO installed in the window 

cover (3). The window cover provided a stag- 

nant area around the window exterior where TBTO 

was to be continually leached from the chemical 

dispenser. When the inspection party inside a 

submersible -fished to use the window for view- 

ing, the solenoid valve was activated and air 

at 10-psi above ambient pressure filled the 

bag. This caused the cover to rise, brought 

the brushes out of contact with the window and 

gave the inspection party an unobstructed view 

through the window. When set on automatic, the 

d-c motor rotated the wiper brushes for 2 min. 

every 3 hr, or, if on manual, for any desired 

time. It was planned that whenever the window 

cover was reclosed the dispenser would intro- 

duce TBTO into the stagnant area around the 

window until equilibrium of the TBTO solution 

was reached. However, the dispenser fell off 

while the habitat was being launched to the 

ocean floor and thus no chemical was used in 

the window anti-fouling system. The wiper 

assembly was set on automatic and operated 

successfully throughout the entire 10 1/2 

months SEACON I was down. The cover assembly 

3 
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Pig. 6 Viewport assembly of SEACON I habitat 

showing protective cover and wiper brushes for 

cleaning of window. The cover is raised only 

for brief periods of time when observations are 

performed through the window. 

was raised and lowered by inspection parties 
10 times during this same period (3). The 
wiper brushes performed beyond expectations. 
On the perimeter of the window where the wipers 

did not reach, there were hydroids and primary 
slime but the action of the wipers apparently 
prevented the spread of the hydroids and a 

slime buildup (3). As Metzler had found previ- 

ously, disturbing the environment appeared to 

reduce the rate of fouling markedly (6). A 

picture of this assembly is found in Fig. 6. 

It is obvious from this rather brief 

discussion that at the present time there is 

no easy method that can be readily employed to 

counteract fouling. However, it must be remem- 

bered that fouling does not structurally affect 

an acrylic window. It causes the window to be- 

come useless for its designed purpose, but once 

cleaned of the fouling agents, it can usually 

be reused. The worst case of fouling occurs 

when the window is to be submerged for extended 

periods of time, as in a habitat. It is rec- 

ommended that more experimental approaches be 

investigated for preventing fouling of windows 

in stationary habitats if their functional value 

is to be preserved over the projected operational 

life of the habitat. 

EFFECTS OF SUBHEROENCE 

For specimens that were submerged for 

varying lengths of time, data are much more 

comprehensive than for fouling. It can be found 

that spesimens immersed in water for a period as 

long as five years have undergone no significant 

chemical change (18). Schwartz found after 

investigating windows from the TRIESTE II sub- 

mersible that there was no deterioration iii the 

material's mechanical properties and no indi- 

cation of degradation of the viewing character- 

istics or viewing quality (19). Willoughby 

states emphatically that Plexiglas simply does 

not deteriorate with age (19). 

Acrylic, like other permeable materials, 

does absorb some water when subjected to pro- 

longed exposure in the ocean. The results are 

varied, however. In one test, l/16-in. thick 

specimens were placed in a 100 percent humidity 

environment and the water absorption was meas- 

ured at 2 percent (18). Another experiment with 

1/4-in. thick specimens that were immersed for 

250 days lead to a 2.2 percent absorption of 

water (18). Muraoka found that his specimens 

which were left at 2370 ft, in the open ocean, 

for one year, absorbed about 0.44 percent 

moisture if the specimen were of extruded 

acrylic and 0.'T6 percent if made of cast acryl- 
ic (11). If the specimen were one year at 6800 

ft, the extruded acrylic absorbed only 0.35 per- 

cent and the cast acrylic, 0.40 percent (9). 
In the tests conducted for two years at 5640 ft, 

Muraoka found moisture absorption for extruded 

acrylic to be 0.23 percent end cast acrylic, 
0.51 percent (10). In general, it can be con- 

cluded that the mar isum water absorption found 

was 2.2 percent f<~4 extended immersion of thin 

speci; ens. It should be emphasized, however, 

that axl of the test specimens were extremely 
thin in comparison to actual windows or acrylic 

structures. How much effect this thickness 

difference makes is unknown. It is believed 

that the thicker windows would probably absorb 

less than the values recorded because only one 

face of the window would be exposed to the water 

and then only a small proportion of the total 

volume of the window would be wetted. 

These same general conclusions can be 

made regarding the hardness tests that were •' 

conducted with acrylic before submergence and 

after. One series of tests showed the hardness 

test of acrylic before exposure reading 90.0 on 

the Eurometer and 88.0 after five months at 

600 ft (3). Another showed a dry reading of 

90.O for cast acrylic and 82.0 after being ex- 

posed two years at 5640 ft (10). Whether this 

change in hardness can be attributed to the 

absorption of water, effects of pressure, or 

slight changes In mechanical properties is un- 



Table i Effects of Weathering in Various Cli- 

mates on Acrylic Plastic — A Three-Year Study- 

on l/8-In.-Thick Test Specimen (21) 
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clear. The fact remains that while some slight 
changes do occur they ye not significant and 

can be theoretically disregarded when designing 
with acrylic. 

In the area of other physical properties, 
acrylic test specimens of lA and 1/8-in. thick- 
ness were placed at 2300 ft in the open ocean 

for 6 V2 months in both a flexed and relaxed 

position. The results showed an insignificant 
increase in E, flexural modulus and decrease in 

tensile and compresslve strength (4).  However, 

all changes were less than 10 percent. In 

another experiment with 1/4 and l/8-ln. thick 

specimens placed in 6780 ft of water for 403 

days the same „^sic results were obtained (5). 

It would seem reasonable to conclude, there- 

fore, that the physical properties of acrylic 

do not change rapidly even when subjected to 

long term loading in the greater depths of the 

ocean. However, again it must be realized that 

all test specimens were very thin and the re- 

sults may not be completely applicable to 

acrylic structures or thick acrylic windows. 

WEATHHRIMQ 

Tests with weathering have produced only 

limited data over the years. In a study done 

by Yustein, Winans and Stark, it was found that 

of transparent material» subjected to weathering 

in various climatic locations, methyl methacry- 

late showed the least reduction in mechanical 

strength properties after three years exposure 

and no serious impairment of the serviceability 

of the material (20-21). The test specimens 

for this long term weathering experiment were 

from cast acrylic sheets with 1/8-ln. nomina.1. 

thickness and were subjected to weathering in 

five different locations which were selected 

to typify a hot, wet climate; a hot, dry cli- 

mate; a temperate climate; a sub-arctic climate; 

and an arctic climate (20-21). Table 1 shows 

Table 2 Effect of 2.5 to 3 Years' Outdoor 

Weathering and Storage on the Tensile proper- 

ties of MH-P5415 Materials (15) 
3 

Teftslle strength, 10   ps1 
Original 11.; 
After 3 years's storage 10.4 
After exposure to: 

3 years Of temperate climate 10.5 
3 years of subarctic climate 9.2 
2.5 years of dry, not climate      9.6 
2.5 years Of tropical  climate       7.5 

Strain at failure, percent; 
Original  5.8 
After three years' storage   5.8 
After exposure to: 

3 years Of temperate climate   5.0 
1 years of subarctic cllaute   3.9 
2.5 years of dry, hot climate      3.6 
2.5 years of tropical climate      2.2 

Modulus of elasticity, 10s psl 
Original 4.4 
After three years' storage   4.1 
After exposure to: 

3 years of temperate cl laute 4.4 
3 years of subarctic climate   4.6 
2.5 years of dry, hot climate     4.4 
2.5 years of tropical climate     4.4 

the results of this test over a three year 

period. 

In another three year study published by 
the Armed Forces Supply Support center similar 

results were obtained. Table 2 shows the re- 

sults of this weathering experiment whose ob- 

jective waü to compare the changes in physical 

properties between materials exposed to various 

climates and those stored indoors. As can be 

seen, three years of indoor storage seems to 

have almost as much effect on the mechanical 

properties of acrylic as does weathering in a 

temperate climate for the same time span. Only 

in tropical climate was the deterioration of 

properties signfleant, on the order of 10 per- 

cent/year. In 1974, the results of a very In- 

teresting weathering study were released by 

Rainhart and Schimmel (16). They gained access 

to a 4 in. x 12 in. x 1/6 in. piece of Plexiglas 

which had been mounted for 17 yr and 8 months 

In a static test frame outside Albuquerque, 

New Mexico. The weathered panel was then sub- 

jected to a series of tests and compared to 

results obtained from unweathered acrylic. 

The study shows that there is a signifi- 

cant increase in brlttleness of the material. 

Furthermore, in the areas of flexural strength 

and maximum strain the study bears out Yustein, 

Winans and Stark1■ data by showing that losses 
in these areas are a continuous and not a step 

function of time. The degree of embrlttlement 

after 18 yr in a desert climate Is shown by a 

65 percent decrease In strain at rupture and a 

51 percent decrease in flexural strength. In 
addition, as In the study published by the 

Armed Forces Supply Center, there Is a small 



but steady increase in the tangent modulus of 
elasticity over time. Thus after 18 yr of ex- 
posure to a desert climate the modulus of 
elasticity had increased by 1  percent. Of all 

the properties measured, the optical transmis- 

sion decreased the least. After the surface of 

the pitted acrylic specimen was repolished its 

transmissivity was the same as of an unweathered 

specimen. 

Summarizing existing weathering data it 

can be stated that although acrylic plastic 

weathers, it Is a slow process which decreases 

the tensile strength, flexural strength, and 

ductility by a few percent/per year. It needs 

to be pointed out, however, that all of the 

test specimens used in these experiments were 

extremely thin. Many authorities hypothesize 

that weathering is a surface effect. If this 

be true, then the action of ultra-violet rays, 

chemical attacks by pollutants such as ozone, 

abrasion by dust particles, rain and snow would 

have a marked effect on the results obtained 

when using thin specimens as test samples. These 

results then would not actually be applicable to 

windows or massive acrylic structures which are 

10 to ^0 times thicker than the test specimens. 

Therefore, the effects generated by the weather- 

ing tests may very well represent insignificant 

changes when applied to anything except 1/8-in. 
thick specimens. 

Still, until data based on weathered 1 

to 4-in. thick acrylic specimen becomes avail- 
able, it is conservative to assume that the 

published data from thin specimen studies are 

also applicable to thick sheets used for con- 

struction of windows in hyperbaric chambers. 

The lack of tensile and flexural strength 

data from thick weathered acrylic is, however, 
a minor inconvenience as compared to the lack 

of data on the change in cempressive strength 

of weathered specimen. It could decrease a 

little, a lot, or none at all. It could even 

conceivably increase with exposure because 

weathered acrylic is known to be more brittle 

than unweathered acrylic. Since all spherical, 

as well as many conical frustum windows, see 
only cempressive stresses in service this in- 

formation would be of great value. 

There Is yet another area of ignorance 

about the properties of weathered acrylic 

plastic. It deals with the synerglstlc effect 

between stresses and weathering. Sufficient 

exploratory data exist to Indicate that the 

presence of tensile or flexural stresses in 

material exposed to weather accelerates its 

deterioration dramatically. The data are not 

present, however, that would permit quantifying 
of this synerglstlc effect over a period of ten 
to twenty years. It would be of great practical 
value In particular to find out what is the ef- 
fect of compressive stress field on the rate of 

weathering as many hyperbaric windows in service 

are in compression when pressurized. It is very 

doubtful, however, whether such data will become 

soon available as the number of variables need- 

ing elucidation is very great. For example, the 

effect of different principal stresses in a 

stress field and also the effect of their mag- 

nitudes on the rate of weathering still has not 

been quantitatively established. When one adds 

to this, finally, the variables represented by 

cyclic and sustained loading conditions the 

true complexity of the problem facing the in- 

vestigators of weuthering becomes apparent. 

Because of the complexity of the problem 

and lack of definitive data on which to formu- 

late quantified relationships between deteriora- 

tion of physical properties in weathered acrylic, 

length of exposure, magnitude of stresses and 

type of loading an empirical rule of thumb has 

been adopted by ASME (22) for predicting the 

useful life of acrylic viewports In service. 

This rule of thumb states that the useful life 

of acrylic viewports in pressure vessels for 
human occupancy Is 10 yr based on the conserva- 

tive assumption that in that length of time 

even stressed acrylic in a tropioal climate 

will retain more than 50 percent of its origi- 

nal load carrying ability. Thus at the end of 

10 yr the effective safety factor of acrylic 

viewports even in tropical service will de- 

crease only from the original 3-1* range to 1.5- 

2 range, still a marginally adequate value for 

manned service. When appropriate data from 
thick acrylic specimen become available, the 

service life of acrylic viewports may be ex- 

tended to 15 or 20 yr, saving the Industry 

significant sums of money. 

A LONG TERM WEATHERIK0 PROGRAM FOR THICK 
ACRYLIC SPECIMENS 

Because of the paucity of data on the 

weathering of acrylic, particular thick 

acrylic, the co-authors of this paper In con- 

Junction with the Harbor Branch Foundation 

have begun a 10 yr testing program which will 

provide data in some much needed areas. Two 

primary climates were selected for use in this 

study — a hot, dry desert climate with over 

200 days of annual sun (represented by El Cajon 

CA) and a hot, humid, subtropical climate 
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(represented by Linkport PL). 
There are two objectives to this weather- 

ing test program: 

1 To test the effect of weathering on 
the physical properties of thick unstressed 
acrylic plates. Data will be collected on 
tensile and compressive strengths, hardness, 
impact resistance, and deformation under com- 
pressive loading both before and after weather- 
ing. 

2 To test the effect of weathering on 
flexure strength in stressed and unstressed 
thick acrylic plates. 

All test specimens were machined from 
heat resistant cast poly (methyl methacrylate) 
which is general purpose unplasticized ultra- 
violet absorbing acrylic. The 4 in. thick 
specimens are from Acryilte and the 2 in. thick 
ones of Plexiglas G. Both these satisfy the 
material requirements set forth by ANSI/ASME 
PVHO-1 Safety Standard and MIL-P-5425. In 
addition, these w<*re chosen for use in this 
study because they are the material from which 
the windows for hyperbaric chambers are made. 

It is known that modified (cross-linked) 
MIL-P-8184 and crack propagation resistant 
(stretched) MIL-P-25690 are both more weather- 
ing resistant that the acrylic selected for 
this test. However, neither of these acrylics 
are cast in thick enough plates for use in 
windows for hyperbaric chambers nor are they 
economical enough to be used by the underwater 
community. 

The test specimens for meeting objective 
number (1) consist of the following: 

(a) Unstressed, exposed in El Cajon CA 
1 specimen 12 in. x 15 in. x 4 in. 
1 specimen 12 in. x 15 in. x 2 in. 

(b) Unstressed, exposed in Linkport PL 
1 specimen 12 in. x 15 in. x 4 in. 
1 specimen 12 in. x 15 in. x 2 in. 

(c) Unstressed, stored unexposed in El 
Cajon CA 

1 specimen 12 in. x 15 in. x 4 in. 
1 specimen 12 in. x 15 In. x 2 in. 

The physical properties of these speci- 
mens were established prior to the weathering 
test beir.g comeneed and these ssae properties 
will be tested again after 10 yr weathering. 

It is enacted that the test results 
will make it pofSible to determine what prcp- 
ertiei, changed, where the greatest changes 

occurred (El Cajon, Linkport or in storage), 
and how the changes compare with the changes 
that have been noted for thin acrylic sheets. 

In addition, negotiations are in progress 
for the Norwegian classification society Det■ 
Norske Veritas to place in numerous location-, 
around the world unstressed specimens with the 
same properties and dimensions as those in El 
Cajon and Linkport. It is believed that if a 
large number of specimens can be exposed to 
world-wide climate conditions and polluting 
agents that flefinitive data will ensue upon 
which accurate knowledge of weathering of thick 
unstressed acrylic plates can be obtained. 
These tests, like the ones in El Cajon and 
Linkport, are for a projected span of 10 yr. 

The second objective, the effect of 
weathering on flexure strength in stressed and 
unstressed think acrylic plates, is a somewhat 
more complicated test. The specimens consist 
of six 4 in. x 48 in. x 2 in. pieces of acrylic 
plate. The flexure strength of these specimens 
was established prior to weathering by testing 
one of the specimens to failure in flexure. 
Using a simple cantilever test Jig (Pigs. 7 
and 8), the specimens are being placed in 
flexure stress. 

Specimen 1 — 
Specimen 2 — 
Specimen 3 -■ 
Specimen 4 — 
Specimen 5 — 

l800 psl flexure stress 
1500 pal flexure stress 
1125 psi flexure stress 
900 psi flexure stress 

0 psi flexure stress 

All of these specimens are being exposed in 
El Cajon. 

These magnitudes of flexure stresses 
were chosen because they correspond to the 
conversion factors established by ANSI/ASME 
PVHO-1 Safety Standard. It was felt that by 
using the conversion factors as a guide to the 
flexure stress levels, more applicable data 
would be forthcoming. 

After 10 yr of weathering, loading will 
be increased until fracture takes place. At 
that time, fracture stresses will be compared 
and a relationship established between sus- 
tained strsss level and remaining short term 
fracture strength. 

These tests, though basic and much 
needed, will not, however, answer all the 
questions surrounding the weathering of thick 
acrylic plates. They will provide substantial 
data for comparing what happens to thin acrylic 
sheets versus thick acrylic plates. They will 
provide Insight into the conservatism of the 



2 x 4 « 48 inches^ 
«Cfylic plastic 

Fig. 7    Sketch of flexure test procedure 

ANSI/ASME PVHO-1 Safety Standard conversion 
factors and they will allow the designer of 
windows which are to be in compression to maxi- 
mize his design for extended life.    In all, 
these tests will fill a void which now exists 
and will lay to rest numerous questions con- 
cerning the nature of weathering. 
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Effect of Weather, Age, and Cyclic 
Pressurizations on Structural 
Performance of Acrylic Plastic 
Spherical Shells Under External 
Pressure Loading 
Weathering, aging, and cyclic application of stresses to acrylic plastic degrades its 
physical properties. The rate of degradation must be known if the useful life of 
load-carrying acrylic structures is to be predicted with accuracy. Physical and 
chemical tests conducted by the authors on thick spherical shells indicate that the 
weathering affects only a thin surface layer of material, which after 10 years is still 
less than 0.020 in. thick. Similarly, pollutants in the ambient atmosphere of the 
pressure chamber affect the surface layer of the spherical shell facing the interior of 
the chamber. The physical and chemical properties of the thin surface layer affected 
by weathering differed significantly from those in the middle of 2.5-in.-thick 
Plexiglas C plate; the decrease in properties was: 40 percent in tensile elongation, 34 
percent in flexure strength, 21 percent in tensile strength, and 79 percent in 
molecular weight. Since the interior body of the thick plastic shell is not affected by 
weathering or chemical attack and the affected surface layers are very thin, the 
ability of the shell to carry compressive loads is not significantly diminished after 10 
years of service. Only an 11 percent decrease of critical pressure was observed in 
spherical shells with thickness of 1 in. subjected to 10 years of weathering and 2000 
pressure cycles of 8 hour duration each to 30 percent of its original critical pressure. 
Based on the preceding data it appears safe to extend the operational life from 10 to 
20 years of all acrylic plastic spherical shells with bearing surfaces normal to 
spherical surface designed on the basit ofANSl/ASME PVHO-1 Safety Standard 
for external pressure service. 

Introduction 

Acrylic plastic serve as tke primary structural material Tor 
viewports in pressure vessels utilized by the offshore industry 
for exploration and exploitation of the oceans (1). Because of 
its low cost, ease of fabrication in diverse shapes, and ex- 
cellent physical properties it has almost totally replaced glass 
in all man-rated pressure vessels. Certification authorities 
such as Det Norske V'eritas, American Bureau of Shipping, 
Germanischer Lloyd, Lloyds Register of Shipping, and U.S. 
Navy specify the acrylic plastic for structural components in 
submersibles. dmn; bells, personnel transfer capsules, deck 
decompression chambers, and diver recompression chambers 
under their cognizance 11 ]. 

As t basis for design of acrylic plastic viewports serve the 
experimental data generated for the U.S. Navy by the 
engineers at the Naval Civil Engineering Laboratory. Naval 
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Hndquancri. February 24. 1912. 

Ocean Systems Center, and the Naval Ship Research and 
Development Center. These data have been reviewed, 
distilled, and summarized in the Safety Standard for Pressure 
Vessels for Human Occupancy (2) published jointly by the 
American Society of Mechanical Engineers and the American 
National Standards Institute. Acrylic plastic viewports and 
pressure vessels designed on the basis of the ASNI/ASME 
PVHO-1 Safety Standard have an outstanding safety record; 
to date no one has been seriously injured, or lost their life in 
an accident involving acrylic plastic viewports or pressure 
vessels. 

When the Safety Standard was first formulated in 1970, 
certain restrictions were imposed on the use of acrylic plastic 
viewports and pressure vessels to preclude failure of these 
components in service. Some of these restrictions, such as the 
allowable cyclic fatigue life, exposure to X-rays, and nuclear 
radiation are based on fairly extensive data. This is not the 
case with the 10-year restriction on chronological service life. 
The 10-year chronological life restriction was formulated on 
the basis of data generated with 0.062 and 0.125-in-thick 
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specimens subjected to weathering at representative locations 
in the continental United States [3-5]. These data showed that 
after 10 years of outdoor exposure to weathering the tensile 
and flexural strength decreased significantly—25-50 percent 
depending on environmental factors. There was no in- 
formation available on the effect of weathering on com- 
pressive yield strength, as there was neither the interest in 
compressive properties of acrylic plastic nor did the thin 
specimens lend themselves to standard compression testing. 

It was obvious to the ASME/PVHO Safety Standards 
Committee that the data were not adequate for formulation 
of chronological life restriction on viewports and pressure 
vessels fabricated from thick plastic, or for viewport and 
pressure vessel configurations that were subjected only to 
compressive stresses. Still, in absence of any better data they 
were selected as the basis for formulation of the chronological 
age limit. A chronological life of 10 years was selected, as it 
was feit that a loss in excess of 25 percent in tensile or flexural 
strength would reduce the built-in safety margin of viewports 
designed according to ANSI/ASME PVHO to such an extent 
that they would become a potential hazard. The 10-year 
chronological life restriction was applied across the board to 
al! viewport and vessel shapes regardless of their service 
location, thickness, or type of stress distribution even though 
it was surmised at that time that the chronological life of some 
of the viewport shapes exceeded the 10-year limit by at least a 
factor of two. 

Over 10 years have passed since the formulation of the 10- 
year chronological life in 1970. Not only are there viewports 
and pressure vessels of acrylic plastic in service with 
chronological ages exceeding 10 years, but also some data 
have been generated by testing of specimens machined from 
10-year old, weathered, thick plastic shapes. In some cases 
whole viewports or pressure vessels with 10-year 
chronological age were tested to destruction and their per- 
formance compared with identical viewports with zero 
chronological age. The data generated by those tests indicate 
that (a) weathering affects the optical and mechanical 
properties only of a thin layer of the surface exposed to 
weathering; (/>) the ultimate load-carrying capability of a 
thick, weathered acrylic plastic structural member subjected 
to flexural stress is determined by the mechanical properties 
of the th:i weathered surface layer; and (c) performance of 
thick, ac.. lie plastic under biaxial compressive loading is not 
significantly affected by the thin weathered surface layer. 

Based on these findings, it appears feasible to modify the 
chronological life restriction on viewports and pressure 
vessels subjected to compressive stresses so that their costly 
replacement can be postponed to a chronological age where 
their structural performance deteriorates by at least 25 per- 
cent. This paper summarizes the study conducted by the 
authors with the express purpose of determining the effect of 
weathering and chronological age on the structural per- 
formance of acrylic plastic spherical shells under compressive 
stresses generated by external pressure loading. 

Background Discussion 

Acrylic plastic is one of the most weather-resistant plastics 
available to the structural engineer. However, like most other 
plastics, it is attacked by ultraviolet radiation present in the 
sunlight. The negative effect of ultraviolet radiation is 
augmented by the preseiiCt of high ambient temperature «.id 
humidity. Thus, one finds that acrylic plastic specimens 
exposed to weathering in the tropics deteriorate at a faster rate 
than those located in temperate climates. Specimens stored 
indoors exhibit insignificant degradation of physical 
properties even after 10 years, since they are protected from 
the sun, precipitation, air pollutants, and excessive heat. 

The rate of deterioration is also decelerated by the presence 

S«o 

-UllKAVlOlET       VISIBLE - 

PLEXIGLAS G 
ANO II UVA 
EXPOSED 
OUTDOORS 
IN PENNSYLVANIA 

<C060 mtoOJSO.n 

350 376 400 
WAVELENGTH inanomeiersl 

Fig. 1    Effort of weathering on the optical properties of acrylic plastic 
with ultraviolet light absorber (Rohm and Haas Publication PL 53i) 

of unpolymerized methyl methacrylate and ethyl acrylate 
monomers in the body of the plastic. If the unpolymerized 
monomers exceed 2 percent, the plastic crazes rapidly, 
sometimes in less than two years. For this reason, 
ANSI/ASME PVHO-1 Safety Standard restricts the amount 
of residual monomer in acrylic plastic to less than 1.6 percent. 
Similarly the absence of ultraviolet absorbers in the acrylic 
plastic allows ultraviolet radiation to penetrate the full 
thickness of the plastic, thus affect» ig all of the material, 
instead of just the surface layer. 

Addition of the absorber converts acrylic plastic into a filter 
for ultraviolet radiation that absorbs over 95 percent of in- 
cident ultraviolet radiation with wavelength less than 335 nm. 
Even with the addition of the ultraviolet radiation absorber 
the plastic still deteriorates in sunlight, but now only in a thin 
layer at the exposed surface. As a result of this arrangement, 
the body of the plastic is protected from deleterious effects of 
the ultraviolet radiation at the expense of accelerated localized 
surface deterioration. 

The physical deterioration of the surface is preceded by 
changes in the optical properties of the surface layer. Under 
the action of ultraviolet radiation the absorber in the surface 
layer of the plastic yellows, thus increasing its effectiveness as 
an ultraviolet filter. This ultraviolet radiation-activated 
absorber layer forms rapidly; after 2 years of exposure to 
strong sunlight its thickness extends about 0.005 in. and its 
performance as a filter with 5 percent cutoff shifts from 335 
to 375 nm (Fig. 1). Because the activated absorber in the 
surface layer absorbs most of the ultraviolet radiation,, the 
activation of an absorber in the remainder of the plastic is 
delayed. The practical consequence of the rapid formation of 
this activated filter is that the rate of activated filter layer 
growth decreases exponentially with duration of exposure, 
such that even after 10 years, its thickness probably does not 
exceed 0.010 in. Since the rate of physical deterioration of 
plastic is a function of ultraviolet radiation intensity, most of 
the deterioration takes place in the activated absorber layer. 
Thus the thickness of the physically deteriorated material 
probably does not significantly exceed the thickness of the 
activated absorber acting as an optical ultraviolet filter. As a 
result, one can expect that even after 10 years of exposure, the 
weathered layer does not exceed 0.010 in. in thickness. 

Because of the presence of the absorber, which protects the 
body of plastic from harmful effects of ultraviolet radiation 
at the expense of accelerated surface deterioration, 
weathering data generated with 0.062 and 0.125 in. i ,tck 
specimens are really not applicable to thick acrylic struc ares. 
in sheets of 0.125-in. thickness, the effect of the thin 
deteriorated layer on the overall tensile strength of the 
specimen is significant, whereas for a thick structure with a 
complex stress field, it may or may not be significant, 
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depending on the character and magnitude of tensile stresses 
on the weathered surface. 

If the thin weathered layer on a thick plaie is in uniaxial or 
biaxial tension, it will crack at a lower tensile stress level than 
the unweathered material below (i.e., the decreased ductility 
of weathered material will initiate a crack at lower strain). 
Once the crack originates in the weathered layer it will 
propagate into the unweathered body of the plate causing it to 
also fail at a lower tensile stress level. 

A different case presents itself when the thin weathered 
layer on a thick plate is in uniaxial or biaxial compression. 
Since the weathered material is in compression, the decreased 
tensile ductility of weathered material will not initiate a crack 
under load and thus will not lead to a premature failure of the 
whole plate. Even if the weathered material has a lower 
compressive yield point than the unweathered material below 
it, this will not affect the structural performance of the whole 
plate significantly because the thickness of the weathered 
material is only a small fraction of the whole plate, and 
localized compressive yielding does not initiate fracture in the 
plastic that is under compression. 

There is a possibility that a crack may originate in the 
weathered surface of a thick structural member during the 
relaxation phase after long-term application of high com- 
pressive stress. Its rate of propagation, however, will be very 
slow because during the subsequent application of com- 
pressive stress, the crack will close and will remain closed 
until the next relaxation phase. As stress cycling continues, 
the crack may propagate, but only in small discrete steps 
during each relaxation phase. The slow growth of the crack 
does not present any immediate danger to the structure and 
the structure can be retired from service when the inspection 
of the crack determines that its size makes the structure 
unacceptable for further service at the design stress level. 
Thus the presence ot incipient cracks in a plastic structure 
under compressive stress should not serve as a source for 
immediate concern to the operators of the diving system. 

If the foregoing postulates are applied to typical window 
shapes (Fig. 2), it is found that the only shapes with tensile 
stresses on the surfaces exposed to weathering are: (1) plane 
windows with plane bearing surfaces; (2) plane windows with 
single beveled bearing surface and t/D, less than 0.5; (3) plane 
windows with twin beveled surfaces and t/D, less than 0.5; 
and (4) spherical sector windows with square bearing surfaces. 
Window shapes that experience only compressive stresses on 
the surfaces exposed to weathering are: (1) spheres; (2) 
spheres with conical penetrations; (3) hyperhemispheres with 
conical bearing surface; (4) hemispheres; (5) spherical sector 
windows with conical bearing surface; (6) plane windows with 
single conical surface and t/D, larger than 0.5; and (7) plane 
windows with twin conical surfaces and t/D, larger than 0.5. 
Because of their large size, most of the spherical windows and 
pressure hulls in service represent a sizeable investment. Thus 
they are the prime candidates for extension of chronological 
life limit if the theoretical considerations previously discussed 
could be substantiated with experimental data. This paper 
summarizes some of the tests conducted by the authors in 
support of the postulate that the structural performance of 
thick spherical shells and sectors with beveled bearing surface 
is not significantly affected after 10 years of service and 
weathering. 
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Fig. 2   Typical shapes ot windows for pressure-resistant viewports 

Fig. 3   Remrsal of peter pentagon from ft« 10-yearold, weathered 
NEMO Modal «37 tor dalarmlnalion of It* physical properties 

Experimental Investigation 

The objective of the experimental investigation was to show 
that the structural performance of thick, acrylic plastic 
spherical shflls after 10 years of weathering in service docs not 
significantly differ from that of unweathered spherical shells. 

The scope of the investigation was limited to spherical shells 
with 0.036 < t/D s 0.076 fabricated from acrylic plastic, 
meeting the requirements of ANSI/ASME PVHOl. 

As test specimens served: (1) 15-in. OD x 13-in. ID NEMO 
Model #37; (2) l-in.-thick material coupons cut from the 
NEMO Model I* 37; (3) l-in.-thick material coupons cut from 
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acrylic plate held in storage; (4) 2.5-in.-thick material coupons 
cut from the full size NEMO (DSV #4) submersible [6]; and 
(5) 2.5-in.-thick material coupons from commercially 
available Plexiglas G plates. Both the NEMO Model #37 and 
the full size NEMO submersible were 10 years old and were 
exposed during that time for at least 50 percent of the time to 
outdoor weathering between 30-40 deg. of northern latitude. 

The test procedure was configured to provide the authors 
with information on both the condition of the 10-year-old 
weathered material and the performance of the pressure hull. 
The test results would be subsequently compared with data in 
the literature pertaining to performance of weathered and 
unweathered acrylic plastic. 

Test Schedule 

Spherical Shell. As test specimen served the 15-in. OD x 
13-in. ID NEMO Model #37. Since its fabrication in 1970 by 
the Technical Support Group at the Pacific Missile Range, it 
has served as a test specimen in several experimental in- 
vestigations. Immediately after fabrication it was pressure 
cycled 1000 times from 0-1500 psi hydrostatic pressure with a 
typical pressure cycle of 8 hours duration (4 hours under 
pressure, generating an average compressive membrane stress 
of 5600 psi, followed by 4 hours of relaxation) at the Civil 
Engineering Laboratory, Port Hueneme, California {7]. After 
completion of the cycling program in 1973, it was placed 
outside to weather in El Cajon, California. In 1976 NEMO 
Model #37 was subjected to an explosive peak pressure of 
1453 psi magnitude while submerged at 10-ft depth in the 
water tank at the Southwest Research Institute [8]. The 
damage consisted of a radial crack in one of the polar pen- 
tagons containing a hatch and several small cracks in one of 
the equatorial pentagons. After this test the NEMO Model 
#37 was again placed outside to weather in El Cajon, 
California until 1980 when it was chosen as a test specimen 
for this study. 

To make the Model #37 watertight for this study the 
damaged polar and equatorial pentagons were removed by 
cutting out with a saw (Fig. 3) and replaced with new ones, 
fabricated for this purpose, from 1-in.-thick Plexiglas C 
meeting the requirements of ANS1/ASME PVHO-1. The new 
pentagons were bonded in place with CADCO PS-30 self- 
polymerizing acrylic adhesive. The completed spherical shell 
was then annealed for 24 hours at 175*F. 

The instrumentation of NEMO Model #37 consisted of six 
rectangular electrical straingage rosettes (Micromeasurement, 
EA-13-125TM-120). The gages were bonded to : (1) the center 
of the new equatorial pentagon; (2) the center of the old 
equatorial pentagon; (3 and 4) the edge of penetration in the 
old polar pentagon; and (5 and 6) the edge of penetration in 
the new polar pentagon. After installation of the gages, two 
titanium hatches (Fig. 4) were inserted into the polar 
penetrations and scaled against leakage with room vulcanizing 
silicone rubber squirted into the space between the flanges of 
the hatches and the convex surface of the spherical shell (Fig. 
5). 

The replacement of the two old damaged pentagons with 
two new ones did not change the response of remaining old 
pentagons to compressive stress under external pressure 
loading. Furthermore, the critical pressure of the repaired 
NEMO Model #37 would still be governed by the remaining 
10 old pentagons, since the initiation of fracture in any of the 
old pentagons covered with extensive crazing (Fig. 6) would 
trigger the implosion of the whole shell. 

The testing of the repaired NEMO Model #37 took place in 
two steps. First it was placed in a pressure vessel at Stachiw 
Associates and pressure cycled 1000 times from 0 to 
1400-1500 psi range with pressure cycles of random duration, 
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term loading 

simulating typical operational scenarios. Strains were read 
from the gages during the first pressure cycle. The length of 
the individual pressurizations during pressure cycling varied 
from 0.25-64.0 hours, averaging 3.93 hours, while the 
duration of relaxations varied from 0.1-220.9 hours, 
averaging 3.56 hours. The ambient temperature of the 
pressurizing medium varied from 58-89'F, averaging 
73.44'F. At the conclusion of the pressure cycling program, 
the titanium hatches were removed from the NEMO Model 
#37 and the beveled seat surfaces in the penetrations through 
the polar pentagons were inspected for crazing and incipient 
cracks. 

After inspection of the acrylic seat surfaces, the hatches 
were placed back in the polar openings of NEMO Model #37, 
the joints were resealed, and the whole sphere assembly was 
pressurized to destruction at 100 psi/min rate at Southwest 
Research institute, San Antonio, Texas, utilizing tap water at 
72*F. 
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Flg. 6   Crazing, typical of tho woathorw) »urttc« on the 10-yor-old 
NEMO Modal #37 

Fig. 7   OSV NEMO attar removal ol on« o! Its 2.5 in thick pantagon« 
lor datarmlnatlon ol Ita physical properties 

Material Test Coupons. As test specimens served coupons 
of acrylic plastic machined from the: (1) I-in.-thick, 
weathered, 10 year-old spherical pentagon sawed out from 
NEMO Model #37; (?) I-in-thick, unweathered. 10-year-old 
spherical pentagon left over from the original construction 
program of NEMO Model #37; (3) 1-m.-thick, unweathered, 
1-year-old masked sheet of Plexiglas C; (4) 2.5-in.-thick, 
weathered, 10-year-old spherical pentagon sawed out from 
submersible NEMO (Fig. 7); and (5) 2.5-in.-thick, unweath- 
ered I-year-old plate of Plexiglas C. The NEMO submersible 
was subjected during its lifetime to 650 dives and was, for 
most of the time, exposed to outdoor weathering (9], either in 
Southern California or Southern Texas. 

The objective of the tests was to determine the mechanical 
properties of the: (I) surface layer on the weathered, 10-year- 
old acrylic plastic; (2) subsurface material in weathered, 10- 
year-old acrylic plastic; and (3) surface layer on unweathered, 
10-year-old acrylic plastic. 

The test procedures for determining the mechanical 
properties of the surface layer consisted of slicing a layer from 
the top surface of the plastic plate and machining all of the 
ASTM test specimens from that layer. In this manner the 
properties of the weathered surface layer would affect the test 
results more significantly than if the test specimens were cut 
from the full thickness of the plate. In the flexure test, the 
load was applied to the test specimen in such a manner that 
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the weathered surface was placed in tension. Thus, the value 
of the ultimate flexural stress recorded in this test would 
represent the actual flexure strength of the weathered layer, 
and not the average of the weathered and unweathered layers 
as is the case with all the other ASTM tests. 

To determine the depth of the weathered layer, slices of 
different thicknesses were removed from the surfaces of 
selected test specimens. By making those slices very thin and 
subjecting the surface on the test specimens facing the 
weathered surface of the plate to tensile flexure stresses, the 
extent of the deteriorated material below the original plate 
surface could be determined. Since the weathered layer was 
expected to be less than 0.1-in.-thick, the thickness of slices 
removed from the original plate surface was increased in 
increments of 0.005,0.020,0.040,0.060,0.080, and 0.100 in. 

The mechanical properties of the subsurface layer were 
determined by cutting all the 0.25-in.-thick ASTM test 
specimens from the material only after the top 0.25-in. layer 

Table 1    Structuralperformanceof 15-ln.OD x 13-ln. ID acrylic plastic 
spheres 
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was first removed from the material. The test specimens were 
subjected to the following tests: ASTM-D-638, ASTM-D-695, 
ASTM-D-732, ASTM-D-621, ASTM-D-256, and ASTM-D- 
790. Only three test specimens were used to establish the 
average value of mechanical property for each material 
condition and test. 

In addition to ASTM test specimens, S-in.-diameter x 
0.50-in.-thick disks were also machined from the surface and 
subsurface layers of the 2.5-in.-thick spherical pentagon cut 
out from NEMO submersible. These disks were subsequently 
tested to destruction by subjecting them individually to 
hydrostatic loading in a special fixture that provided simple 
support to the edge of the disk. The ratio of the outside disk 
diameter to the diameter of the opening in the fixture was 
1.25. The objective of these tests was the same as of ASTM-D- 
790, to detect any difference among the flexural strengths of 
specimens from weathered surface, unweathered surface, and 
subsurface layers. Since flexing of the disk under hydrostatic 
loading subjects a larger surface of the specimen to tensile 
stresses than flexing of the bar specimen under three or four- 
point loading, the weather-induced flaws in the form of 
crazing scattered over the surface of the specimen and the 
deteriorated tensile strength of the weathered layer will 
initiate a crack sooner in a disk than in a bar, thus making the 
disk specimen a more sensitive detector of surface 
deterioration than a bar specimen. 

For purposes of comparison, disks were also cut from the 
surface of 2.5-in.-Plexiglas G plate only 1 year old. Com- 
parison of maximum flexure stresses at failure from these 
specimens with those cut from the interior of 2.5-in.-thick, 
weathered, Plexiglas C will show whether weathering affects 
the mechanical properties in the interior of thick acrylic 
plastic plates. 

Test Results 

Spherical Shell. Strains recorded during the first pressure 
cycle to 1500 psi of NEMO Model #37 show (Table 1) that the 
weathered, 10-year-old spherical pentagons deform 
elasticoplastically at approximately the same rate as the 
unweathered, new spherical pentagons. At the conclusion of 
the pressure cycle both the old and the new pentagons showed 
the same amount of permanent deformation. The same 
phenomenon was observed during pressurization of NEMO 
Model #37 to implosion (Table 1). 

Cracks were not observed on the bearing surfaces of old or 

Table 2   Mechanical properties of Mn.-tt.lck plaxlglat G-ASTM 
specimens 
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Table   3   Mechanical   properties   of   2.5-ln.   plexiglas   G—ASTM 
specimens 
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Table 4    Flexural strength ol 2.5-in. plexiglas G—disk specimens 
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new polar pentagons in NEMO Model #37 after application of 
an additional 1000 pressure cycles from 0-1500 psi, which 
generated a maximum compressive stress in the range of 
8000-10,000 psi on the inner lip of the bearing surface. 
Cracks were also not observed on the inner (concave) or outer 
(convex) surfaces of old or new pentagons, even though the 
outer surfaces of old pentagons were heavily crazed by 
weathering prior to the beginning of the pressure cycling 
program. 

The critical pressure of NEMO Model #37 was 4200 psi at 
72*F ambient temperature. The implosion was of a general 
nature, resulting in total destruction of the NEMO Model 
#37. The magnitude of strains recorded during the implosion 
lest showed that yielding of the acrylic shell probably began at 
3000 psi, and that the extrapolated average compressive strain 
at moment of implosion was 35,000 iiin./in. 

41 
Material Test Coupons 

1. The mechanical properties of ASTM coupons cut out 
from a layer at least 0.25 in. below the weathered surface of 
(he I and 2 Sin -thick old, weathered NEMO pentagons w;rc 
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identical to those cut from the interior of: (1) 1-in.-thick, 10- 
year-old, unweathered Plexiglas C; (2) 1.0-in.-thick 1-year- 
old Plexiglas G; and (3) 2.5-in.-thick, 1-year-old Plexiglas G 
(Tables 2-3). 

2. Some of tht mechanical properties of 0.25-in.-thick 
ASTM coupons cut out from the weathe red surface of the 2.5- 
in.-thick 10-year-old, NEMO pentagon were significantly 
lower than those recorded for specimens cut from below the 
surface (Table 3). The properties that seemed to be affected 
most by weathering, when listed in order of their magnitude 
were: 

Tensile elongation, percent 
Flexure strength, psi 
Tensile strength, psi 
Shear strength, psi 
Compressive yield, psi 
Deformation under long term 
compressive loading 

40   percent decrease 
34   percent decrease 
21    percent decrease 
9   percent decrease 
1.5 percent decrease 

1    percent decrease 

3. The flexural strength of 0.25-in-thick ASTM coupons 
and and 0.5-in.-thick disk coupons cut from the weathered 
surfaces of 10-year-old, 2.5-in.-thick NEMO pentagon and 
flexure tested with the weathered surface in compression 
differed significantly from the flexure strength of coupons cut 
from identical location but flexure tested with the weathered 
surface in tension. The difference in values for the disk 
surfaces under biaxial flexure was: 18,240 psi for weathered 
surface in compression, and 8500 psi for weathered surface in 
tension (Table 4). For the ASTM coupons under uniaxial 
flexure the difference in values was 16,975 psi versus 11,105 
psi (Table 3). 

4. The mechanical properties of the 0.25-in-thick coupons 
cut out from the unweathered surface of the 2.5-in.-thick 10- 
year-old NEMO pentagon also differed from those recorded 
for specimens cut out from below the surface (Table 3). The 
major difference was again in flexure strength when the 
flexure specimens were tested with the original, unweathered 
surface in tension. These findings were confirmed by testing 
of the 0.5-in.-thick disk coupons cut from the 10-year-old 
unweathered surface. The flexural strength of disks with the 
original unweathered surface in tension was 10,816 psi, and 
with it in compression was 14,466 psi (Table 4). 

5. The flexural strength of ASTM coupons from NEMO 
whose weathered surface was sliced away at 0.020-in. in- 
tervals varied with the thickness of the removed weathered 
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Table 5   Physical and chemical properties of surface and subsurface 
layers in 2.5-in. plexiglas G 
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layer. When the surface of the test specimens facing the 
original weathered surface was subjected to tensile flexural 
stress, the maximum stress at fracture reached the value of 
unaged and unweathered plastic only after the thickness of 
layer removed from the weathered surface reached 0.020 in. 
(Table 5). 

6. The molecular weight of acrylic plastic from weathered 
surface of NEMO was significantly lower than that of the 
plastic in the interior (378,000 versus 1,868,000) of the thick 
shell (Table 5). The molecular weight from the unweathered 
surface was also lower than that of the plastic in the interior 
of the shell (437,000 versus 1,868,000) (Table 5). 

7. The percentage of free monomer in the weathered 
surface of NEMO was significantly higher than in the interior 
of the thick shell (0.57 versus 0.25 percent). The percentage of 
free monomer in the unweathered surface was also somewhat 
higher than in the thick shell (0.31 versus 0.25 percent) 
(Table 5). 

Discussion 

Spherical Shell. The tesi results generated by the pressure 
cycling and implosion testing of the spherical shell indicate 
beyond a shadow of a doubt that the structural performance 
under external hydrostatic loading of 10-year-old, weathered, 
extensively repaired, acrylic plastic spherical shells with 1-in. 
thickness does not differ significantly from performance of 
brand new shells. This postulate is based on the following 
findings: 

I. The critical pressure of 10-year-old, weathered, 1-in.- 
thick NEMO Model #37, which was subjected to additional 
1000 pressure cycles from 0-1500 psi, is only II percent less 
(Table I) than of brand new NEMO Models «34 and #22 (4700 
and 4732 psi) tested in other programs |8, 9]. The critical 
pressure of NEMO Model #37 is also only 3.5 percent less 
than that of the 6-year-old, weathered I-in.-thick NEMO 
Model #36 tested in a previous study (10). That model im- 
ploded under short term pressurization at 4350 psi. The fact 
that the critical pressures of the 6-year-old NEMO Model #36 
and 10-year-old NEMO Model #37 were 7.4 and 11 percent, 

respectively, less than those of 1-year-old NEMO Model #34 
indicates that the decrease in critical pressure of the l-iu.- 
thick acrylic sphere is not a linear function of weathering 
duration. For conservative predictions of critical pressures, 
one may use a linear extrapolation based on 1.25 percent/year 
critical pressure decrease rate. 

2. The small decrease in critical pressure changes the 
original conversion factor of 4.00 (10,600 ft implosion/2650 
ft design depth) to 3.55. This decrease is acceptable because 
the minimum allowable conversion factor for spherical sector 
is three. This value is based on the consideration that at 
ambient temperatures below 50*F found at typical design 
depths, the conversion factor of three endows the spherical 
shell with an experimentally proven crack-free cyclic fatigue 
life in excess of 1000 dives with 4 hours duration at design 
depth [11]. The decrease of critical pressure due to age and 
weathering would have to exceed 25 percent of its original 
value before the spheres with 1-in. wall thickness were con- 
sidered unacceptable for their rated depth of 2650 ft. Cased 
on the conservative linear extrapolation rate of 1.25 per- 
cent/year, the l-in.-thick sphere must be exposed to outdoor 
weathering for 20 years before it becomes unsafe for service at 
the original design depth of 2650 ft. After 20 years, the sphere 
must be retired from service, or its original design depth 
rating decreased by 50 percent. 

3. The strains measured on 10-year-old, weathered parts of 
NEMO Model #37 during pressure cycling from 0-1400 psi 
were identical to those measured on brand new parts of 
NEMO Model #37 (Table 1). The magnitudes of residual 
strains measured on the 10-year-old, weathered and brand 
new parts were also the same. These findings are supported by 
strains measured on 6-year-old, weathered, NEMO #36 that 
had a portion of its old shell replaced with a brand new acrylic 
plastic patch in the shape of a 27 deg spherical sector [10]. 
This spherical sector patch was like the spherical pentagons in 
NEMO Model #37 bonded to the 10-year-old shell with 
CADCO PS 30 self-polymerizing cement (Fig. 8). It would 
thus appear that spherical shells that have been repaired by 
replacing damaged shell sections with new, bonded in place 
shell sections perform structurally in the same manner as 
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Fig. 8   Plug repair on NEMO Modal #36. The removed malarial aampla 
was utad lor daiarmlnation ol phyalcal prop« rile». 

undamaged shells. They perform in an analogous way to a 
steel shell that had a damaged section cut out and replaced by 
a new section welded in place to the undamaged portion of the 
shell. The hole created in the 10-year-old NEMO submersible 
hull by removal of one of the spherical pentagons for material 
testing (Fig. 7) has been also repaired by bonding in place of a 
new spherical pentagon with CADCO PS 30 cement (Fig. 9). 

4. The surfaces of acrylic seats under metallic hatches on 
10-year-old, weathered, and brand new polar unweathered 
pentagons were in the same condition after 1000 pressure 
cycles from 0-1500 psi to which they were subjected in this 
study, even though the old and weathered polar pentagon was 
already once before subjected to 1000 pressure cycles from 
0-1500 psi immediatclv after fabrication of NEMO Model 
#37 in 1971. Since ANSI/ASME PVHO-1 Safety Standard 
limits the design depth of acrylic shells at < 50*F ambient 
temperature to only 0.25 x critical pressure, the ability of the 
bearing surface on the 10-year-old, weathered acrylic plastic 
to withstand 1000 pressure cycles to 0.3 v original critical 
pressure at 73.4'F average ambient temperature range 
without initiation of cracks, indicate thai the age and 
weathering have not significantly lowered the cyclic fatigue 
life of the spherical shell structure. 

Material Teil Coupons. The test data generated by sub- 
jecting material coupons from selected structural components 
to standard ASTM tests (Tables 2 and 3) and hydrostatic 
testing of disk specimens (Table 4) indicate thai the 
mechanical properties of material below the surface of acrylic 
sheets and plates have not significantly changed after a 10- 
year-long exposure to weathering, whereas those of the 
material on the surface of the same sheets and plates had 
significantly deteriorated. The thickness of the weathered 
layer extends less than 0.020-in. deep into the body of the 
material. These postulates are based on the following find- 
ings. 

Fig. I   DSV NEMO alter repair. A new pentagon waa bonded In ptaoe 
ol removed old pentagon 

I. The tensile strength, elongation tensile modulus, shear 
strength, compressive yield strength, impact strength, and 
flexural strength of specimens removed from the interior of I 
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and 2.5-in.-thick, 10-year-old, weathered acrylic plates do not 
differ significantly from values measured on brand new 
acrylic plates (Tables 2 and 3). There was some small dif- 
ference in compressive deformations under load, but the 
small increase noted in old and weathered material is not 
considered structurally significant. 

2. The flexural strength, shear strength, tensile strength, 
and elongation of specimens removed from the surface of 2.5- 
in.-thick 10-year-old, weathered plate differ significantly 
from values measured on specimens removed from the in- 
terior of the same plate; these values were identical to those 
measured on specimens taken from a brand new unweathered 
plate (Tables 2, 3 and 4). The largest difference in flexural 
strength was noted when the surface specimens were flexure 
tested with the weathered surface in tension, and tht smallest 
difference was noted when the surface specimens were flexure 
tested with the weathered surface in compression. Since the 
thickness of flexural specimens was approximately 0.25 in., 
the effect of weathering was postulated to extend significantly 
less than 0.25-in. deep; only by removing progressively thicker 
slices from the exterior of weathered plate could the actual 
thickness be determined more accurately. 

3. The actual thickness of the weathered layer was found to 
be less than 0.020 in. This finding is based on the significant 
increase in maximum flexural strength of test samples taken 
from the weathered surface when 0.020 in. were removed 
from weathered surface of flexure specimens (Table 5). This 
finding is further substantiated by (I) the significant increase 
in molecular weight of plastic and (2) the significant decrease 
of free monomer content with distance from the weathered 
surface. 

Since the effect of weathering extends less than 0.020-in. 
deep into the body of the acrylic plates, the structural per- 
formance of thick shells under compression is not 
significantly influenced by it. This is true only in cases where 
both surfaces of the shell are under compression. As soon as 
the weathered surface is placed locally under tension, the 
decreased tensile strength of that surface may lead to 
initiation of cracks, and ultimately failures. Since the 
resultant stress on both concave and convex surfaces is 
compressive on spherical shells and sectors with conical seats, 
the thin weathered layer on the external surface has no 
significant effect on the structural performance of shells, 
providing that their overall thickness significantly exceeds the 
thickness of the weathered layer. In the case of NEMO Model 
*37 the overall thickness of the shell exceeded the thickness of 
the weathered exterior and interior layers by a factor of 25, 
and for the full *v*ale NEMO submersible, by a factor of 62. 
The 11 perceni oecrease of NEMO Model #37 and 7.5 percent 
decrease of NEMO Model #36 implosion pressures (Table 1) 
indicates that the decrease in implosion pressure probably 
»ould be greater for shells with an overall thickness/ 
weathered layer ratio less than 25 and smaller for shells with 
an overall thickness/ weathered layer thickness ratio larger 
than 25. As the II percent decrease in critical pressure bet- 
ween a brand new and 10-year-old. weathered shell is con- 
sidered acceptable, it can be postulated that shells with an 
overall thickness/weathered layer ratio equal to or larger than 
25 are not significantly affected by 10 years of weathering. 
Based on the conservative assumption that the thickness of the 
weathered layer is 0.020 in., the minimum thickness of the 
shell whose structural performance is not significantly af- 
fected by 10 years of weathering is I in. 

Since 10 years of weathering decreased the critical pressure 
of acrylic spheres with I in. shell only about II percent, and 
25 percent decrease is considered the limit for structural 
performance deterioration requiring the recall of acrylic 
submersible*  from  manned  service,  it  appears  sale  to 

postulate that it will require an additional 10 years of 
weathering before the decrease in critical pressure of 1-in.- 
thick acrylic plastic spheres reaches this limit. For shells 
thicker than 1 in. it may require several decades before the 25 
percent limit of structural deterioration under external 
pressure loading is reached. Still, in order to be conservative 
and on the safe side, the 20-year age limit should apply 
equally well to all acrylic spherical shells with thickness in 
excess of 1 in., designed on the basis of ANS1/ASME PVHO- 
1 Safety Standard. 

One of the unexpected findings in this study was the 
discovery that the interior, unweathered surface of the 2.5-in.- 
thick NEMO hull also exhibited lower physical properties 
(Tabies 3-5). Since the interior of the NEMO hull was not 
exposed to ultraviolet radiation, it must be assumed that the 
deterioration of the interior surface is the result of pollutants 
in the ambient atmosphere inside the closed hull. These 
pollutants are vaporized plasticizers from vinyl seat covers 
and polyvinyl chloride insulation on electric wires, as well as 
vapors of hydraulic fluids that leaked from hydraulic control 
valves and fittings. The condensation of these pollutants on 
the interior surface of the hull would attack the plastic 
resulting in deterioration of physical properties similar to that 
found in weathering. 

Conclusions 

1. The exterior surface of acrylic plastic hull deteriorated 
significantly after 10 years of outdoor weathering. The 
decrease in tensile and flexural strengths as well as elongation 
under tensile loading is in the range of 30-40 percent. The 
depth of weathered surface layer is less than 0.020 in. 

2. The interior surface of acrylic plastic pressure hulls on 
submersible NEMO also deteriorated. It was exposed during 
the 10-year storage period to pollutants in the enclosed 
ambient atmosphere inside the submersible at temperatures in 
the 60-150*F range. The decrease in physical properties as 
well as the depth of affected surface layer is similar to that 
found in weathered exterior surfaces. 

3. Since weathering and/or atmospheric pollutants affect 
only the surface layers of thick acrylic plastic meeting the 
requirements of ANSI/ASME PVHO-1, the structural 
performance of windows that see only compressive strains in 
service is not significantly degraded after 10 years of 
weathering in service. This may not be the case with windows 
that see tensile strains in service, such as plane disks, conical 
frustums with t/D, less than 0.5, and cylinders under internal 
pressure. 

4. Spherical pressure hulls and spherical sector windows 
with thickness in excess of I in. that see only compressive 
strains under hydrostatic loading retain at least 90 percent of 
their original strength (as defined by critical pressure) after 10 
years of weathering in service. Spherical pressure hulls and 
spherical sector windows with thickness less than 1 in. are 
postulated to retain less than 90 pcrcer.t of their original 
strength after the same length of weathering in service, 
because the affected surface layers constitute a larger fraction 
of the shell thickness; by the same token, shells with thickness 
in excess of I in. probably retain more than 90 percent of their 
original strength. 

5. It appears that it requires at least an additional 10 years 
of weathering (i.e., 20 years total) before the critical pressure 
of spherical pressure hulls and spherical sector windows with 
thickness equal to or thicker than 1 in. will decrease to 73 
percent of its original value, the limit for acceptable structural 
deterioration in acrylic plastic windows designed on the basis 
o! ANSI/ASME PVHO-1 Safety Standard for Pressure 
Vessels for Human Occupancy. 
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6. Spherical pressure hulls and spherical sector windows 
can be repaired by removal of damaged sections and bonding 
in place of patches with the same sphericity and thickness as 
the removed sections. If the edges of the openings in the shell 
and of the patches are cut at right angles to the spherical 
surfaces and if they are mated together and held in place with 
CADCO PS-30 self-polymerizing cement, the structural 
performance of the shell under external hydrostatic loading 
will be identical to that of the brand new shells. 

Recommendations 

1. The general, 10-year chronological age limitation im- 
posed by ANSI/ASME PVHO-1 on all acrylic plastic win- 
dows and pressure vessels should be revised to exclude 1 -in. or 
thicker spherical pressure vessels and spherical sector win- 
dows with conical bearing surfaces under external pressure 
loading, since the 11 percent decrease in critical pressure after 
10 years of weathering in service does not warrant, from a 
safety viewpoint, their removal from service. 

2. The chronological age limitation for acrylic plastic 
windows in shape of spherical sectors and spherical pressure 
vessels under external pressure loading should be extended 
from 10 to 20 years by ANSI/ASME PVHO-1. At that time 
test coupons should be again taken from the cross section of 
ihe 20-year-old weathered thick acrylic plates to determine 
whether enough strength is remaining in the material to 
warrant the extension of chronological age limit past 20 years 
for these acrylic plastic structures. 

3. The use of vinyl and poly vinyl chloride plastics inside 
pressure chambers for human occupancy should be avoided 
because the vapors of plasticizers contained in these plastics 
attack the surface of acrylic plastic causing it to deteriorate 
similarly to weathering. 

4. Repairing damaged acrylic plastic spherical shells and 
spherical sector windows by removal of damaged sections and 
bonding in place of new sections is an acceptable practice, 
providing that the repair meets the following criteria: 

a The acrylic plastic used as a patch must meet the criteria 
of ANSI/ASME PVHO-1 Appendix A. Tables 1 and 2. 

b The thickness and curvature of the patch must match 
those of the shell being repaired. 

c The dimensions of the patch must be within plus 0 minus 
0.125 in. of the opening in theshell. 

d The edges of the patch and of the opening in the shell 
must be within I deg of the vertical to the surface of cur- 
vature. 

e The edges must be finished smooth, the surface quality 
exceeding 125 rms. 
/ Both the patch and the edges of the opening should be 

annealed for 24 hours ai 175 °F. 
g The patch must be bonded in place with self- 

polymerizing cement, CADCO PS-3!, or equal. 
h The bonded joint must be annealed for 24 hours at 

175*F. 
i The repaired shell must be hydrostatically or 

pneumatically tested to 1.25 of itr 3csign depth according to 
ANSI/ASME PVHO-1, Appendix A, paragraph J.8 prior to 
being placed in service. 
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DISCUSSION 

E. Briggs1. The author needs to be commended for this 
paper, as it represents a significant contribution to our 
knowledge of the effect of weathering on the mechanical 
properties of acrylic plastic. It would be very desirable 
however to have the author compare the data based on 
material specimens from submersible NEMO (Tables 3, 4, 
and 5) with data from viewports on other submersibles. Did 
weathering affect the acrylic plastic viewports in other sub- 
mersibles as severely as the acrylic plastic pressure hull of 
NEMO? 

1 Southwest Research Innitutc. San Antonio. Tcus 
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The question posed by Mr. Briggs is very germane to the 
topic of our paper; i.e., is the deterioration of surfaces on 
NEMO acrylic plastic after 10 years of service unique, or 
typical of all acrylic plastic viewports in marine environment? 
Unfortunately, there are not enough data on hand to answer 
this question adequately. There are some indications, 
however, that the data based on testing of specimens from 
DSV NEMO are representative of surface deterioration found 
in acrylic plastic viewports on other submersibles. 

The mechanical properties of 10-year old acrylic viewports 
removed from DSV TURTLE and DSRV AVALON (Tables 6 
and ?) appear to support the data from DSV NEMO. Both the 
exterior and interior surfaces show some deterioration, the 
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deterioration of surfaces on the viewport from DSV TURTLE 
being more significant (Table 6) than on the viewports from 
DSRV AVALON (Table 7). One possible explanation for the 
lesser deterioration of viewport surfaces on DSRV AVALON 

is that DSV TURTLE has seen more ocean service than DSRV 
AVALON (i.e., it has been exposed more often to weathering 
on deck of ships during transit to dive areas than the other 
vehicle during the 10-year period). 
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Polycarbonate Plastic Inserts for 
Spherical Acrylic Plastic Shells 
Under Hydrostatic Loading 
An acrylic plastic spherical pressure hull incorporating polycarbonate inserts for mount- 
ing of penetrators has been built and pressure tested. The transparent hull will serve as 
one atmosphere cockpit in Johnson-Sea-Link f3 submersible for 2500 ft. service. Tests 
have been conducted with model scale polycarbonate inserts in acrylic plastic spherical 
pressure hulls and windows to evaluate the structural integrity and cyclic fatigue life of 
polycarbonate plastic inserts and acrylic shells in which they are mounted under repeated 
hydrostatic pressurizations. Test results indicate that the short term, long term and cyclic 
fatigue life of a polycarbonate insert, serving as a bulkhead for electric or hydraulic pene- 
trators in spherical acrylic plastic pressure hulls or windows, exceeds that of the acrylic 
plastic shell in which it is mounted. Structural parameters of polycarbonate inserts are 
discussed and design criteria formulated for their utilization in manned submersibles and 
pressure vessels for human occupancy. Particular emphasis is placed on selection of mate- 
rial, seal configuration, and retainment design. 

Introduction 
Acrylic plastic windows in opaque pressure vessels and acrylic 

plastic hulls in submersibles provide panoramic visibility for their 
occupants. Since the introduction of acrylic plastic by Professor A. 
Piccard in 1947 as material for windows in submersibles, no fatal ac- 
cident can be credited to the catastrophic failure of acrylic plastic. 
This remarkable safety record is due to a fortuitous combination of 
physical properties in acrylic plastic, a decade of research into the 
structural performance criteria of acrylic plastic windows by U.S. 
Navy laboratories, and formulation of safety standard by ASME in 
1977. 

The ANSI/ASME PVHO Safety Standard, in particular, because 
of its scope and focus on design details, has made it feasible for the 
designer to vary the shape, seat design, and bearing surface configu- 
ration of a window without departing beyond the boundaries of the 
Safety Standard. Extensive as the Safety Standard may be, it does 
not provide at the present time any guidance on the incorporation of 
electrical or hydraulic penetrators in acrylic plastic windows or 
pressure hulls. If penetrators are to be incorporated into the body of 
the acrylic plastic structure, an experimental study would have to be 
•.ondiicted first to establish the structural adequacy of the chosen 
materials and design parameters. 

The first acrylic plastic pruau-s hulls for undersea exploration were 
spheres, assembled from two flanged hemispheres which were sealed 
at the equator by an äquatorial joint fabricated from steel or alumi- 
num. This clam shell design, however, not only made it impossible 
to board, or escape fror a surfaced submersible at sea, but also ob- 
structed the fluid of view for the two occupant* of the submersible. 
In this type ol acrylic plaetic pressure hull, any penetrations for 
electrical, hydraulic, or mechanical ?• - jtrator« w&e located in the 
metallic rings of the equatorial joint. . ne metallic ---.K thsmselve» 
were seated on elastomeric gaskets, and mtchanicai    attach, i to tr>» 
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flanged acrylic hemispheres by means of bolted-on retaining rings. 
Besides the operational shortcomings of an equatorial joint, the 
flanges on the hemispheres introduced serious bending moments into 
the hull with resulting high tensile stresses. 

To overcome the shortcomings of the clam shell design, Dr. Stachiw 
introduced in 1965 the NEMO-type spiierical hull in which the ingress 
and egress from the sphere was by means of a circular hatch located 
at the top of the sphere, while all the electrical and hydraulic pene- 
trators were centralized in a metallic bulkhead located at the bottom 
of the sphere [1]. With this arrangement boarding or escape from a 
surface submersible was feasible, while the polar locations of the 
metallic hatch and bulkhead allowed the occupants to view their en- 
vironment without any obstructions. Furthermore, the use of conical 
penetrations in the hull with matching conical hatches and bulkheads 
totally eliminated tensile stresses in the acrylic spherical hull while 
increasing the local compreaaive stresses near the seat only by ap- 
proxir.:-.iU:iy 100 percent Several submersibles utilizing this type of 
penetrations have been successfully built and operated (i.e., NEMO, 
MAKAKAi, JOHNSON SEA-LINK # 1 and #2, CHECK MATE 
and other) (2,3]. 

To data, the design of the circular hatch located at the top and the 
bulkhead at the bottom of the acrylic plastic sphere has satisfactorily 
met all the structural and operational requirements of the submers- 
es«, and for this reason has been incorporated into the ANSI/ASME 
PVHO Safety Standard. In addition, to provide the designer with 
more flexibility in design of submersibles, experimental studies have 
been conducted on the structural performance of acrylic plastic 
spherical hulls with multiple hatches and metallic bulkheads [4], and 
the result« also incorporated into the ANSI/ASME PVHO Safety 
Standard. 

Still, even though the designer ha« at his disposal proven design 
optiors for ci>ütiple metallic hatches and bulkheads in »pherical hulls, 
there still remains a pressing need for smaller, leas eii>laive. plastic 
inaeru that serve as bulkheads for mounting of ?!vt o-hydraulie 
penetrators. or mac)" -kal attachment* to the hull. The smaller, in- 
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expensive plastic inserts would allow the designer to locate the pen- 
etrators and attachments at locations on the hull where they would 
minimize the length of cables and hoses and thus decrease the com- 
plexity and weight of the control, propulsion and life support sub- 
systems. 

This paper summarizes the experimental investigation into the 
design parameters and structural performance results of small plastic 
inserts serving as bulkheads for penetrators and attachments in acrylic 
plastic spherical hulls and windows. The experimental study was 
conducted wholly with model scale structural components to minimize 
expenses. This was considered to be acceptable as past studies have 
unequivocally shown that the test data generated with model scale 
acrylic plastic hulls and windows under hydrostatic pressure applies 
directly to their full scale counterparts. 

Experimental Study 
Test Parameter* 

The objective of the experimental study was to (1) validate major 
criteria governing the design of small plastic inserts in acrylic plastic 
spheres and (2) evaluate the structural performance of acrylic plastic 
spheres with plastic inserts containing penetrators. 

The scope of the study was limited to a single insert configuration 
for 2500 ft. and 50°F design depth and temperature, respectively. 

As test specimens served (1) two identical polycarbonate plastic 
inserts with 26°41' included spherical angle, containing nine smooth 
holes with 0.312 inch diameter and eight threaded holes with 0.125 
inch diameter (Fig. 1), and (2) single acrylic plastic plug with the same 
dimensions as the polycarbonate plastic insert, but without any holes 
for penetrators. The acrylic plastic insert served as the basis of com- 
parison during the evaluation of stress risers in the acrylic hull at the 
edges of penetrations. The polycarbonate plastic inserts were fabri- 
cated from premium UV stabilized polycarbonate plastic (Table 1) 
and their dimensions were chosen to represent in 1:4.4 scale, a typical 
insert with holes for functional electric or hydraulic feedthroughs. 

There were several reasons for selecting polycarbonated plastic and 
the conical seat design for the insert with penetrators. The conical seat 
was chosen because it (1) minimized shear and bending moments at 
the interface between the insert and the hull and (2) it was self-sealing 
at higher pressures [1]. The choice of polycarbonate material was 
dictated by (1) compressive modulus and strength that closely 
matched those of acrylic plastic, and (2) excellent crack propagation 
resistance. Because of these properties, there would be a minimum 
of membrane stress increase at the insert/hull interface and the crack 
growth from the threaded holes in the insert would be arrested. 

Two test setups were used. Test Setup A consisted of placing the 
polycarbonate plastic insert (Fig. 1) and the acrylic plastic plug into 
a 15-inch X 13-inch acrylic plastic scale model of NEMO acrylic 
plastic hull1 (Figs. 2 and 3). The Test Setup B consisted of placing the 
polycarbonate plastic into an acrylic plastic spherical sector with 
57*38* included angle, which in turn was mounted in a steel flange 
with matching conical angle (Figs. 4 and 5). 

Instrumentation was used only on Tett Setup A. It consisted of 
electrical resistance straingages placed at the edges of all penetrations 
and at the equator of the acrylic plastic sphere (Fig. 3). 

The test procedures differed between Test Setup A and B. The 
acrylic plastic NEMO Model # 36 (Setup A) was placed inside a deep 
ocean simulator and pressurized with tap water to destruction at a 
rate of 100 psi/minute in 75°F ambient environment. Strains were 
read at 500 pai intervals. 

The acrylic plastic spherical shell sector in the steel mounting 
(Setup B) was mated with the flange of a pressure . easel and locked 
in place in such a manner that the pressurized tap water inside the 
vessel applied pressure to the convex surface of the spherical shell 

Table 1   «pecWd Vamwa of Hnwweal Properties lor Polycarbonate Platte 
(to be MnHtd by tMtfc**9 of fpocvntfi from Men putt tritt MTVOO M ftiAKfiMnQ 
MOCK (Of MMfM; 

r 

Test 
Procedures Physical Property 

Specified Values 

Metric Units       Engineering Units 

ASTM-0-638* Tensile ultimate strength » 6.3 kg/ma i 9000 psl 

elongation at break » 20 percent > 20 percent 

Modulus of elasticity i 280 kg/ma2 i 300.00 psl 

ASTH-D-695» Compressive yield strength i  10. S kg/ma2 » 12.000 psl 

modulus of elasticity i 210 kg/as2 i  300.000 psl 

ASTM-0-621« Compressive deformation at 4000 pst and 122 F, 
24 hours i  2 percent i 2 percent 

ASTH-O-73?« Shear, Ultimate strength i 6.3 kg/am2 1 9000 psl 

ASTH-E-308 Ultraviolet trensmltUnce (for 0.5 Inch 
thickness) ( S percent t i percent 

NOTE 1. Tests marked with an asterisk {*) require testing of a minimum of two specimens. For others, test a minimum 
of one ipedmen. 

NOTE 2. Where two specimens are required in the test procedure, the average of the test values will be used to meet 
the requirements of the minimum physical properties of Title 1. 

Journal of Engineering (or Industry FEBRUARY 1981, VOL.  103 / 91 

im 



tiunium hatch with 
polvcarbomtt PIKIIC ms«rt 
SKB5M-C-0H0 

-M"41 

»"«I' 

1 m n 
thicfcnHi 
icrylic hull 

tiocium hitch 
SH8614-C-O1«) 

Fig. 2   Dimensions tA modal scate poh/cerborurte ln«*.1 shown In Fig. 1 

sector. The pressure inside the vessel was cycled at random, 1000 
times, the average magnitude of sustained pressures, duration of 
sustained pressurizations and relaxation periods were 1361 psi, 7.55 
hours and 7.99 hours, respectively. The ambient temperature was 
allowed to vary between 28° and 92° F, however, the average value of 
the ambient temperature was 60.36° F. The range of random and av- 
erage values of pressure, durations vrlepK <e8, and ambient tem- 
perature were selected on the basis <■> ed operational scenarios 
for submersible«. (Peak pressures 400 to 1700 psi, duration of sus- 
tained loading 1 to 180 hours, duration of relaxation 2 to 257 
hours.) 
Teat Results 

Test Setup A. The acrylic sphere test assembly imploded at 4350 
psi. Inspection of the failed assembly disclosed that the polycarbonate 
insert with penetrators and the metallic hatches were still intact, while 
the acrylic sphere was broken up into many irregular fragments. 
Strains at the interfaces between the polycarbonate insert and the 
acrylic hull (Location C) as well as between the acrylic plug and the 
acrylk hull (Location B) were the same as at a location midway be- 
tween penetrations (Location A), while those at the interface between 
the m ttallic inserts and the acrylic hull (Location D) were significantly 
different, indicating the presence of a stress raiser (Table 2). The 
highest compressiv« strain at the interface between metallic insert 
and acrylic hull was measured along 1 meridian on the concave acrylic 
surface (Location D) and its magnitude was approximately 100% 
higher than the compressive strains on the concave surface of the hull 
midway between penetrations (Location A). 

Both the 100% increase in compressive strain near metallic inserts 
and the 4350 psi critical pressure of the whole acrylic sphere are 
similar to results previously obtained during implosion testing of 15- 
X 13-inch ID NEMO Models #34 and #22. which included metallic 
inserts only |1,2|. 

7Vst Setup B. Detailed inspection of polycarbonate insert at 
conclusion of 1000 pressure cycles did not discover any damage to the 
polycarbonate insert or the seat in the acrylic »hell There was a total 
absence of cracks ot crazing on the conical bearing surface of the 
polycarbonate plastic insert and mating seat in acrylic plastic shell. 
There were some minor cracks in the surfaces of drilled and tapped 
holes in the polycarbonate insert, but they were introduced there prior 
to pressure cycling by machining procedures. Pressure cycling gen- 
erated some crazing and three shear cracks in the conical bearing 
surface of the acrylic spherical sector which contacted the conical seat 

Flo, 3    1SX 13-Inch NEMO Model #36, 
preesurlzation with tap water at 75 ° F 

at 4350 pali 

in the metallic flange. The interesting feature of these shear cracks 
in the acrylic spherical sector is that they appeared after 300 pressure 
cycles, but their rate of propagation was so slow that at 1000 pressure 
cycles their depth and width had only increased to approximately 0.5 
inches. The surface of the conical seat on the steel flange was found 
to be badly corroded and pitted after 300 pressure cycles, which 
probably was a major factor in the initiation of crazing and cracks on 
the acrylic bearing surface. 
Analysis of Test Results 

The polycarbonate plastic insert and acrylic plug tested do not (1) 
act as stress risers in the acrylic plastic shell, (2) generate fatigue 
cracks on the mating seat in acrylic plastic shell, and (3) do not de- 
crease the critical pressure of the acrylic plastic spherical shell con- 
taining inserts. Furthermore, the polycarbonate plastic insert itself 
does not show any fatigue cracking on its bearing surface, or around 
drilled and tapped holes in its body. In contrast the metallic inserts 
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tonn NywNtMfl LotMflnQ 

Pressure 

0UTSI0E INSIDE 

k 6 C 1 A a I D 
HOOP LONG H00P LONG H00P LONG HOOP _L HOOP LONG HOOP LONG HOOP LONG HOOP LONG 

SCO ps1 2000 2100 2200 2200 2200 

Negttl it  Strain, nie winches/Inch 

3100 2700 3300 2300 1850 5000 2400 550 2750 2700 2800 

1000 psi 4200 4200 4300 4200 4100 4900 1600 5450 5500 5600 6300 5300 6200 5200 3850 11050 

1500 psi 6600 6500 6500 6400 M00 7700 2150 8000 8500 8600 9800 7700 9100 8200 5150 16800 

2000 psi 9100 9000 9100 8800 8200 10700 2700 10750 11800 12000 13500 10500 12500 11700 7500 24000 

2500 psi 12000 11800 12000 11500 10500 13900 3400 13500 15800 16000 17900 13600 16300 15600 10500 31000 

500 psi 1402 1435 1523 1523 1558 

C( 

1625 

impress Stress PSI 

1920 2078 1940 2105 1771 1845 2895 775 1509 1887 

1000 ps1 2907 2907 2958 2925 2981 3248 1798 3081 3825 3858 4181 3848 4112 3779 3956 6356 

1500 psi 4ss: 4517 4481 4448 4510 5043 2537 4487 5902 5935 6407 5707 4651 5838 5655 9537 

2000 psi 6281 6248 6245 6146 6125 6958 3313 5996 8204 8271 8807 7807 8509 8243 8151 13650 

2S00 psi 8271 8204 8217 8050 7879 9012 4165 7531 10973 11040 11620 10186 11158 10925 10946 17778 

Locitlons: "* - Equator Not ft: 1. Falle in Ü SOps! 1« 78° •■blent enviro Mtnt. 
8 • Edge of penetration »Hit acrylic plug 2.   Metallic hatches and polycarbonate plug «ere 
C - Edge of penetration with polycarbonate Insert 

0 - Edge of penetration «1th tltaniua Insert 
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in the form of hatch cohere or penetrator bulkheads, although they 
do not decrease the critical pressure of the spherical hull, act as stress 
risers in the acrylic plastic shell [1], and because of it, generate fatigue 
cracks in acrylic plastic after fewer pressure cycles than the polycar- 
bonate plastic insert [2]. 

The formation of shear cracks on the conical bearing surface of the 
acrylic spherical sector in contact with the steel mounting confirms 
the findings of a previous study [2] which showed that the relative 
displacement between mating acrylic plastic and metallic bearing 
surfaces will generate shear cracks in the acrylic plastic surface sooner 
than if the bearing surface in contact with acrylic plastic was made 
of polycarbonate plastic. In the current study, the cracks appeared 
in the acrylic surface bearing against metal mounting after approxi- 
mately 300 pressure cycles while there was still no sign of cracking or 
crazing in the acrylic surface bearing against the polycarbonate plastic 
after 1000 pressure cycles of average 0.2 STCP1 magnitude and 7.5 
hours duration at 60° F ambient pressure. 
Discussion 

The polycarbonate plastic insert evaluated in this study appears 
to be the ideal engineering solution for providing in the spherical 
acrylic shell a secure but demountable foundation on which electrical 
or hydraulic bulkhead penetrator» may be mounted. The physical 
properties of the polycarbonate plastic match those of acrylic plastic 
so closely that the acrylic plastic shell does not react to the insert as 
a foreign structural body. Because of it, there is no increase in strains 
at the insert to acrylic shell interface, or relative displacement between 
the mating surfaces. Furthermore, the low notch sensitivity of the 
polycarbonate plastic allows drilling and tapping of holes in the insert 
for electric hydraulic penetrators without particular concern for crack 
propagation in the insert 

Even though polycarbonate plastic appears to be the proper ma- 
terial for inserts in acrylic plastic spherical shells metal is also ac- 
ceptable, providing that the disadvantages associated with its use are 
understood and compensated for. Past tests have shown that although 
they serve as hard spots in the shell and increase compressive strains 
at the insert/shell interface by at least 100 percent, the overall effect 
on the critical pressure of the acrylic shell is negligible.2 The only 
serious drawback of metallic inserts is that they significantly lower 
the fatigue life of the acrylic surface in contact with the metallic 
bearing surface Thus, fatigue cracks may appear in the acrylic surface 
in contact with a metallic insert after approximately 500 pressure 
cycles of 0.3 STCP magnitude and an 8-hour duration at 70°F am- 
bient temperature. This is not the case with the acrylic surface in 
contact with a polycarbonate insert, where after an identical cyclic 
loading history there is a total absence of any shear cracks. 

There is a way, however, to utilize the beneficial effect of polycar- 
bonate plastic for improving the fatigue life of seats in spherical acrylic 
plastic shells containing metallic inserts. This is accomplished by 
interposing a polycarbonate plastic gasket between the conical bearing 
surface on the metallic insert and the conical seat in the acrylic shell. 
Data from a past study [2] indicates that the presence of the poly- 
carbonate gasket extends the cyclic fatigue life of the conical seat in 
an acrylic shell beyond 1000 pressure cycles of 0.3 STCP magnitude 
and an 8-hour duration at 70* F ambient temperature. 

Polycarbonate plastic, or metallic inserts besides serving as bulk- 
heads for mounting of the penetrators may also serve as foundations 
for attachments of small equipment to the acrylic plastic spherical 
windows and pressure hulls. Thus, many devices needed for safe op- 
eration of the diving system may be attached directly to the acrylic 
hull instead of the metallic hull or some external framework. As the 

1 STCP—short Una critical pressure, wtablithtd by prttturizing tht acrylic 
plastic sphere to implosion at 100 psi/minuta rat* in 70*F amount tnviron- 
ouaL 

• The 15- x 13-inch NEMO Modal #36 MM Mbricatad in 1971 by tht Nsval 
Muuile Canter, Point Muju. California and was subjected, prior to this study, 
to(l) 1000 pressure cycles of 1000 psi mtfnitudt and sight hour duration. (2> 
thnw dynamic pneturizationt with maximum 6170 psi peak ovtrprtuure at 
900 psi ambus: pratturt, and 13) four years of wnthorini in Southern Cali- 
fornia. 

examples can serve here externally located cameras, lights, depth 
gages and direction finders. What makes this approach to mounting 
of external equipment so particularly attractive to the designer of the 
diving system is that an electric switch, or mechanical linkage used 
in the operation of this equipment can be mounted on the interior 
surface of the same insert within easy reach of the pilot 

The direct result of this design philosophy is substantial reduction 
in number and length of cables through the metallic hull, which di- 
rectly translates into a lower cost and weight of the diving system. A 
less tangible, but nevertheless real gain associated with this design 
philosophy is an increase in safety due to the decrease in number and 
length of cables customarily used for control of externally located 
equipment The savings in cost and weight associated with mounting 
of internal equipment to the acrylic plastic spherical shells are not 
as significant as for externally located equipment, but wherever they 
are used, the result is simplification and reduction of clutter in the 
pilot's compartment 

In summary, the experimentally proven ability to incorporate in- 
serts into acrylic plastic spherical shells without significantly de- 
creasing their short term, long term, or cyclic fatigue strength presents 
the engineer with a whole new field of design options previously not 
available to him. Such inserts have already been incorporated into 
the acrylic hull of JOHNSON-SEA-LINK #3. Since this is the first 
diving system to utilize polycarbonate plastic inserts as foundations 
for inserts and attachments in its acrylic plastic hull, its design, con- 
struction, and evaluation are described in the following section in some 
detail. 

Acrylic Hull of Johnson-Sea-Link III 
Hull Description 

JOHNSON-SEA-LINK III is the third acrylic piastic submersible 
to be designed and built by the Harbor Branch Foundation, Inc. for 
service in support of their ocean science program. The submersibles 
No. I and II are identical in all respects. They feature an all acrylic 
66- X 58-inches pilot's sphere and an aluminum lockout chamber. The 
interior of the acrylic sphere is maintained at atmospheric pressure 
so that the pilot and the scientific observer need not undergo de- 
compression at the termination of the dive. The pressure inside the 
aluminum chamber can be adjusted to match the outside hydrostatic 
pressure within the operational depth range of the submersible. At 
the conclusion of the dive the divers may transfer under pressure to 
the deck decompression chamber aboard RV JOHNSON by mating 
the lockout hatch on the submersible with the lockout hatch on the 
deck decompression chamber [4]. 

The JOHNSON-SEA-LINK I and II are ideal for placement of 
divers outside the submersible for close-up investigation and collec- 
tion of aquatic materials under the direction of the scientist inside 
the acrylic sphere. They are, however, less than ideal for exploration 
of sea bottom by large parties of scientists since there is room for only 
one scientist in the acrylic sphere, the other two must ride in the 
opaque diver chamber and view the aea bottom only through two small 
viewports with narrow field of view. Recognizing the limitations of 
the first two JOHNSON-SEA-LINK, namely, one scientist in the 
pilot's sphere with a panoramic view, Mr. Edwin A. Link, Vice- 
President of Harbor Branch Foundation, decided to embark on a third 
JOHNSON-SEA-LINK which would provide three scientists with 
a panoramic view on each dive at the expense of eliminating the 
compartment for divers. 

JOHNSON-SEA-LINK III, therefore, is to be outfitted with two 
acrylic spheres in a tandem arrangement (Fig. 6). 

The forward acrylic hull contains the typical top hatch and bottom 
penetrator plate, 180* apart. The aft acrylic hull, however, differs in 
that the penetrations are made through two smaller polycarbonate 
plugs approximately 10' in diameter (Figs. 7 and 8). At the bottom 
apex, a stainless pin for centering the hull in the framework is installed 
■Ming a polycarbonate insert to interface with the acrylic hull. With 
this novel arrangement the aft acrylic sphere it lighter and provides 
better opportunity for the two scientists inside the sphere to observe 
the sea bottom directly below the submersible. Since reliable data did 

i 
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not exist on the performance of polycarbonate plastic inserts in acrylic 
hulls under short term, long term and cyclic pressure loading, an ex- 
perimental design validation study was initiated by the Harbor 
Branch Foundation.3 

The design validation study was conducted in two phases: The 

objective of the first phase was to establish the structural performance 
limits of polycarbonate plastic inserts in spherical acrylic shells. This 
was accomplished by pressure testing model scale inserts, spheres, 
and spherical sectors until they imploded, or showed signs of struc- 
tural fatigue. The results of the model scale tests have been already 
described in the preceding section of this paper and need no further 
discussion. 
Design Validation 

The second phase of the design validation study conducted on the 
full scale JOHNSON-SEA-LINK III acrylic sphere served to confirm 
the results generated in the first phase of the study with model scale 
inserts and sphere. The design of JOHNSON-SEA-LINK III acrylic 
sphere (Fig. 7) differed from the model scale sphere in the number 
and diameter of penetrations (Fig. 2). The 66- X 58-inch acrylic sphere 
was provided with a 48"30' penetration at the top, a 14° penetration 
at the bottom, and two 18° penetrations located 52° below the 
equator. An aluminum hatch resting on polycarbonate gasket filled 
the top penetration, a stainless steel centering pin inside a polycar- 
bonate insert filled the bottom penetration, and two polycarbonate 
inserts (Fig. 8) containing eight penetrators each filled the two 
openings below the equator. The difference in designs of inserts be- 
tween the model scale and full scale spheres was not considered sig- 
nificant enough to invalidate the comparison of strains between the 
36 and 15-inch diameter spheres. 

The scope of the tests performed on the full scale sphere was very 
limited as the full scale sphere could not be subjected to tests which 

3 Harbor Branch Foundation Contribution #177. 

Flo. 7   M X U-Ml aery** aaftam lor JOHNSON-WA-UNK 
ctMnM hycwolMong to 3909 ft. (1700 fMiQ) ** ■"* 
•Ulli»*, tan Ante«*». Ttiaa 
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Tab*« 3    Stra1!» and Slraaaa* on 66 X 58-Inch Sahara unttor Hydrostatic 
Loading 

Pressure 

OUTSIDE INSIDE 

A B C C A B C D 
HOOP LONG MOOP LONG HOOP LONG HOOP LONG HOOP LONG HOOP LONG HOOP LONG HOOP LONG 

400 1900 I960 1900 1840 1740 

Negative Strai n, m1croinches/1nch 

2420 2200 2160 2520 1660 3920 2240 960 1840 2440 C540 

1000 4840 4800 4300 4460 3920 5480 1620 4380 6280 6380 6100 5840 5520 6900 4140 9400 

1400 6860 6800 6920 6320 5500 7780 2000 6540 8980 9160 8680 8460 7820 10120 5940 13220 

1700 8S60 8480 9580 7980 6780 9640 2300 8300 11180 11400 10760 10520 9840 12760 7440 15920 

1700* 9500 9380 9580 8500 7140 10420 8340 7420 12540 ;2720 11820 11800 10500 14340 10560 6560 
* > 

0 340 340 540 120 520 400 1260 900 380 360 460 640 540 560 620 560 

400 1179 1197 1160 1142 1151 

Compressive Stress, psi 

1547 1454 1389 1387 1493 1382 2052 1299 731 992 1517 

1000 2972 2960 2900 2799 2661 3123 1432 2255 3881 3910 3712 3635 3617 4026 3387 4945 

1400 4212 4194 4163 3985 3748 4424 1955 3300 5555 5608 530fi 5241 5179 5861 4817 6974 

1700 5255 5231 5168 4961 4629 5476 2373 4150 6915 6980 6583 6512 6521 7386 5931 8440 

1700* 5827 5791 5723 5403 5917 5889 4986 4713 7746 7799 7271 7265 7074 8212 7456 9234 

0 209 209 265 141 301 265 431 209 231 225 312 365 335 341 372 356 

Locations:    A - Equator 

B - Midway between penetrations with polycarbon- 
ate inserts 

C • Edge of penetration with polycarbonate Insert 

0 - Edge of penetration with aluminum hatch 

Notes:    1. The sphere was pressurized at 100 psi/minute rate 
to 1700 psi, held at that pressure for 4 hours 
chen depressurlzed to 0 psi at the same rate. 

2. * After 4 hours of sustained loading 
•After 12 hours of relaxation at 0 psi 

would destroy it, or severely shorten its fatigue life. Thus the full size 
acrylic sphere for JOHNSON-SEA-LINK III was subjected only to 
a single four-hour long pressurization to 1700 psi at ambient room 
temperature while the strains at critical locations were recorded. 
Teat Results from HydrotMting of JOHNSON-SEA-LINK III 
Sphere 

The magnitude and orientation of strains measured on the full scale 
sphere during short term pressurization (Table 3) compared rather 
well with the strain values measured on the 15-inch diameter sphere 
(Table 2) during its short term pressurization to implosion. Prior to 
comparing the strains one must, however, multiply the strain data 
from the 15-inch sphere by a factor of 1.09 in order to take into ac- 
count that the t/D, ratios of the two spheres are not identical (i.e., 
0.0666 vs. 0.0606 for the 15 and 66 inch diameter spheres, respec- 
tively). 

H is interesting to note that the creep measured on the acrylic 
sphere at the edge of the polycarbonate inserts (Location C) was not 
significantly higher than the creep measured at the equator (Location 
A) or midway between penetrations (Location B). This indicates that 
the polycarbonate plastic in the insert creeps at approximately the 
same rate as the acrylic plastic under biaxial compression. 

Since the magnitude of residual strain on the acrylic sphere near 
the polycarbonate insert after depressurization and relaxation period 
is the same as at the equator or midway between penetrations it can 
be concluded that the polycarbonate plastic insert relaxes at the same 
rate as acrylic plastic sphere. Furthermore, the low value of residual 
strains on the acrylic sphere near penetrations indicates that (1) the 
stresses introduced into the acrylic sphere by metallic and plastic 
inserts during hydroteat to 1700 psi are below the yield point of acrylic 
plastic and that (2) hydrotesting of the JOHNSON-SEA-LINK HI 
acrylic sphere to 50 percent above its design depth of 2500 feet (1116 
psig) is structurally an acceptable procedure. 
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Conclusion 
Conical inserts of polycarbonate plastic may be incorporated into 

the spherical shell of acrylic plastic windows and pressure hulls 
without significantly decreasing their short term critical pressure, or 
static and cyclic fatigue life under hydrostatic loading. These inserts 
can serve as foundations for penetrators or attachments to the acrylic 
shell. 

Conical metallic inserts may be also incorporated into the spherical 
shell of acrylic plastic windows and pressure hulls without decreasing 
their short term critical pressure or static fatigue. There is, however, 
some decrease in the cyclic fatigue life of the acrylic shell surface in 
contact with the insert. This effect can be eliminated by interposing 
a polycarbonate plastic gasket between the metallic insert and the 
acrylic shell. This arrangement does not eliminate the metallic insert 
as a hardspot in the soft acrylic shell, but it allows the peak «im- 
pressive and shear stresses to be born by the tough polycarbonate 
plastic gasket instead of the brittle acrylic plastic shell and thus 
prevents appearance of premature fatigue shear cracks in the icrylic 
plastic bearing surface. 

Acrylic spheres and spherical sectors equipped with polycarbonate 
inserts or metallic inserts with polycarbonate gaskets can be safely 
operated to 0.25 STCP if the ambient environment does not exceed 
50«F. 

Design Recommendations 
To insure safe performance of polycarbonate plastic or metallic 

inserts in acrylic plastic sheik guidelines have been developed for their 
design and fabrication. These guidelines can be broken down into 
minor headings of material, shape, structural considerations, sealing, 
fastening, location and size. 

Materials. Polycarbonate plastic satisfying the requirements of 
Table 1, and corrosion resistant metair with compreasive yield > 
25,000 psi are acceptable materials for inserts. 
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Shape. The insert must be circular, with a bearing surface that 
>rms the inclined surface of a truncated cone whose imaginary apex 

;es at the center of curvature for the concave surface of the acrylic 
hell. The included conical angle of the seat in acrylic shell must match 
he included conical angle of the insert within 30 minutes. The bearing 
urface of the insert must extend past the edges of the seat in the 
crylic shell to insure adequate support to the shell. 
Structural considerations. The external and internal surfaces of 

he insert may be plane or spherical. Regardless of surface configu- 
ation used on the insert, its thickness must reflect a safety factor of 
t least four based upon both yielding of the material and buckling 
t design pressure. 

Holes may be drilled and tapped in the inserts providing that the 
pacing between the edges of holes in polycarbonate plastic exceeds 
he diameter of the larger adjacent hole, and in metal exceeds the 
adius of the larger adjacent hole. The same relationship holds for the 
pacing between the edges of the holes and the edge of the insert The 
mies in polycarbonate inserts must be sited for the penetrators to 
upport the edges of the holes when the window assembly is subjected 
(i design pressure. 

Sea!. Although the contact between the mating conical surfaces 
f the insert and the seat acts as a high pressure seal, a low pressure 
eal must also be incorporated into the insert As a low pressure seal 
an serve an 0-ring, gasket or RTV silicon rubber potting compound 
xially compressed between a flange on the insert and the convex 
urface of the acrylic shell. The thickness of the flange and the 
learance between the edge of the flange and the convex acrylic surface 
i ust be adequate to prevent shaarinc off of the flange during axial 
lisplacement of the insert under des'cn pressure. 

Fattening. Any mechanical fastening design is acceptable pro- 
iding that it is adequate to (1) compress the teal, (2) retain the insert 
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against forces encountered during typical diving operation. The forces 
that must be considered are accidental internal pressurization of pi- 
lot's compartment, wave slap, hydrodynamic drag, and any other 
static or dynamic load tending to pull the insert from its seat Metallic 
clips, nuts and internal retaining rings bolted to the insert have been 
found to provide adequate restraint providing that an elastomeric 
gasket is interposed between the retainers and the concave surface 
of the acrylic shell. 

Location. In spherical shells and sectors with conical bearing 
surfaces, the inserts may be located anywhere on the shell providing 
that the spacing between the edges of conical penetrations in the shell 
exceeds the radius of the larger adjacent hole and the spacing between 
the edge of the penetrations and the edge of the spherical sector ex- 
ceeds the diameter of the penetration. 

Size. There are three limitations imposed on the size of inserts. 
The diameter of a single panetration in the shell should not subtend 

ng.11  in**« 
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a larger spherical angle than 50", while its area should not exceed 15% 
of the acrylic surface prior to machining of the penetration. In addi- 
tion, the area of all the penetrations in the spherical shell sector should 
be limited to 30 percent of the shell area. 

Service Restrictions. The polycarbonate plastic inserts may be 
exposed in service only to (1) temperatures which are below the design 
temperature of the window in which they are mounted, and (2) fluids 
and gases compatible with polycarbonate plastic. For this reason, the 
designer must critically review the construction and function of all 
penetrators prior to placement in the insert as their failure may expose 
the polycarbonate plastic to excessively high temperature and/or 
corrosive fluids. 

Electrical penetrators. When shorted out, electrical penetrators 
can readily generate temperatures in excess of the window's design 
temperature, causing the polycarbonate plastic to deform plastically, 
and ultimately to fail catastrophically. This can be avoided either by 
selecting only circuits with low power inputs, or by incorporating 
circuit breakers which will sense the surge of current initiated by a 
short and interrupt the circuit before the penetrator can beat up 
significantly. 

Hydraulic penetrators. Unless absolutely leaktight, hydraulic 
penetrators may bring corrosive hydraulic fluid in contact with the 
plastic insert causing it to crack and ultimately to fail catastrophically. 
This can be avoided by selecting only hydraulic fluids compatible with 
polycarbonate and acrylic plastics, and/or by utilization of leak proof 
penetrators. 
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Spherical Acrylic Pressure Hulls 
With Multiple Penetrations 
An experimental program has been conducted to determine the effect of multiple pene- 
trations on the performance of spherical acrylic plastic hulls under external hydrostatic 
pressure. As test specimens served 15-in. OD X 14-in. ID model scale NEMO spheres. The 
distribution of strains and the magnitudes of short term critical pressures indicate that 
the structural response of acrylic spheres with multiple penetrations to external hydro- 
static pressure is identical to spheres with only one penetration equipped with a metallic 
closure providing that the included angles of the penetrations are <46 deg and the edges 
of the penetrations are at least one penetration radius apart. Based on these findings it 
is feasible to incorporate three or more large penetrations into the spherical hulls of acryl- 
ic submersibles without decreasing their operational depth rating that has been based on 
the experimentally proven structural performance of spheres with only one penetration, 
or two penetrations 180 deg center to center apart. 

Introduction 

Spherical hulls fabricated from acrylic plastic provide unrestricted 
underwater visibility for exploration of hydrospace. In addition, 
acrylic plastic provides excellent resistance to corrosion as well as 
insulation against heat loss. Since their introduction in 1969 acrylic 
plastic submersibles have performed reliably and have shown no sign 
of corrosion or structural deterioration. As a result of this outstanding 
performance, ship classification societies, like the American Bureau 
of Shipping and Det Norske Veritas, as well as the U. S. Navy, have 
accepted them for manned service without any reservations. 

One of the reasons for the unqualified acceptance of acrylic sub- 
mersibles by the users and classification societies is the wealth of 
experimental and analytical data on which their design is based 
11-23].' The data were generated primarily by the Naval Civil Engi- 
neering Laboratory in support of the Navy's development of NEMO, 
the first all-acrylic plastic hull manned submersible [12]. Before 
NEMO was certified by the Navy for manned operations, 33 model 
scale and two full scale NEMO hulls with 0.071 < t/R, < 0.073 and 
40 deg polar penetrations were built and tested to destruction under 
short term, long term, and cyclic pressure loadings. Since that time 
seven more model scale and two full scale hulls with 0.138 S t/R, £ 
0.154 and 46 deg polar penetrations have been built and tested by the 

1 Number« in brockets designate Rafcrancta at sad of paper. 
Contributed by the Ocean Engineering Division for presentation at the 

Winter Annual Meeting. Atlanta. Gs.. November 27-December 2,1977 of THE 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS Manuscript re 
ceived at ASME Headauarten Aug. 1,1977. Paper No. 77-WA/Oce-2. 
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Naval Undersea Center to generate data that would complement 
findings from the prior test programs and extend the operational 
depth of acrylic plastic submersibles from 6GC *> 3000 ft depth [16] 
without increasing the cost [18] of the hulls (Fit-1). 

Still, although a total of 40 model scale and four full scale acrylic 
hulls were tested in the Navy's acrylic hull research program prior to 
this study, all of the data applied only to spheres with a single or two 
penetrations located at opposite poles of the sphere. The reason for 
the two polar penetrations was that this was the configuration of the 
hulls in Navy's NEMO and MAKAKAI submersible» [20] requiring 
experimental proof of their structural adequacy. The Navy's acrylic 
hull research program had only two major objectives: (1) discover the 
structural parameters that control the depth rating of an acrylic 
sphere under diverse operational conditions and (2) determine if there 
is any degradation of structural properties due to incorporation into 
the sphere of one or two polar penetrations. These objectives were 
met 

The findings of the Navy's acrylic hull research program were: (1) 
the safe operational depth of a spherical acrylic pressure hull must 
not exceed 30 percent of its short term critical pressure1 if a crack-free 
cyclic fatigue life of 1000 dives (4 hour average duration) or static 
fatigue life of 4000 hours at operational depth is to be guaranteed, 
and (2) the pretence of one or two penetrations equipped with poly- 
carbonate inserts and metallic closures does not decrease the short 
term critical pressure of operational depth rating of an acrylic hull, 
providing that the spherical angle of the closure does not exceed 46 
deg and that the centers of penetrations are located 180 deg apart If 
the polycarbonate inserts between the metallic closures and acrylic 

'Shortt«tmcrrticaJpra»iuia(STCP),pie»iui«atv^uchimcioak«ulLaipUc» 
»nan pressurised at 650 pai/min rate st 75*F ambient temperature. 
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hull are omitted for reasons of economy the operational depth is de- 
creased to 25 percent of the hull's short term critical pressure. Pres- 
ence of an 0 ring groove in contact with the edge of penetration de- 
creases the operational depth to 20 percent of the hull's short term 
critical pressure. On the basis of these findings acrylic submersibles 
NEMO, MAKAKAI, Johnson-Sea-Link I [21,22) and Johnson-Sea- 
Link II were certified for manned service. 

Exhaustive as the Navy's experimental data have been they were 
not extensive enough to allow certification of spherical acrylic hulls 
with (a) twin penetrations spaced closer than 180 deg center to center, 
or (6) triple penetrations. This limitation on design of spherical acrylic 
plastic submersible» was not a serious impediment to the design of 
first generation of acrylic plastic submersible« patterned after NEMO 
as the operators of such submersible» were more than satisfied just 
to experience for the first time the effect of panoramic vision afforded 
to them by transparent hulls. But now, after six years of experience 
accumulated during more than 1000 dives with acrylic submersible«, 
the operators feel experienced enough to demand changes in the 
traditional NEMO acrylic hull design that would increase the oper- 
ational value of acrylic submersible». 

The change« in design that would increase the operational value 
of spherical acrylic plastic hulls lie primarily in the area of penetra- 
tions. Two penetrations located at opposite poles of the sphere rep- 
resented an optimum design for the pioneering NEMO submersible 
because of its configuration as a powered, bottom tethered, one at- 
mosphere diving bell. This in not necessarily the case for MAKA- 
KAI, the second submersible in the Navy's series of transparent 
manned undersea vehicles. There the polar locations of penetrations 
are not necessarily advantageous from construction, maintenance, 
or operational viewpoint». The top penetration is probably still a 
necessity for egrets and ingress from a small submersible like MA- 
KAKAI, but the second penetration containing electrical and hy 
draulic feed through» could be located more advantageously at some 
other location instead of at the very bottom of the sphere. In addition, 
it may have been desirable from the operational viewpoint to have 
more than two penetrations, like for example an additional penetra- 
tion behind the seats in the sphere for feeding through of pipe« con- 
nected to externally located source* of compressed gases, and gas 

actuated devices, like for example, inflatable emergency buoys. 
But regardless of whether the locations of two penetrations were 

to be changed from the traditional polar locations, or whether the 
number of penetrations was be be increased to three or more, the 
deviation from typical NEMO hull design could not be certified for 
manned use without additional experimental data. This paper de- 
scribes some of the current novel approaches to design of acrylic 
submersible» and summarizes the experimental data generated in 
support of these designs. 

Acrylic Plastic Submersible« 
The Johnson-Sea-Link series of submersible« based on Mr. E. 

Link's concept of vehicles with panoramic visibility is distinguishable 
by the presence of a (1) NEMO size acrylic sphere serving as the one 
atmosphere cockpit for the pilot and observer and (2) aluminum 
cylinder with hemispherical bulkheads serving as the lockout chamber 
for saturated divers (Fig. 2 and 3). The present generation of opera- 
tional Johnson-Sea-Link's, namely I and II, have only two openings 
130 deg apart—the hatch at the top and the penetration plate at the 
bottom. The polar location of penetrations has served well in John- 
son-Sea-Link I and II. The hatch gives easy access to the sphere's 
interior, while the penetration plate at the bottom serves as a conve- 
nient bulkhead for electrical, hydraulic and mechanical fetdthroughs. 
Since the locking out of divers is at the present time performed ui 
Johnson-Sea-Link's I and II only from a separate, self-contained 
aluminum chamber mounted behind the acrylic sphere, no hard re- 
quirement existed for a third penetration in the acrylic sphere that 
could have served as a connecting hatch to the diver compartment 
There was also no need" >r changing the bottom location of the pen - 
etration plate as the mechanical controls for steering thrusters and 
diving planes on the submersible required in the penetration plate 
mechanical feedthroughs that were in line with the vertical steering 
wheel column (Fig. 4). 

In the new Johnson Sea Link III submersible some of the pene- 
trations in the acrylic spheres will be located in polycarbonate plastic 
penetration bulkheads mounted directJy behwd the se«U of the crew, 
while the aluminum penetration plate may be relocated from the 
bottom dead center of the acrylic sphere, or completely eliminated 
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(Fig. 5). This is quite feasible as the new submersible does not depend 
upon mechanical linkages for maneuvering in the water. Relocating 
the penetration plate from the lowest point in the sphere will prevent 
shorting out of electrical feedthroughs either by condensate running 
down the sides of the sphere or by seawater splashed in through the 
open hatch. In one of the acrylic spheres on Johnson-Sea-Link III the 

bottom penetration plate will be probably completely omitted as that 
sphere will be occupied only by scientists not charged with the oper- 
ational control of the submersible. Omission of the bottom penetration 
plate will provide also an additional operational bonus to the scientists 
for it provides unobstructed viewing and photographing of the ocean 
floor through the bottom of the sphere. 

i;,,«^ 

HB-2   Jol«iW(vS*MJr*lbteenMrMlne*»EMOMo<M2000aGrvlkp(Mbc 
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Incorporating 

But even with the revolutionary Johnson-Sea-Link III already on 
the engineering drafting boards, the development of Johnson-Sea- 
Link series of submersible» will not terminate with that vehicle. Other 
concepts of new submersible systems are already being formulated 
by the Harbor Branch Foundation. Short range excursion vehicles, 
towable or self-propelled in situ observatories, and rescue capsules 
for submersible* and habitats are being here seriously considered 
(Figs. 6(a), (fc), (c), (d)). The common feature of all t! <se concepts 
in addition to acrylic spheres with hatches and penetration plates are 
personnel tunnels that interconnect several acrylic spheres, or connect 
a single acrylic sphere to another chamber. If the current study on 
multiple penetrations in acrylic spheres proves the feasibility of 
multiple penetrations through the walls of the spheres, any one, or 
all, of these concepts may become reality in the near future. 

The main purpose in presenting these concepts beyond Johnson- 
Sea-Link III was to speculate about the far future and prepare con- 
structively for the next generation of submersible» equipped with 
multipenetrations spheres. Once the current test program has been 
completed and the critical design limits of multiple penetrations 
defined, the avenue to acrylic sphere design will have been signifi- 
cantly broadened beyond the standard proven Navy NEMO sphere 
design with twin penetrations. 

Experimental Test Program 

An experimental test program was initiated by the Harbor Branch 
Foundation Inc.3 to generate data that would support the conceptual 
designs being propoeed by Mr. E Link for the second generation of 
acrylic plastic submersibles utilixed in scientific exploration of the 
sea. Since tht conceptual designs were subject to change from day to 
day in response to new ideas and projected operational scenario«, the 
experimental test program had to be general enough to cover most 
projected hull designs and yet be sufficiently brief to fit a small 
budget. 

Test Pro«ram Philosophy. The basic philosophy underlying the 
test program was to design the expehmente in such a manner that the 
results would complement and extend wherever possible the body of 
existing data on standard NEMO acrylic hulls.' In this manner, if the 
test results were shown to be similar to the existing standard NEMO 
hull data the whole existing standard NEMO hull data population 
could be used in support of the new hull designs This objective could 
be achieved only if the teat specimens used in the test program pos- 
sessed the same general structural characteristics aa the model scale 

' A portion of the work described in this report rcpnaenti s coatributioa No. 
68 from thr Harter Branch Foundation Int. 

' Standard NEMO huu-ecryiie aphti* fabricated by aasdkajaf UapMcei 
prnlafona. wbaaqunitiy machined to recnv* two metallic hatchta located ISO 
dft center to center apart. Tht hatchet subtend spherical angln in the 40-46 
dag ranee. 

and full scale standard NEMO hulls used exclusively in the prior Navy 
test programs. 

This was achieved in this study by using as test specimen model 
scale spheres fabricated like NEMO hulls from 12 bonded spherical 
pentagons and equipped with penetrations and metallic closures of 
the same size and design as those utilized in the standard model scale 
NEMO hull (1, 9]. The only significant departure from standard 
model scale NEMO hulls consisted in the number and location of 
penetrations. Where in the standard model scale NEMO hulls there 
were only two penetrations equipped with metallic closures located 
at opposite poles of the sphere in the current test specimens, the 
location and number of the penetrations varied. There wore enough 
variations in the location and number of 40 deg penetration.« to allow 
the formulation of a general design rule on the effect of penetrations 
on the structural performance of spherical acrylic plastic hulls. Al- 
though 40 deg penetrations were used it was known from the Navy's 
test program that their effect on the structural performance of the 
hull is the same as of penetrations up to 46 deg in size. 

If the strains measured on the nonstandard model scale NEMO hull 
teat specimens were of the same magnitude as the strains on standard 
NEMO hulls with the same t/R, ratio and sizes of penetrations, and 
if the short term critical pressures of those test specimen were also 
of the same magnitude as standard model scale NEMO hulls, it could 
be then safely assumed that all other structural attributes of the teat 
specimen were the same aa of the standard model NEMO hulls. Thus, 
by only showing the magnitudes cf strains and short term implosion 
pressures of the nonstandard model scale NEMO test specimens to 
be the same aa of standard model scale NEMO hulls with the same 
t/R, ratios and sizes of openings, other structural performance char- 
acteristics, tike the static and cyclic fatigue lives, could be postulated 
to be the same alao. 

Since the majority of existing teat data was generated by standard 
NEMO hull» with t/R, ■ 0.071 and 40 deg penetrations, the test 
specimen chosen for this study had to have the same t/R, ratio and 
penetrations even thouh the hulls of submersibles under design by 
the Harbor Branch Foundation have t/R, ratios and penetrations in 
the 0.138-0.150 and 40-46 deg ranges, respectively. The difference 
in f/O, ratios between test specimens and full scale hulls under desiim 
by the Harbor Branch Foundation was not considered to be a barrier 
to extrapolating the rinding» from the test specimen with t/R, » 0.071 
to ihefull scale hulls withf/R, »0.150 as both are known to implode 
by elastic buckling. This postulate is baaed on the experimental!:. 
substantiated observation that if the hulls under design have a higner 
t/R, ratio than the test specimen, any experimental findings baaed 
on the critical pressure of test specimen with lower t/R, ratio can be 
applied with confidence to the design of the bulb with higher t/R, 
ratios. 

This observation has been explained by the fact that hulls with 
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lower t/R, ratios are more susceptible to elastic buckling than hulls 
with higher t/R, ratios. Since metallic closures act as hard spots in the 
hulls of plastic spheres, close proximity of several closures would be 
apt to trigger elastic buckling sooner in a shell with low t/R, ratio than 
in one with a higher ratio. Thus, there was no doubt that if the close 
proximity of metallic closures in test specimen with t/R, * 0.071 did 
not decrease the critical pressure or increase the magnitude of strains 
established previously in the Navy's test program by 33 standard 
mode) scale NEMO hulls with t/R, « 0.071, it also would not affect 
the critical pressure or magnitude of strains on standard NEMO hulls 
with t/R, ■ 0.150 established previously with only 9 model scale and 
two fill scale NEMO hulls. 

Teat Specimen, As test specimen ser.ed acrylic spheres with 
15 in. outaide and 14 in inside diameters Ubricated by bonding of 
thermoformed Plexiglas G spherical pentagons (Fig. 7). Both the 
material and the construction method were identical to those used 
in the fabrication of standard model scale NEMO hulls in the Navy's 
test program on which the certification of NEMO, MAKAKAI, and 
Jnhnson-Soa-link I and II submersible» was baaed. Penetrations were 
machined in the test specimen to receive the same stainless steel 
hatches that were used in the standard model scale NEMO hulls (Figs. 
8 and 9). A total of four teat specimen» was fabricated. 

The number and location of hatches varied from on* test specimen 
to another (Table 1 and Fig. 10). In last apecinvm numbers 41,42. and 
45. the penetrations were located in the center of spherical pentagons, 
as is typical in the construction of standard NEMO bulls. In teat 
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specimen # 44 the center of one penetration was located at the 
juncture of three spherical pentagons so that the circumference of the 
penetration intersected three bonded joints. The intersection of the 
penetration's edge by three bonded joints was considered to be an 
important design variation whose effect on the critical pressure and 
distribution of strains in the hull R*E worth investigating. 

Instrumentation. Instrumentation consisted of 0.125 and 0.25 
in. electric resistance strain gages arranged in the form of rectangular 
rosettes. The strain gages were positioned primarily at three locations: 
(1) near the edges of penetrations, (2) midway between penetrations, 
and (3) on the equator far removed from any pcr.e;.*ation. Location 
# 1 was known to be the area of maximum tf-»*» in standard NEMO 
hulls, location #2 was postulated to be the area of probable stress 
increase due to dose proximity of penetrations, and location #3, 
where membrane stresses predominate, would serve as a check on 
physical properties of acrylic material from which the model scale 
hulls were made. Water proofing of gages with Gagecotes # 2 and #5 
completed the msuiistions of gages (Fig  111 

Teat Arrangement. Hydrostatic testing of test specimens was 
conducted in the 30-in. diameter deep ocean pressure simulator at 
the Southwest Reaearch Institute, San Antonio. Texas. The teat 
specimen was placed in a plastic bucket to retain fragments liter 
implosion and the instrumentation wires were fed through a stuffing 
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test the ambient temperat & s of water *■:• h toughi into the 65-72°F 
range, the same range of temperature? laeti in past Navy tMt program 
with standard model scale and fu!l »esk NEMO hulls 

Test Procedure. Pressur'ziition of test spe. i.nens was cor ducted 
at 100psi/min rate. Strains vt.e read peri; ön.-2;iy at 200 ps" intervals. 
The pressure was increased until imp:<r&4i 01 tLs tea' 1 ecimen took 
place.5 

5 The testing of tr;>t v cimen #45 wan brcunated at 1400 psi to prevent 
hatches from bein« damtged in the i-nploaiun as they arm needed for pres- 
»uriietior, of tost specime- •. # 44. 

T>"i' Obser- atioos Failure of test specimens took place by 
general elastic instability. The implosions were very violent resulting 
in plastic deformation of four hatches fabricated from 316 stainless 
steel. The unplorloas were preceded by reversal of strains near the 
origin of tmploaioii which «us recorded in some cases by fortuitously 
located strain 6-&gas. All failure took place in the 1-400-1500 psi range 
even though tha location and number of penet. ations differed sig- 
nificant uom one test specimen to another (Table 2). 

Strains were found to be highest in meridional direction at the 
inttttor edges r:f penetrations (Figs. 12-15). Their magnitude was for 
all test sped- • 'tins approximately 50-75 percent higher than on interior 
location-: far removed from penetrations. Strains were lowest in c*> 
cumferential direction at the exterior edges of penetrations. Tbc r 
magnitude was approximately 25-50 percent less than on exterior 
locations far removed from penetrations. Strains midway between 
penetrations were of the same magnitude as on locations far removed 
from penetrations except in the teat specimens with penetrations 63 
deg center to center (i.e., 23 deg edge to edge) apart In that case vhe 
longitudinal strain on the exterior surface was 25 percent higher than 
on exterior surface far removed from the edges of penetration indi- 
cating superposition of flexure strains on the negative membrane 
strain (Fig. 16). But even in that case the longitudinal strain on the 
interior surface at the edges of penetrations was higher and thus was 
the controlling factor in assigning the operational depth rating to this 
type of design. 

Stresses at failure were in the 8000-15,000 psi range, depending 
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Table 1    Characteristics of test specimens 

Specimen Description Model #41 Model #42 Model #45 Model #44 

Size of Penetrations 40deg 40 deg 40 deg 40 deg 
Number of Penetrations 2 2 3 3 
Spacing of Penetrations 
Closure Material 

117 deg/243 deg 63deg/297deg 63deg/117deg/180deg 90 deg/90 deg/180 deg 
316 SS 316 SS 316 SS 316 SS 

Hull Material Plexiglas G Plexiglas G Plexiglas G 
PS-30 

Plexiglas G                                         i 
PS-30 Joint Bonding PS-30 PS-30 

Construction of Hull 12 spherical 12 spherical 12 spherical 12 spherical 
pentagons pentagons pentagons pentagons 

Outside Diameter 15m. 15 in. 15 in. 16 in. 
Inside Diameter 14 in. 14 in. 14 in. 14 in. 
Sphericity 
Width of Jointe 

±0.030 in. ±0.030 in. ±0.030 in. ±0.030 in. 
0.1 in. 0.1 in. 0.1 in. 0.1 in. 

ii   ■  "..: .:rr.EUT ■  1360 pti Liiiitii prcuurc < 1 'üb pti Critical pnuurt ■  '450 P 

CIIICJI ixniu't ■ 1*00 pi' critical pmMjr« - 1500 pn 

eMtCt Ol ?r nrmi ion, "ii \hO*t T«rm cit'C» preuulf 
,pr»r :,  icv i. pl.r.m hull, « Ih '.. ■, - D C ' 

65  72 F t.-iii|«t*turt ringt 

liwl pit»iui« - !50Cp*i 

Fig. 10    EtUcl of panct/atlons on short term critkcal Dressur* ol model scab 
NEMO spheres with 15 In. outside and 14 In. tnsWs diameter* 

Fig. 11 mod« sc*S* NEMO «ptMt* § 42 prior to hydrostatic 
al South**« rtoseareh ander 1400 pat external hy- 

OroHaltc toadhtg 

on the location on the test specimen (Table 2). For all test specimens 
the highest stresse« were on the interior nee.v the edge» of penetrations 
in longitudinal direction. 

Discussion of Test Results. Critical pressures of test specimens 
#41,42,44, and 45 were in the 1400-1500 psi range. This compares 
favorably with standard model scale NEMO test specimen #0,5,6, 
15 which failed during the Navy's test program in the 1360-1625 psi 

range when tested at 65-72'F ambient temperature. As a matter of 
fact, the average critical pressure of current test specimen series was 
1462 psi, while that of the Navy's test series was 1507 psi. This dif- 
ference is statistically insignificant, indicating that the design vari- 
ations from standard NEMO design incorporated in test specimens 
41,42,44, and 45 have no detrimental effect on the short term critical 
pressure of the acrylic hulls with t/R, - 0.071. 

The strains measured on test specimens #41,42,44, and 45 showed 
no radical departure in magnitude or pattern established previously 
on standard model scale NEMO hulls with the same t/R, ratios. As 
in standard NEMO hulls, the maximum strains were found on the 
interior surface at the edges of penetration along meridional direction 
and their magnitude was approximately 50 percent higher than the 
membrane strain on the interior surface far removed from the pene- 
tration. Only on specimens # 42 and 45 was there a slight departure 
from strain distributions found on standard model scale NEMO hulls 
with t/R, ■ 0,071. In these test specimens the magnitude of strains 
midway between penetrations 63 deg center to center apart was found 
to be approximately 20 percent higher on the exterior surface and 20 
percent lower on the interior surface in meridional direction than the 
membrane strains on the same surface» far removed from penetra- 
tions. 

The increase in external and decrease in internal meridional strains 
midway between penetrations 63 deg center to center apart indicates 
that there is some bending taking place in the shell between pene- 
trations. Since this increase in strain is toss in magnitude than the 
maiirmim strain found in meridional direction on the interior edges 
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Table 2   Results of test program 

Data Description                        Model #41 Model #42 Model #44 Model #45 

Critical Pressure"                                                1450 psi 1400 psi 1500 psi 1500 psi6 

Mode of Failure                                                   Elastic Elastic Elastic Elastic 
Instability Instability Instability Instability 

Strain, flinches /inch 
at 600 psi Pressure 
Near the edge of closure 

Hoop, exterior                                                  -3,300 -4,400 -2,000 - 2,000 
Hoop, interior                                                     -5,200 -5,500 -5,200 - 2,500 
Meridional, exterior                                             -4,600 -6,800 -4,600 - 5,000 
Meridional, interior                                             -7,300 -7,300 -8,100 -10,400 

Midway between closures with edges 23 deg apart 
Hoop, exterior -4,500 - 3,500 
Hoop, interior -8,600 - 5,300 
Meridional, exterior -6,300 - 6,200 
Meridional, interior -2,700 - 2,500 

Midway between closures with edges SO deg apart 
Hoop, exterior -6,200 
Hoop, interior 
Meridional, exterior 

-6,200 
-6,700 

Meridional, interior -5,500 
Midway between :losures with edges 77 deg apart 

Hoop, exterior                                                     -6,000 - 4,600 
Hoop, interior                                                      -6,500 - 7,500 
Meridional, exterior                                             -6,100 - 4,800 
Meridional, interior                                             -5,700 - 5,000 

Midway between closures with edges >140 deg apart 
Hoop, exterior                                                     -6,500 -5,600 -4,000 - 5,400 
Hoop, interior                                                     -6,000 -6,000 -6,200 - 6,000 
Meridional, exterior                                             -6,100 -5,500 -3,800 - 5,600 
Meridional, interior                                             -5,700 -6,000 -7,300 5,200 

* Pressurization was at 100 psi minute rale in 65-72'F ambient temperature. 
" Estimated value, test was terminated at 1400 psi without failure 

Flo-12    BMJMfcs St 
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of penetrations, it can be safely disregarded in setting of the opera - 
tional depths for Una hull coofifurationa. 

It cannot, however, be disregarded in the formulation of a general 
design rule of acrylic hulls with multiple penetration» What the 
presence of incrtat* in strain* midway between penetrations 63 d*f 

center to center apart and the absence of increase in strains midway 
between penetration* 90.117, and 180 deg center to center apart in- 
dicate is that at center to center spacing* 290 dag apart there is no 
detectable fle*ure of the »hell between penetration», while at »pacings 
263 dag apart there is some. 
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Findings 
1 The short term critical pressure of a spherical hull with t/Ä < ■ 

0.071 is not decreased by the presence of 1,2, or 3 penetrations with 
metallic closures providing that the angular distance between the 
edges of closures is equal to or larger than the extent1 radius of ad- 
joining penetrations (i.e., >20 deg). 

2 The mpTimiim strain in an acrylic sphere with single or multiple 
metallic hatches is found at the interior edge of the penetration 
measured in longitudinal direction. Its magnitude is approximately 
50-100 percent (depending on the distance of the strain gage from the 
edge) higher than the membrane strain on interior surface measured 
at a location far removed from the edge of penetration. 

3 The edge of the penetration can intersect wide (0.09-0.125 in. 
wide) joints between spherical pentagons filled with polymerized 
PS-30 cement without affecting the critical pressure or distributions 
of strains in the hull. 

Conclusions 
Spherical acrylic hulls designed with two or more penetrations 

fitted with metallic closures can be certified for manned service on 
the basis of existing criteria developed by the Navy for standard 
NEMO hulls providing that the angular edge to edge distance between 
adjacent metallic closures equals or exceeds the external radius of 
adjoining penetrations. 
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Appendix 

Design Recommendations 
Acrylic plastic utilized in the construction of pressure hulls for 

human occupancy must meet the physical properties specified in 
ANSI/ASME PVHO-1 Safety Standard for Pressure Vessels for 
Human Occupancy, Appendix A. If the compressive yield of the ma- 
terial is in the 15,000-15,500 psi range (typical strength of premium 
custom castings) the pressure hull can be designed on the basis of 
short term critical pressures experimentally established in the Navy's 
acrylic hull research program with standard model scale NEMO hulls 
(Fig. 7) providing that the operational pressure is 50.25 X STCP.* 
If the compressive yield of the material is in the 16,500-18,000 psi 
range (typical strength of sheets and plates, like Plexiglas G, Acrylite, 
Swedcast 310 and 320), the hulls can be designed with an operational 
pressure <0.3 X STCP. 

Penetrations in the hull should not exceed 50 deg in sixe, and a 
polycarbonate insert should be used between the metallic closure and 
the bearing surface on the acrylic hull Absence of polycarbonate insert 
will probably decrease the crack- free cyclic fatigue life to about 1000 
dives at maximum operational depth. In either case, the included 
angle of Ihr bearing surface on the edge of penetration must be equal 
to the spherical angle subtended by the penetration at the center of 
the hull. O- ring grooves in contact with the acrylic surface should be 
avoided as their presence will require the reduction of operational 
pressure to 50.2 x STCP in order to maintain the 1000 cycle crack- 
free fatigue life ot acrylic hull. To inhibit the initiation of fatigue 
crack!« in the acrylic hearing surface at Ttvxl the penetration», a surface 
finish £ 32 rms is required on the b/ ■! < surface». 

Penetration closures must be deai*,; n . J fail at a pressure iSTCP 

of the acrylic hull. The included angle of the bearing surface on the 
closure miut match the included angle of the polycarbonate insert 
within ±0.5 deg, and preferably within ±0.25 deg. The outer edge of 
the bearing surface on the metallic closure must extend at least 0.01 
Ri past the outer surface and 0.001 R, past the inner surface of the 
acrylic hull. The closure must be configured so that the membrane 
stresses in the hull pass with the minimum of disturbance through 
the closure. For this reason it is desirable that the mean spherical 
radius of the closure coincide with the mean radius of the hull. It is 
acceptable to use an 0-ring seal between the metallic closure and the 
polycarbonate insert as the polycarbonate plastic can tolerate the 
presence of stress risers like O-ring grooves. 

The preferred material for penetration closures is 6061-T6 alumi- 
num, as it is inexpensive, possesses adequate strength, does not cor- 
rode, is a good conductor of heat, and has low modulus of elasticity. 
This combination of physical properties results in a closure that is 
inexpensive, light, maintenance free, prevents the occupants of the 
submersible from cooking alive in case of air conditioning failure, and 
minimizes the effect of the closure as a hard spot in an otherwise 
compliant hull. In-service experience with aluminum closures in 
Johnson-Sea-Link 1 and II confirms these claims. 

Where minimum weight is an absolute necessity Ti-6A1-4V alloy 
is recommended. However, it possesses the drawbacks of higher cost 
and less heat transfer. Still, for service in the > 1350 psi range, it is a 
better choice for closures from the weight viewpoint than even alu- 
minum. Cadmium plated 4130 steel in annealed condition has been 
found to be cost-effective and operationally acceptable for operational 
pressures <500 psi where the low weight-to-displacement ratio of 
acrylic hull in this pressure range more than compensates for the 
weight penalty imposed by the heavy steel closures. 

Penetration inserts are required between the metallic closures and 
the acrylic hull. Because they are located in areas of highest com- 
pressive strain found on the acrylic hull they must be made from 
crack-resistant material whose modulus of elasticity matches that of 
acrylic plastic. To date only ultraviolet ray absorbing polycarbonate 
plastic has been experimentally evaluated and found to be acceptable 
for intended service (Table 3). Test data and service observations 
show that cracks are absent in both the insert and the acrylic hull after 
1000 pressure cycles of 8-hour duration (four hours under sustained 
loading followed by four hours of relaxation) at 0.3 X STCP hydro- 
static pressure loading. Other, less expensive, materials (like for ex- 
ample acrylic plastic) could probably perform just as satisfactorily 
but until an insert fabricated from a substitute material has been 
experimentally evaluated and found to be acceptable it cannot be 

Table 3   Physical properties of polycarbonate plastic 
penetration inserts 

Physical Property 

Minimum 
Required      Typical 

Values Values 

* STCP—short tern critical pressure calculated on the basis of experimen- 
tally derived curves in ANSI/ASME PVHO-1 Safety Standard 

ASTMD-638 
Ultimate tensile strength, ps< 
Elongation, percent 
Modulus of elasticity, psi 
ASTMD-790 
Ultimate flexural, psi 
ASTMD-732 
Ultimate shear strength, psi 
ASTMDS9S 
Compressive yield, psi 
Compressive modulus, psi 
ASTMD-621 
Deformation under load, 
percent 4000 psi, 122*F for 
24 hours 
ASTMD-256 
Ixod impact strength 
ASTMDS70 
Water absorption, percent 
24 hours 

5,000 
>2 
300.000 

7,000 
2.5 
320,000 

10,000 12,000 

9,000 10,000 

10,000 
350,000 

12.500 
370.000 

£0.15 

20.5 

<0.2 

0.13 

0.76 

0.15 
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utilized in manned submersibles. The experimental evaluation of an 
insert made from a different material must conclusively show that 
it has a minimum crack-free fatigue life of at least 1000 pressure cycles 
(8 hours' duration) to maximum operational pressure. 

An insert must be dimensioned properly and fabricated within tight 
dimensional tolerances to insure close angular and diametrical fit with 
both the metallic closure and the acrylic hull. As the seal between the 
insert and the metalT: closure serves a radially compressed O-ring 
in the closure. The sealing between the insert and the hull, on the 
other hand, is generally accomplished by placing a bead of RTV silicon 
rubber into the annular cavity formed by the outer surface of the hull 
and the fange on the insert Care must be taken not to let the silicon 
rubber potting compound flow between the mating bearing surfaces 
of the hull and the insert. Bearing surfaces covered by RTV silicon 
potting compound will develop fatigue cracks sooner than they would 
otherwise. 

Certification of spherical acrylic pressure hulls can be accomplished 
readily by having one of the classification societies review the design 
criteria, check the material properties, and witness the hydrostatic 
test to specified overpressure. If ANSI/ASME PVHO-1 Safety 
Standard is used as a basis of depth rating the ma-rimum operational 
pressure cannot exceed 0.25 X STCP. The same applies to the clas- 
sification by the Det Norske Veritas which is based also on the rec- 
ommendations of Dr. Jerry Stachiw, Chairman of ANSI/ASME 
PVHO-1 Subcommittee on Viewports. Only the U.S. Navy and the 
American Bureau of Shipping possess sufficient flexibility in their 
classification rules to rate the acrylic hull to 0.3 X STCP if the pressure 
hull complies with all the material, design, and performance re- 
quirements specified for manned application by NUC TP 451 [16]. 
Unless the extra depth capability is mandated by operational scen- 
arios, it is highly recommended that the maximum operational 
pressure does not exceea 0.25 X STCP, as this depth rating allows the 
acrylic pressure hull to be accepted by all certifying and classification 
agencies. The more conservative depth rating also provides the hull 
with greater cyclic and static fatigue lives, assets with grsat economical 
value. 

.DISCUSSION. 

J. L. Atkerson7 

The authors are to be commended for the current contribution to 
the store of knowledge on the behavior of spherical acrylic pressure 
shells under external hydrostatic loading. Since the publication of Dr. 
Stachiw's pioneering paper on "Spherical Acrylic Pressure Hulls for 
Undersea Exploration" in 1970 (reference |1]) the design of acrylic 
hulls for submersibles (NEMO, MAKAKA1, Johnson-Sea-Link 1 and 
2) did not deviate from the structural criteria laid down in that paper. 
Due to lack of any other proven design criteria all acrylic spherical 
hulls built to date are equipped with two metallic hatches located at 
opposite poles of the sphere. 

Recently some designers of acrylic submersibles were anxious to 
modify this basic design by changing the number or location of 
hatches, but since experimental data supporting their ideas were 
lacking it was considered too riaky to depart from the proven design. 
The data presented in the paper makes it feasible to do just that. 

The data preaentad in the paper shows clearly that up to four 
hatches of identical site can be incorporated into the acrylic spherical 
hull providing that (1) the spacing between edges of adjacent openings 
exceed*, or is at least equal to the radius of the opening, and (2) the 
centers of all openings lie on the same meridian. This finding can be 
extrapolated with confidence to a case where the sixes of adjacent 
penetrations differ significantly. In such a case the spacing between 

' P.O. Box 2343; El Cajon. Calif. 

Journal of Engineering for Industry 

Flo, 17 15 X 14 In. acrylic sphere with lour penetrations closed wKh alu- 
minum hatches; note that the penetration* are not located on a «Ingle meri- 
dian 

the adjacent openings must exceed, or at least equal the radius of the 
larger opening. 

As a result of these findings the design options available to the 
builder of an acrylic submersible increased from two (single pene- 
tration, or twin penetrations 180 deg apart) to at least six, or probably 
even more. But there still remained one unknown that tended 
somewhat to restrict the options available to the designer. This un- 
known was the effect on critical pressure and magnitude of maximum 
strain by 3 or more metallic hatches in penetrations that do not lie 
on a common meridian. If this unknown could be elucidated the de- 
signer would have at his disposal an almost infinite number of options 
where to locate the penetrations. 

An experimental study has just been completed at Southwest Re- 
search Institute shedding light on this problem area. This particular 
study was unfortunately completed just after the authors have already 
submitted their paper to ASME for publication. Because of this the 
results of my study could not be discussed in their paper. Since the 
findings of that study complement the findings of the paper they will 
be summarized here. 

As a test specimen for this study served also a 15 in x 14 in acrylic 
sphere equipped with 4 penetrations of 40 deg size. Three of those 
penetrations were on a single meridian spaced 63,117 and 180 deg 
center to center apart, while the fourth penetration was situated on 
another meridian in such a manner that the spacing between it and 
the centers of the other three penetrations was 63,63 and 117 deg (Fig. 
17). Instrumentation consisted of 0.25 in strain gages located at edges 
and midway between penetration*. The crucial delta rosette* were 
located on the convex and concave surfaces of the sphere midway 
between the three adjoining penetrations. 

Tatting conaiated of subjecting the aphet* to external preasurization 
at 100 pai/minute rate in 75 F environment till implosion took place 
at 1400 psi. This collapse pressure was of the käme magnitude as the 
collapse pressures of acrylic spheres described in the pap« (Fig. 10). 
The strains mea*ured midway between three adjacent 40 deg openings 
63 deg cantor to center apart war* found to indicate aome bending 
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since the exterior strains were significantly higher than those on the 
interior (Table 4). 

Still, the maximum meridional strain at this location at the moment 
of implosion was found to be less (-18,825 microinches/inch) than 
the meridional strain on the interior surface at the edge of penetration 
(-22,500 microinches/inch), the typical location of maximum com- 
pressive strains for acrylic spherical hulls with metallic hatches. Thus, 
even in acrylic spherical hulls with three adjacent openings the 
maximum strain is found at the same location and is of the same 
magnitude as in spherical hulls with a single, or twin penetrations 
providing that the t/Rt ratio is the same. 

As a result of data generated by this brief study the conclusions of 
the authors' presented in the paper can be safely expanded also to 
acrylic spheres with multiple penetrations that are not located on the 
same meridian. 

Autho. 's Closure 

The discussion presented by J. L. Atkerson proves to be very 
valuable as it allows the authors to generalize the findings presented 
in the paper. Based on the experimental data presented in Table 4 
of the discussion Finding # 1 in the paper can be modified to read as 
follows: 

The short term critical pressure of a spherical hull with t/R, » 0.071 
is not decreased by the presence of any number of penetrations with 
metallic closures providing that the angular distances between the 

TaM*>4   Stress« In IS X 14 In. »cryli«; tphara und« 1200 psl hydrostatic 
loading at 7SF 

STRESSES, psi 
. Hoop Longitudinal 
LOCATION Inside    Outside Inside    Outside 

On Equator, far removed     -8279     -8716   -7712        -8832 
from any penetration 

At edge of solitary -6674     -1430   -10,840*   -2480 
penetration 117° center 
to center apart from the 
next penetration 

Midway between three        -8604     -9002   -6071        -9135 
adjacent penetrations 
63s center to center 
apart 

At edges of three adjacent   -8377     -3973   -10,852*   -7466 
penetrations 63° center 
to center apart  

NOTES: 
1. All penetrations subtend 40° spherical angle. 
2. * Highest stresses are at edges of penetrations, whether solitary or in clusters 
of three. 

edges of penetrations are equal to, or exceed the external radius of 
adjoining penetrations (i.e., t 20 deg). 

The authors deeply appreciate the contribution made to the paper 
by the experimental data presented in the discussion by J. L. Atker- 
son. 

272    /    VOL 100, MAY  1978 Transactions of the ASME 



Reprinted from March 1987, Vol. 109, Journal of Energy Resources Technology 

J. D. Stachiw 

A. Clark 

C. B. Brenn 
Harbor Branch Oceanographic 

Institution, Inc.. 
Ft. Pierce, Fla. 33450 

Acrylic Plastic Spherical Pressure 
Hull for 2439 m (8000 ft) Design 
Depth:   Phase I 
A program has been initiated to provide the oceanographic community with a 
manned submersible with panoramic visibility for 2439 m (8000 ft) design depth. 
The first phase of the program is to validate the design of the acrylic plastic pressure 
hull utilizing model scale spheres with different diameters and thickness to inside 
diameter (t/Dj) ratios. This papers summarizes 1) the criteria used in the design 
of the acrylic plastic hull for 2439 m {80O0ft) depth, 2) the experimental test plan 
for validation of the hull design, and 3) the fabrication, and short-term pressuriza- 
tion to destruction of the first scale model with an aluminum hatch. The 457-mm 
(18-in.) o.d. acrylic sphere with t/Dj ratio of 0.2 successfully withstood 1-hr long 
pressurizations from 0 to 6.9, 13.8. 20.7, 27.6, 34.4 and 41.3 MPa (1000, 2000, 
3000, 4000, 5000, and 6000 psi) followed by 1-hr long relaxation periods after each 
pressurization prior to imploding at 110.2 MPa (16,000 psi) under 4.5 MPa/min 
(650 psi/min) pressurization. The selected t/D; ratio 0.2 appears to exceed the 
derign depth requirement for 2439 m (8000 ft). 

Introduction 

Exploration of hydrospace requires utilization of 
transparent structural materials for the fabrication of 
viewports in the pressure hulls of underwater vehicles through 
which the crew, or electro-optical systems can observe 
hydrospace outside the vehicle. To date only three classes of 
materials have been utilized for this application: plastics, 
glasses, and ceramics. Of these three classes of mat«rial, 
plastics have been found to be the most economical, and readi- 
ly available in large sizes and great thicknesses. 

The plastic which has been most widely used for this pur- 
pose is polymethyl methacrylate, or for short, acrylic plastic. 
Because of its excellent performance record in the Held it has 
been accepted by ASME, American Bureau of Shipping, and 
others as the standard construction material for pressure resis- 
tant structural components of pressure vessels for human oc- 
cupancy (ANS1/ASME 1984). Viewports with 101 mm (4 in.) 
diameter have been built to date for 137.8 MPa (20,00(1 psi) 
service, and with 1067 mm (42 in.) diameter for 4S7 MPa 
(1500 psi) service. 

Acrylic plastic has also been used for construction of 
spherical pressure vessels that serve as one atmosphere 
cockpits on manned submersibles. Acrylic plastic pressure 
hulls for submersibles represent an ideal engineering solution 
lor the construction of such hulls. Acrylic plastic pressure 
hulls are economical, light, corrosion resistant, nonmagnetic, 
and transparent, thus providing the crew with a panoramic 
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view of hydrospace. The first submersible incorporating an 
acrylic pressure hull was NEMO with 305 m (1000 ft) design 
depth, launched in 1970, and operated successfully until 1980 
as U.S. Navy DSV4 (Stachiw, 1971a, 1971b; Trowbridge, 
1970; Snoey and Katona, 1970; Snoey and Briggs, 1970). 

Since that time several other submersibles have been built 
with acrylic pressure hulls; JOHNSON-SEA-LINK I, 
JOHNSON-SEA-LINK II, CHECKMATE, and DEEP 
ROVER (Maison and Stachiw, 1971; Stachiw, 1976; Stachiw, 
1977). The design depth has steadily increased also, and 
presently the record for deepest diving acrylic submersible is 
held by DEEP ROVER with 1000 m (3200 ft) (Hawkes 1983). 
Since the physical depth limit for acrylic plastic spherical 
pressure hull has not been conclusively established, plans are 
underway in many quarters for submersibles with design 
depths in excess of 1000 m (3200 ft). 

One of the organizations contemplating the construction of 
an acrylic plastic submersible with increased depth capability 
is Harbor Branch Oceanographic Institution (HOBI). To 
satisfy the operational requirement for biological studies on 
continental shelf around Florida, HBOI is proposing the con- 
struction of a submersible with acrylic plastic pressure hull 
capable of transporting a crew of three to the design depth of 
2439 m (8000 ft). As the first step towards achieving this goal, 
the Institution has commissioned the authors to study the fac- 
tors impinging on the design of the acrylic plastic hull for such 
a depth, select the smallest acceptable t/D, ratio for the 
spheric hull, lay out an experimental design validation plan, 
supply model scale pressure hull specimens, and test to 
destruction under short-term pressurization the first one of the 
model scale hulls. 
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Structural Considerations in Pressure Hull Design 

The principal physical characteristics that differentiate the 
structural response of acrylic plastic from steel are: 

1 The magnitude of strain under stress is not only a func- 
tion of stress magnitude, but also of the ambient temperature 
and duration of loading. 

2 The rate of strain increase under constant stress (i.e., 
creep) varies noniinearly with stress magnitude, temperature, 
and time. 

3 The rate of strain decrease after unloading (i.e., relaxa- 
tion) varies noniinearly with temperature, magnitude of strain 
prior to unloading, and time. 

4 The magnitude of permanent deformation varies 
noniinearly with stress magnitude, temperature and duration 
of sustained loading. 

5 Implosion of the hull is initiated when the membrane 
compressive strain exceeds a certain threshold value. Elastic, 
plastic, and creep deformations contribute to the magnitude 
of strain. 

Because of these unusual physical characteristics, the 
spherical acrylic hull in a submersible may fail in more ways 
than a steel hull. The known mechanisms of failure under ex- 
ternal hydrostatic loading are: 

1 General elastic instability (i.e., elastic buckling) due to 
elastic deformation of plastic under short-term loading, (i.e., 
rapid dive) of a thin-walled sphere to implosion. 

2 General plastic instability (i.e., plastic buckling) due to 
plastic deformation (i.e., yielding) of plastic under short-term 
loading (i.e., rapid dive) of a thick-walled sphere to 
implosion. 

3 General creep instability due to excessive strain generated 
by long-term loading, i.e., submersible exceeding the duration 
of a planned dive due to entanglement with a wreck on the 
ocean floor. 

4 Local elastic, plastic, or creep instability due to local 
deviations in sphericity, aggravated by nonuniform strain 
rates across the surface of the sphere. 

5 Material fracture on the concave surface of the sphere 
due to excessive tensile membrane stresses generated by the 
difference in relaxation rates across the wall thickness of the 
sphere following rapid depressurization of the hull after a long 
dive. 

Thus, acrylic plastic spherical shells with t/D, ratios less 
than 0.05 tend to fail primarily by general, or local elastic in- 
stability, and for this reason the design focuses on prevention 
of this type of failure. Medium thick shells with t/D, ratios in 
the 0.0S to 0.1 range are prone mostly to general, or local 
plastic instabilities. Since both the thin and medium thick 
shells fail due to general or local instabilities ihe design depth 
of these spheres is, by and large, based on analytically derived 
(Stachiw 1971a) and empirically validated graphs relating im- 
plosion depth under short-term loading to t/D, ratio at am- 
bient room temperature. 

The safe design depth is, as a rule, considered to be in the 25 
to 50 percent range of the short-term imposition depth. To 
guarantee the submersible at least a I) cyclic fatigue life of 
lO.flflO dives to design depth at 10*C (50'F) ambient 
temperature, and 2) static fatigue life of 40,000 hr at design 
depth of 10*C (50*F) ambient temperature the ASME 
PVHO-I Safety Standard (ANSI/ASME 1984) sets the design 
depth of acrylic pressure hulls at 25 percent of short-term im- 
plosion depth. The acrylic plastic submersible* with spherical 
pressure hulls in the 0.035%t/D,-a0.076 range built to date 
according to this standard have \. rformed individually more 
than 1000 dives without any initiation of cracks. The suc- 
cessful performance of these submersibles indicates that the 
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one-to-four (1:4) ratio of design to implosion depth recom- 
mended by the Standard is a conservative design criterion for 
acrylic spheres with implosion depth <3048 m (10,000 ft). 
This ratio also provides an adequate safety margin for 
avoidance of general creep instability due to entrapment of 
submersible at design depth (Stachiw, 1971a). 

A different case presents itself for thick (0.076 <f/Z),< 0.2) 
and very thick (r/D, 2:0.2) spherical acrylic plastic shells. 
Although these spheres may also implode due to plastic, or 
creep instability the primary concern of the designer focuses 
on the potential for material fracture initiated by tensile 
strains during rapid depressurization of the sphere from 
design depth. Pressure testing of thick spheres has shown that 
the magnitude of maximum tensile strain on the concave sur- 
face during depressurization is caused by the difference in 
strain relaxation rates across shell thickness. The magnitude of 
tensile strain is a function of the 1) sphere's t/Dt ratio, 
2) magnitude of average membrane compressive stress 
generated by pressurization, 3) duration of external, sus- 
tained pressurization, and 4) number of repeat pressuriza- 
tion« (Stachiw and Beasley, 1974; Stachiw and Sletten, 1978). 

The underlying reason for the presence of tensile strain on 
the concave surface of thick spheres during rapid 
depressurization is that the external and internal surfaces of a 
thick sphere have crept at different rates (i.e., concave surface 
crept faster) during pressurization when they were subjected to 
compressive stresses of different magnitudes. During 
depressurization these surfaces relax also at different rates; the 
outside surface at higher rate than in the inside one. The dif- 
ference in strain relaxation rates across the wall thickness of 
the sphere generates stresses in the sphere, tensile on the con- 
cave surface, and compressive on the convex surface. 

If the difference in relaxation rates across the wall thickness 
is large the resulting tensile stress on the concave surface may 
exceed the tensile strength of the acrylic plastic and initiate a 
crack on that surface, which subsequently proceeds toward the 
exterior of the sphere. Depending on the rate of depressuriza- 
tion and the difference in relaxation rates between the exterior 
and interior surfaces the crack may penetrate the whole wall 
thickness. Thick spheres, which were subjected to high com- 
pressive stresses and were depressurized rapidly did, as a rule, 
disintegrate due to total penetration of the wall by cracks. 

When the average compressive membrane stress generated 
by external pressurization exceeded 172.3 MPa (25,000 psi) a 
thick sphere with a t/D, =0.4 ratio did, after a single 
pressurization of 1-hr duration, disintegrate during 
depressurization when the external pressure decreased below 
6.9 MPA (1000 psi) (Stachiw and Beasley, 1974). When the 
maximum compressive membrane stress generated in another 
sphere during pressurization was 137.8 MPa (20,000 psi), 13 
consecutive pressure cycles of 8-hr duration were required to 
initiate fracture on the concave surface. Another sphere which 
was stressed during pressurizations to 75.8 MPa (11,000 psi) 
did not exhibit any internal cracks even after 100 consecutive 
pressure cycles of 8 hr each. This would seem to indicate that 
if the maximum compressive membrane stress could be re- 
duced by the designer to some low value the cyclic fatigue life 
of the concave surface would increase beyond 1000 pressure 
cycles of 8-hr duration (i.e., 4 hr of sustained loading followed 
by 4 hr of relaxation at zero pressure). 

Based on these tests it appears that for spheres with 
t/D, = 0.4 the average compressivr membrane stress at design 
depth must be kept below 51.7 MPa (7500 psi) to insure crack 
free cyclic fatigue life for the sphere in excess of 1000 dives. 
There is no experimental cyclic fatigue data for acrylic plastic 
spheres with 0.K t/D,< 0.4. It can be postulated, however, 
with reasonable confidence that to provide a cyclic fatigue life 
in excess of 1000 dives the average compressive membrane 
stress at design depth should not exceed SI.7 MPa (7500 psi), 
unless experimental data becomes available which shows that 

MARCH 1987. Vol. 109/41 

■ 



Table 1   Model scale acrylic plastic spheres 

Outside 1 nside 
diameter, diameter, Bearing 

Specimen mm mm No. of gasket Hatch 
description (in.) (in.) t/D, penetrations materials materials 

AA 457 (18) 326 (12.85) 0.2 1 Extruded 
polycarbonate 

Aluminum 

BB 381 (15) 272 (10.70) 0.2 1 Extruded 
polycarbonate 

Aluminum 

CC 381 (15) 272 (10.70) 0.2 5 Cast 
polycarbonate 

Cast epoxy 
Cast 

Polyurethane 
Cast acrylic 
Cast nylon 

Aluminum 

Aluminum 
Aluminum 

Aluminum 
Aluminum 

1 52 (6) 127 (5.00) 0.10 1 None Acrylic 
2 52 (6) 122 (4.80) 0.125 1 None Acrylic 
3 52 (6) 117 (4.62) 0.149 1 None Acrylic 
4 52 (6) 112 (4.40) 0.175 1 None Acrylic 
5 52 (6) 110 (4.34) 0.191 1 None Acrylic 
6 52 (6) 109 (4.28) 0.20 1 None Acrylic 
7 52 (6) 107 (4.22) 0.21 1 None Acrylic 
8 52 (6) 105 (4.14) 0.225 1 None Acrylic 

NOTES:    1.   All penetrations are eonie&i, subtending a spherical included angle of 48 deg, with the apex of the cone coinciding with the 
center of the sphere. 

2.   The outside of the bearing gaskets mates snugly with the conical surface of the penetrations. The inside of the bearing gaskets 
subtends a spherical conical angle of 44 deg. 

higher average compressive stress levels can be tolerated 
without lowering the cyclic fatigue life to less than 1000 dives. 

The presence of penetrations does not decrease the implo- 
sion pressure of acrylic plastic spheres, providing that: 

1 the spacing between edges of penetrations exceeds the radius 
of the larger of two adjoining penetrations (Stachiw and 
Dolan, 1978); 
2 the beveled edge of penetration lies on a conical surface 
whose apex lies at the center of the sphere; 
3 the penetration is sealed off with a tight-fitting hatch whose 
conical bearing surface matches that of the opening; 
4 the membrane stiffness and compressive strength of the 
hatch are equal to, or exceed, those of acrylic plastic sphere 
(Stachiw, 1971a; Stachiw et al., 1981). 

Design of the Spherical Pressure Hull for 2439-m 
(8000-ft) Depth 

The acrylic plastic spherical pressure hull was designed on 
the basis of the following parameters: 

1 Implosion depth under short-term pressurization must be 
equal to, or exceed four times the design depth. 

2 The average compressive membrane stress in the sphere 
must not exceed 51.7 MPa (7500 psi) at design depth. 

3 The t/D, ratio selected for the sphere must represent the 
minimum value compatible with parameter nos. 1 and 2. 

It was found that all three design parameters could be met 
by a sphere with t/D, * 0.2. Empirically generated curves for 
hemispherical acrylic plastic windows (Stachiw, 1969) were 
predicting for t/D, «0.2 ratio, an implosion at 107.9 MPa 
(15,660 psi); a pressure which exceeds the 98.1 MPa (14,241 
psi) implosion pressure requirement, based on the design 
pressure of 24.5 MPa (3560 psi) multiplied by four. The 
average compressive membrane stress at design pressure of 
25.1 MPa (3650 psi) was calculated to be SO MPa (7254 psi) 
based on pressure cycling of thick spheres (Stachiw and 
Beasley, 1974). The weight to displacement ratio of the sphere 
with t/D, -0.2 was estimated to be 0.74, a rather high value 
for a hull that serves as the main source of buoyancy for the 
submersible. 

The access to the interior of the sphere was provided by con- 
ical penetrations developed, and experimentally proven during 
the Navy's NEMO program (Stachiw, 1971a; Stachiw, 1971b; 
Snoey and Briggs, 1970). The conical penetrations were sealed 
with removable aluminum hatches fabricated from 6061-T6 
alloy. The conical acrylic bearing surfaces of penetrations 
were to be protected (from scoring by the rehnive movement 
between the hard metallic hatch and the soft acrylic plastic) 
with plastic bearing gaskets. The 48-deg included angle of 
the penetration was selected to provide easy access to the in- 
terior of any full-sized sphere, even for the largest crew 
members. 

Experimental Validation of Sphere Design 

Objectives. Since the selected ratio of r/D, = 0.2 was based 
to a large extent on the extrapolation of data from model scale 
hemispheres with radically different t/D, ratios, an ex- 
perimental program was required to validate the chosen t/D, 
ratio. The experimental program was planned to answer the 
following questions about acrylic plastic spheres with a ratio 
of t/D," 0.2: 

1 Does the short-term implosion pressure actually exceed 
the specified implosion pressure at 98.1 MPa (14,241 psi)? 

2 Does the cyclic fatigue life meet, or exceed, the specified 
1000 pressurizations to design pressure, without crack initia- 
tion on the concave surface of the sphere, or conical surfaces 
of penetrations in the sphere? 

3 Which of the plastic bearing materials are capable to sur- 
vive 1000 pressure cycles to design depth without extruding 
out, or disintegrating? 

Approach. To provide answers for the foregoing ques- 
tions a total of eleven model scale spheres were designed and 
fabricated from acrylic plastic castings (Table I). 

Model AA was to be tested to implosion and the recorded 
implosion pressure compared with the specified critical 
pressure of 98.1 MPa (14,241 psi). If the model fails at lesser 
pressure, the t/D, ratio would have to be increased from 0.2 to 
some larger value. 

Model BB and CC were, after instrumentation with ten 
strain gages each, to be pressure cycled together from 0 to 24.5 
MPa (0 to 3560 psi) at ambient room temperature. Ap- 
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Flg. 1   Acrylic plastic Modal AA tMtftd to Implosion 

pearance of cracks on concave surface of acrylic plastic in less 
than 1000 pressure cycles would require thai the t/D, ratio be 
increased from 0.2 to some larger, yet unspecified value. 

The typical pressure cycle was to consist of 4 hr sustained 
pressure at 24.5 MPa (3560 psi), followed by 4 hr of relaxation 
at 0 MPa (0 psi) in 18 to 24 *C (65 to 75 *F) ambient 
temperature environment. The strains were to be recorded 
during the first, second and tenth pressure cycle, and the con- 
dition of all sphere components inspected at 250 cycle inter- 
vals. If any of the bearing gaskets on Model CC permanently 
deformed or cracked they were to be removed, and replaced 
with polycarbonate plastic gaskets whose satisfactory per- 
formance in this application has been already established in 
previous test programs (Stachiw, 1976; Stachiw, 1977; Stachiw 
and Dolan, 1978; Stachiw et al., 1981). 

Models I through 8 were to be pressure cycled together in 
the same manner as Models BB and CC, but in a separate 
pressure vessel. Because of widely different t/D, ratios 
(O.lsf/D, s 0.225) a few of the spheres would implode, and 
some only crack prior to completion of 1000 cycles. Plotting 
the number of cycles at which individual spheres cracked, and 
subsequently imploded, versus their t/D, ratio will generate a 
family of cyclic fatigue curves for repeated pressurizations to 
24.5 MPa (3560 psi). These empirically derived curves will aid 
in determining the minimum t/D, ratio which gives the acrylic 
plastic sphere a fatigue life of 1000 cycles to 24.5 MPa (3560 
psi) design depth without crack initiation, and 10,000 cycles 
without catastropic failure. If the extrapolated t/D, ratio is 
less than 0.2 then the t/D, ratio of the proposed acrylic plastic 
submersible hull may be reduced to improve its weight to 
displacement without reducing its specified fatigue life. 

Model Scale Spheres 

The model scale spheres shown in Table 1 were fabricated 
by slush casting, then by machining the rough, hemispherical 
acrylic plastic casting. They were subsequently joined together 
by bonding with self-polymerizing acrylic cement. The model 
scale spheres were annealed twice; prior to, and after bonding. 
The quality of the bonded equatorial joints in Models AA and 
CC was excellent, while in the other models it was barely ac- 
ceptable. The joints in the 152-mm- (6-in-) dia spheres (Models 

2 700«.020/-000 

SECTION A-A 

Fig. 2   Aluminum alloy 6M1-T8 hatch tor Modal AA 

I thru 8) incorporated an undesirable quantity of voids, but 
the spheres were accepted for testing, as attempts at recasting 
these joints failed to improve their quality due to inaccessibil- 
ity of the spheres' interior to the fabricator's hand. 

Models AA (Fig. 1) and BB were each provided with a sim- 
ple penetration, closed off with an aluminum hatch (Fig. 2) 
resting on extruded polycarbonate plastic bearing gaskets (Fig. 
3). Model CC was provided with five penetrations to allow 
simultaneous evaluation of five different gasket bearing 
materials under cyclic pressurization. The materials chosen for 
evaluation as potential replacements for extruded polycar- 
bonate plastic were selected because they could be cast in large 
sections economically (Table 2). The search for a suitable 
replacement was motivated by the very high cost and 
unavailability of extruded polycarbonate in thick plates. 

This constitutes a marked departure from past acrylic 
submersible construction programs where extruded polycar- 
bonate plate was used exclusively as the construction material 
for bearing gaskets around hatches. The qualification of a 
castable, instead of an extrudable plastic for this application 
would significantly decrease the cost and lead time for con- 
struction of any acrylic plastic submersible with a design depth 
in excess of 762 m (2500 ft). 

The most promising candidate material serving as a bearing 
gasket in Model CC appears to be castable polycarbonate 
plastic, since its physical properties are similar to those cf ex- 
truded polycarbonate plastic. The less promising bearing 
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Table 2   Physical properties of bearing gasket materials 

Tensile Tensile Compressive Compression 
strength. modulus, Tensile yield, modulus, 

MPa MPa elongation MPa MPa 
Material (psi) 

49.3 

(psi) percent (psi) (psi) 

Extruded 2205 88.2 2549 
polycarbonate (7160) (3.2 x10s) 2.6 (12,800) (3.7 x10s) 

Cast 51.3 2482 84.9 2205 
polycarbonate (7440) (3.6 x 10s) 2.5 (12,325) (3.2x10s) 

Cast 63.1 2687 63.0 2177 
nylon (9160) (3.9 x10s) 28 (9145) (3.16x10s) 

Cast 72.1 1943 99.3 2412 
epoxy (10,460) (2.82 x10s) (14,410) (3.5 x10s) 

Cast 50.3 2225 65.4 2108 
Polyurethane (7,300) (3.23 x10s) 12 (9,490) (3.06 x10s) 

Cast 71.7 3100 121.3 3100 
acrylic (10,400) (4.5 .< 105) 4.9 (17,600) (4.5 x10s) 

Flexural Flexural Izod 
strength, modulus, Compressive Shear Notched 

MPa MPa deformation. MPa J/mm 
Material (psi) 

82.0 
(psi) percent"" (psi) (FT LB/IN) 

Extruded 2205 71.1 40.6 
polycarbonate (11,900) (3.2x10s) 0.12 (10.400) (0.76) 

Cast 96.0 2232 56.8 48.0 
polycarbonate (13,930) (3.24 x10s) 0.14 (8240) (0.9) 

Cast 86.3 2680 48.0 
nylon (12,530) (3.89 x10s) 1.25 (0.9) 

Ca,t 113.8 2494 39.0 
epoxy (16,520) (3.62 x10s) 0.02 (0.73) 

Cast 93.8 3541 55.1 
Polyurethane (13,610) (5.14x10s) 0.% (1.03) 

Cast 109.6 3100 61.3 21.3 
acrylic (15,900) (4.5 x10s) 0.16 (8,900) (0.4) 

Ul27.6 MPA (4000 psi) for 24 hr at 24'C (75'F) 

gasket materials in Model CC were epoxy, polyurethane, 
nylon and acrylic. Bearing gaskets machined from 76 mm (3 
in.) thick extruded polycarbonate plastic were incorporated in- 
to Models AA and BB to serve as a standard of comparison 
for the other bearing gasket materials. 

Models 1 through 8 were not equipped with bearing gaskets, 
as conical acrylic plugs were used there instead of aluminum 
hatches. Since there was no relative motion between the plugs 
and the penetrations, bearing gaskets were not required be- 
tween the conical mating surfaces of the plugs and of the 
penetrations. Aluminum hatches were not used in these 
models as the objective of their construction was to minimize 
the presence, and thus the effect, of any discontinuities on the 
cyclic fatigue of spheres with different t/D, ratios (Stachiw et 
a'l., 1981; Stachiw and Dolan, 1982). 

The aluminum plugs and hatches for Models AA (Fig. 2), 
BB and CC do not represent structurally optimized designs of 
metallic hatches and instrumentation bulkheads. The dimen- 
sions of these components were selected to give them the same 
strength as the acrylic sphere (i.e., fail at external pressure in 
the 96.S to 103 MPa (14,000 to 15,000 psi] range). This was 
done to prevent them from acting as potential initiators of 
buckling failure when the model scale spheres are tested to im- 
plosion at completion of the pressure cycling program. 

Testing of Model Scale Sphere AA 

Test Schedule. Acrylic sphere Model AA was tested first. 
since the experimental confirmation of the predicted implo- 
sion depth for the proposed pressure hull with t/D, »0.2 ratio 
would provide reassurance that the planned time-consuming 
pressure cycling of other scale models with the t/D, * 0.2 ratio 
will conclude without cyclic fatigue failure. 

Pressuruation to implosion was preceded by pressure cycl- 
ing of Model AA in the 0 to 41.3 MPa (0 to 6,000 psi) range. 
The pressure cycling consisted of six pressure cycles: 

First: 
Second: 
Third: 
Fourth: 
Fifth: 
Sixth: 

0-06.9-0 MPa 
0-13.8-0 MPa 
0-20.7-0 MPa 
0-27.6-0 MPa 
0-34.5-0 MPa 
0-41.3-0 MPa 

(0-1000-0 psi) 
(0-2000-0 psi) 
(0-3000-0 psi) 
(0-4000-0 psi) 
(0-5000-0 psi) 
(0-6000-0 psi) 

Each pressure cycle consisted of pressurization at 4 5 
MPa/minute (650 psi/min) rate, sustained pressure loading cr 

60-min duration, depressurization at 4.5 MPa/min (65 ' 
psi/min) rate, and relaxation at 0 MPa (0 psi) for a minimum 
of 60 min. Strains were read at 6.89 MPa (1000 psi) pressure 
and 5-min time intervals, respectively. 

Instrumentation. Model AA was instrumented on the con- 
cave surface with two rectangular strain gage rosettes, type 
CEA-O6-125WT-120. Gages 1 and 2 were located at the bot- 
tom of the sphere, while gages 3 and 4 were located at the top 
of the sphere near the edge of p-ne trat ion. Gages 3 and 4 were 
to provide peak strain readings on the concave surface near 
hatch penetration. Models B3 and CC w^.e instrumented on 
the concave surface with Five rosettes each. 

Test Arrangement. The test arrangement for Model AA 
consisted of attaching the sphere assembly to the pressure 
vessel end closure with a 9.5-mm (3/8-in.) pipe. The pipe was 
threaded on both ends; one end was screwed into the threaded 
opening of an adaptor plug designed to Fit the central penetra- 
tion in the pressure vessel end closure. 

The instrumentation wires from the straingages were fed 
from inside the sphere to the exterior of the pressure vessel end 
closure through the interior of the pipe. This arrangement pro- 
vided a dry and secure conduit for the instrumentation leads at 
ai.y external pressure to which the sphere may be subjected 
during implosion testing. 

Test Procedure.   Testing was conducted inside a 457-mm- 
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Table 3   Strains un concave surface of model AA during pressure cycling 
At beginning At conclusion Creep during 
of sustained of sustained sustained At beginning At conclusion 

of relaxation of relaxation 
 period period 

-60 0 

-290 -90 

-400 -40 

-500 -40 

- 650 + 80 

-700 +150 

NOTES:   1.   The hoop and meridional strains were the same at the pole of the sphere opposite from the penetration. 
2. All strains were in 10~6 units (microin./in.). 
3. The strain recorder was re-zeroed at conclusion of each pressure cycle. 

Pressure pressurization pressurization pressurizat 
cycle no. period period period 

0-6.9 MPa 
(0-1000 psi) -3200 -3300 -100 
0-13.8 MPa 
(0-2000 psi) -6300 -6800 -500 
0-20.7 MPa 
(0-3000 psi) -9400 -10300 -900 
0-27.6 MPa 
(0-4000 psi) -12700 -14600 -1900 
0-34.5 MPa 
(0-5000 psi) -16300 -19500 -3200 
0-41.3 MPa 
(0-6000 psi) -20300 -25400 -5100 

STRAIN ON INTERIOR SURFACE 
OF 

ACRYUC PLASTIC SPHERE 
UNDER SHORT TERM EXTERNAL PRESSURIZATION 

SPHERE   18 0. 12 85 inchn |467 . 126 m.-l 
TEMPERATURE 6S°F|i|.}'C| 
PRESSURIZATION RATE: ROC pm/mmuf 
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Fig. 4    Distribution ol strains on the cone»»» surface of Model AA 
under short-term pressurltation 
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Fig. S   Cumulative strains on in« concave surfte« ol Modal < 
sustained prassura loading 

(18-in) dia pressure vessel rated 137.8 MPa (20.000 psi). The 
pressurization was accomplished by means of air-operated 
positive displacement pump. The ambient water temperature 
during testing of Mc-del AA varied only plus or minus one 
degree from 18*C (6V'F)- Because of this small temperature 
variation all the strains generated during the pressure testing 
of Model AA could be compared with each other directiy 
without any adjustments for temperature variation. 

During the final pressurization to implosion considerable 
difficulties weie encountered in trying to maintain the 4.5 
MPa/min (650 psi/min) pressurization rate at pressure above 
41.3 MPa (6000 psi). 

To remedy this situation a large, gasoline engine driven 
compressor was connected to the pump. After installation of 
the portable compressor, the pumping rate was increased and 
the pump maintained this rare to 110.2 MPa (16,000 psi) at 
which implosion took place with a loud noise. 

Findings 

Pressure   Cycling.   The   hoop   and   meridional   strains 

Journal ol Energy Resources Technology 

recorded by gages I and 2 (at the pole of the lower hemisphere 
without penetration) did not differ from each other, indicating 
a uniform biaxial stress field on the concave surface of the 
sphere (Fig. 4). The meridional strain recorded by gage 3 at the 
penetration in the upper hemisphere was, however, approx- 
imately 20 percent higher, and the hoop strain recorded by 
gage 4 at the same location approximately 80 percent lower 
than the strains at gages 1 and 2. 

This distribution of strains is considered typical for acrylic 
plastic spheres with a conical penetration sealed by a metalic 
hatch. Testing of acrylic spheres with t/D, ratios in the 0.036 
to 0.076 range during the previous test programs had pro- 
duced similar results (Stachiw, 1971a. 1971b; Snoey and 
Katona, 1970; Snoey and Briggs, 1970; Stachiw and Oolan. 
1978). 

The basic difference between the effect of penetrations on 
the magnitude of strains in the spheres with 0.036£ to 
t/D, S 0.76. and Model AA with a t/D, of 0.2 is that the 
relative increase in strain magnitude at the penetration was 
larger for the thin spheres. Thus for t/D, = 0.036 the strain in- 
crease on the concave surface in meridional direction at the 

MARCH 1987, Vol. 109/45 

- 



-600 

-500  - 

-400 

-300 

-200 

-100 

60 100 160 200 
SUSTAINED PRESSURE DURATION, nunum 

Fig. 6   Craap (Mma-daoandant strain rat«) en tha cone«»« turtuct ol 
Modal AA under sustained pressure loading 

penetration was in excess of 50 percent, while for t/D, = 0.069 
the increase was only about 33 percent. Also, stiff hatch plugs 
have been shown to generate higher strains at the penetrations 
than compliant hatch plugs (Stachiw et al., 1981). 

The magnitude of membrane strains at the pole of the lower 
hemisphere increased linearly with pressure during pressuriza- 
tion in the first pressure cycles (Table 3); the strains became 
nonlinear during the sixth pressure cycle (Fig. 5) at pressures 
above 34.5 MPa (5000 psi). This would seem to indicate that 
during short-term pressurization the sphere with t/D, = 0.2 
compressed elastically in the 0 to 77.1-MPa (0 0 to 11,23 5-ft) 
range. 

The creep rate (Figs. 5 and 6) and cumulative creep in- 
creased exponentially with pressure. For example, at 6.99 
MPa (1000 psi) sustained pressurization the average creep rate 
during the first 5 min was 10x10 Vmin (10 micro- 
in./'in./min), while at 41.3 MPa (6000 psi) it became 
330xlO"*/min (330 microin./in./min). The creep rate 
decreased exponentially with time; after 60 min of sustained 
pressurization at 6.9 MPa (1000 psi), it became less than 

1 x lO'Vmin (1 microin./in./min) and at 41.3 MPa (6000 psi) 
it became 35 x 10"6/min (35 microin./in./min). 

As a result of the great variation in creep rates at different 
pressure loadings there was also a great variation in the 
magnitude of cumulative creep (Fig. 7). Thus, at the conclu- 
sion of one-hour-long sustained pressurization the cumulative 
creep in the 6.9 MPa (1000 psi) cycle was only 100 X10"* (100 
microin./in.), while in the 41.3 MPa (6000 psi) cycle it was 
observed to be 5100x 10"* (5100 microin./in.) (Table 3). 

The large cumulative creep resulted in an operationally 
significant decrease of sphere's buoyancy. The buoyancy of 
the 457-mm- (18-in-) dia Model AA acrylic sphere decreased 
by approximately 7 percent after 60 min of sustained 
pressurization at 27.6 MPa (4000 psi). 

During relaxation periods between individual pressurization 
cycles the acrylic plastic attempted to return to its unstrained 
state. The 60-min long relaxation periods appeared to be of 
adequate duration for the compressive membrane stains to 
return almost to zero after 60-min long pressurization periods 
at 6.9, 13.8, 20.7, and 27.6 MPa (1000, 2000, 3000 and 4000 
psi). After sustained pressurization at 34.5 MPa (5000 psi) the 
60-min-long relaxation period generated tensile membrane 
strains on the concave surface (Table 3). Tensile membrane 
strains were again observed after sustained pressurization to 
41.3 MPa (6000 psi), except that they were larger than during 
the relaxation period after sustained pressurization at 34.5 
MPa (5000 psi) (80 versus 150x10'* [80 versus 150 
microin./in.] after 60 min of relaxation). 

The appearance of tensile strains during a relaxation period 
indicates that some of the cumulative creep which took place 
on the concave surface during pressurization was in the nature 
of permanent compressive deformation. Since the cumulative 
creep on the convex surface during sustained pressurization is 
less due to lower membrane stresses on this surface, perma- 
nent compressive deformation can also be expected to be less 
there than on the concave surface. As a result of this dif- 
ference in magnitude of residual compressive strains on these 
surfa-es, the interior surface of the sphere may at some time 
during i elaxation period be placed in tension and the exterior 
surface in compression. The higher the pressure during sus- 
tained loading, the sooner the tensile strains will appear during 
the relaxation. If the pressure during sustained loading is high 
enough, fractures may appear immediately after, or even dur- 
ing, depressurization to zero. 

The absence of tensile strains during the relaxation period 
efter 27.6 MPa (4000 psi) pressure cycle; and their appearance 
after the following pressure cycle to 34.5 MPa (5000 psi) in- 
dicates that permanent compressive deformation (i.e., 
yielding) will appear on the concave surface during 60-min- 
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long sustained pressure loading in 16*C (60*F) ambient en- 
vironment at some pressure level in the 27.6 to 34.5 MPa (4000 
to 5000 psi) range. At sustained pressure loadings in excess of 
60-min duration permanent compressive deformation may 
take place at pressure levels less than 27.6 MPa (4000 psi). At 
low ambient temperatures encountered in deep ocean, on the 
other hand, tne permanent compressive deformation may only 
appear at pressure in excess of 34.5 MPa (5000 psi). 

Previous discussion, based on the strain data from six 
pressure cycles to which Model AA was subjected, does not 
allow one to predict with certainty whether tensile strains will 
appear and subsequently increase to dangerous levels during 
1000 pressure cycles of 8-hr duration (4 hr sustained pressure 
loading followed by 4 hr of relaxation) at 24.5 MPa (3560 psi) 
to which Models BB and CC will be subjected. One can 
postulate, however, that the chances for Models BB and CC 
successfully completing the 1000 pressure cycles at design 
pressure without crack initiation on the concave surface are 
excellent if the ambient temperature during the pressure cy- 
cling does not exceed 18'C (65'F). 

Implosion Testing. Implosion of Model AA took place at 
110.2 MPa (16,000 psi) in 18*C (65*F) ambient temperature 
environment. Since the ambient temperature at design depth 
and beyond is in the - 2 to 1 *C (28 to 34'F) range the actual 
implosion depth of the acrylic submersible would be in excess 
of 10961 m (110.2 MPa x 99m/MPa) 35,952 ft [16,000 psi x 
2.247 ft/psi]). The actual implosion depth can be fairly ac- 
curately predicted on the basis of data generated during the 
Navy's NEMO test program (Stachiw, 1971). In that program 
acrylic spheres with t/D, =0.036 were tested to implosion 
under different ambient temperatures anc' the experimentally 
obtained implosion pressures plotted versus ambient 
temperature. The relationship between critical pressure and 
ambient temperature appeared to be linear in the 0 to 38'C (32 
to 100'F) temperature range. 

Utilizing that data, one can postulate that the implosion 
depth of the acrylic submersible with ///>, = 0.2 ratio at 0'C 
(32*F/ under short-term loading will be approximately 25 per- 
cent greater. Utilizing this information as the basis for pre- 
dicting the short-term implosion depth it is calculated to be 
137.8 MPa (20,000 psi), well in excess of greatest ocean depth. 

Data from NEMO test program enables one also to predict 
with reasonable certainty the implosion depth under long-term 
entrapment on the ocean floor. For entrapment of 150-hr 
duration (typical duration of life support) the implosion depth 
is predicted to occur at 50 percent of short-term implosion 
depth. Thus, in order for an acrylic submersible with 
.' D, =0.2 ratio to implode during 150 hr of entrapment, or 
disablement on the ocean floor at 0*C (32*F) ambient 
iemperature, the depth of the ocean floor must exceed 6098 m 
(20.000 ft). 

Spherical sector hatch of 6061-T6 aluminum and bearing 
gasket of extruded polycarbonate plastic performed well in the 
0 to 41.3 MPa (0 to 6000 psi) pressure range (0 to 4104 m [0 to 
13,482 ft] depth range). Both the aluminum and polycar- 
bonate plastic yielded during the short term pressurization to 
110.2 MPa (16,000 psi). There was observed extensive shear 
cracking on the hatch skirt and bearing gasket. It can be 
postulated that the structural performance of the aluminum 
hatch in Model AA matches th*t of the acrylic sphere, which 
failed also by yielding of material. 

Conclusions 

1 The short-term implosion depth of acrylic spheres with 
t/D, m 0.2 and equipped with metallic hatches in the shape of 
spherical sectors with included angle of under 44 deg is 10,961 
m at I8T (35,952 ft at 65*F) ambient temperature. 

Journal of Energy Rosourcos Technology 

2 Tensile strains appear on the concave surface of acrylic 
sphere with t/Dt = 0.2 during the relaxation period following a 
60-min dive at 18*C (65"F) ambient temperature, if the dive 
depth exceeds 2139 m (8988 ft). At depths under 2739 m (8988 
ft) strains appear to return to zero after a relaxation period 
equal to, or exceeding the duration to the dive. 

3 The hatch bearing gasket fabricated from extruded 
polycarbonate plastic performs satisfactorily in the acrylic 
sphere with t/Dt * 0.2 during six dives in the 0 to 4104 m (0 to 
13,462 ft) depth range. There is extensive permanent deforma- 
tion of the bearing gasket after short-term dive to 10961 m 
(35,952 ft). 

4 The spherical sector hatch with 44-deg included angle, 
when fabricated from 6061-T6 aluminum alloy performs 
satisfactorily during repeated dives in the 0 to 4104 m (0 to 
13,482 ft) depth range. Yielding of the material occurs, and a 
shear fracture is initiated in the hatch skirt during a short-term 
dive to 10961 m (35,952 ft). 

Recommendations 

1 Cast acrylic plastic spheres with 0.2 thickness to internal 
diameter ratio, and equipped with aluminum spherical sector 
hatches that subtend a 44-deg included angle should be 
seriously considered for service as pressure hulls in manned 
submersibles operating in the 0 to 2439 m (0 to 8000 ft) depth 
range. 
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Structural Performance of Acrylic 
Plastic Plane Disk Windows With 
Twin Conical Bearing Surfaces 
Exploratory investigation into the structural performance of acrylic plastic plane disk 
windows with twin conical bearing surfaces has shown that such windows behave under 
hydrostatic loading similarly to plane disk windows with a single conical bearing surface. 
This conclusion is based both on experimental data from a test program and on findings 
from a finite element stress analysis. The test program encompassed short term and cyclic 
pressure testing of plane disk windows with twin conical bearing surfaces in the 0.21 < 
t/D, < 0.423 and 60 deg < a < 120 deg ranges. The finite element stress analysis ad- 
dressed itself only to plane disk windows with 90 deg twin conical bearing surfaces in the 
0.23 < t/Dj < 1 range. On the basis of findings reached in thi* investigation it is recom- 
mended that the existing criteria (ANSI/ASME PVHO-1) /or the design of plane disk 
windows with a single bearing surface be applied also in the design of plane disk windows 
with twin conical bearing surfaces since their structural performance under external hy- 
drostatic loading appears to be very similar. 

Introduction 

Acrylic plastic viewports have since their introduction by Profer-snr 
Piccard several decades ago proven themselves to be reliable str 
tural components of pressure hull? in submersibles, habitats, divin 
bells, and hyperbaric chambers |1|.' 

The two most significant contributions to achieving the accident 
free service record of acrylic windows were the Navy's- research 
program on the performance of acrylic plastic structures under hy- 
drostatic loading and ASMEV development of the safety Standard 
for the design, fabrication, and acceptance testing of viewports in 
pressure vessels for human occupancy. By standardizing the specifi- 
cations for acrylic plastic configurations of windows and safety factors 
for different configurations and operational temperature ranges the 

1 N jmbers in bracket» designate Reierencea at end of paper 
-' Kesearch sponsored hy the Navy at the Naval Civil Engineering Laboratory 

' .viv.il I- u ilities Engineering Command), Naval Ship Research and Develop- 
ment Center (Naval Ship System» Command), and the Naval t'ndersea Center 
(Naval Material Command I 

' ASMH/ANSI PVHO-1 Safety Standard for Pressure Vessels for Human 
(krupancy developed under the auspices of the American Sunety >f Mechanical 
Engineers by the Committal on Pressure Vessel» for Human Occupancy. 

Contributed by the Ocean Engineering Division and presented at the 
Winter Annual Meeting. Atlanta. Ga., November '.'" December 2. 1977 of 
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS Manuscript 
received at ASME Headquarters Aug  1, 197". Paper No. 77-WA/Oce-'.i. 

ANSI/ASME PVHO-1 Safety Standard insured predictable perfor- 
mance of all viewports in manned pressure vessels [2|. 

Because the Safety Standard is based on the empirical relationship 
between the short term critical pressure and the safe maximum op- 
erational pressure (also often referred to as design pressure) of acrylic 
windows, both must be experimentally defined for a given window 
shape, (ID, ratio, included angle, and temperature. The short term 
ctitical pressure (STCP) has been defined as the pressure at which 
catastrophic failure occurs at room temperature under 660 psi/min 
pressurizatiun rate. By testing a multitude (over 2000 specimens) of 
full scale and scale model windows to destruction and plotting the 
resulting short term critical pressures versus t/D, ratios, a series of 
graphs has been derived for common window shapes relating their 
STCP to t/D, ratio. 

The safe maximum operational pressure has been, on the other 
hand, experimentally defined by subjecting windows to cyclic and 
static fatigue tests and observing the condition of the window at fre- 
quent intervals. On the basis of such observations a definition of safe 
maximum operational pressure has been formulated. The safe max- 
imum operational pressure (DP) for a given window design has been 
defined as that hydrostatic pressure loading which at a given ambient 
temperature will (1) not initiate cracks in the acrylic window prior 
to completion of at least 10UU standard pressure cycles,1 or 4000 hours 

* A .ypical pressure cycle consists of four hours of sustained loading followed 
by four hours of relaxation at zero pressure. 
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of continuous pressure loading, and will (2) not cause catastrophic 
failure prior to completion of additional 9000 standard pressure cy- 
cles, or 36,000 hours of continuous pressure loading. 

The relationship between the short term critical pressure at am- 
bient room temperature (70-75°F) and the safe maximum operational 
pressure at some specified maximum design temperature has been 
defined as a conversion factor ratio (CF). The magnitude of conversion 
factors varies with the window configuration, maximum design 
temperature, and operational pressure range. To date, conversion 
factors have been postulated for plane disk with plane bearing surface, 
plane disk with conical bearing surface, spherical sectors with conical 
bearing surface, spherical sectors with plane bearing surface, hemi- 
spheres with equatorial flanges, cylinders, and hyperhemispheres with 
conical bearing surface. The windows designed on the basis of these 
conversion factors have accumulated to date an admirable safety and 
service record. This service record leaves no doubt that the *aagni- 
tudes of conversion factors specified by ANSI/ASME PVHO-1 for 
different window configurations and temperature ranges are appro- 
priate for the intended service. 

There is, however, one distinct disadvantage in relating the STOP 
to DP; it is a very expensive and time consuming process to develop 
sufficient experimental data that would allow plotting of STOP curves 
and selection of CP ratios that cover the whole range of t/Di ratios and 
temperatures for a new window configuration. The conservative es- 
timate is thp.t it requires at least $100,000 and at least two years of 
effort to generate the minimum experimental data on which the STCP 
curves and CF tables can be based for a new window shape with the 
high level of assurance demanded by service in manned applica- 
tions. 

Because of this large expense, experimental programs for devel- 
opment of new STCP curves and CF table1 are rarely undertaken, 
even though the introduction of a new window configuration requires 
it. Instead, an attempt is generally made to discover structural simi- 
larities between the new and old proven window configurations that 
would allow the use of existing STCP curves and CF tables in design 
of new window configurations. Such is the case with plane disk win- 
dows with twin conical bearing surfaces. This paper is the summary 
of analytical and experimental studies that led the ANSI/ASME 
PVHO-1 Safety Standards Committee to the adaption of STCP 
curves and CF tables for disV with a single conicai surface to the design 
of disks with twin conical bearing surfaces. 

Background 
Structural Considerations. Pressure vessels which are designed 

for both internal and external pressure services require viewport« that 
are capable of withstanding and sealing off pressure applied in either 
face of the window. This imposes a sr>ecial requirement upon the 
design of the viewport. To date, three types of viewports have beer 
developed for manned service in pressure wuril that are subjected 
to both external and internal pressure service (Fig. 1). All of tiiem have 
been found to be acceptable from structural and operational view- 

The three designs differ significantly in fabrication cost, mainte- 
nance requirements, bulk, and weight characteristics which are of 
great interest to operators of diving bells, personnel transfer capsule«, 
and sub. lersibles with diver lockout capability. Of the three designs 
the costliest, bulkiest, and heaviest viewport assembly i» the one 
utilizing two plane disks with single conical bearing surfaces placed 
back to back in the mounting flange. The least expensive, but medium 
in bulk and weight design, is the one utilizing the single plane disk 
with plane bearing surfaces. The ' „litest and least bulky, but of me- 
dium cost design, utilizes the plane disk with twin conical bearing 
«urface. 

The most obvious approach of the three i« to place t o conicai 
frustrum windows back to back ana thus solve the problem but this 
approach has several disadvantages. The chief disadvantage is that 
two metal supporting frames must be used, each thicker than the two 
lenses. The additional cost of the lenses and frames is significant and 
the additional weight can be even more important- When the objective 
is to have a positively buoyant bell, each pound of bell weight above 

PLANE OISC 
WITH PLANE BEARING SURFACES 

PLANE DISCS 
WITH CONICAI   BEARING SURFACE 

PLANE DISC 
WITH 7 WIN CONICAL BEARING SURFACES 

Fig. 1    Proven design concept« tor viewport« In pretMire hull« subjected 
during thek operational We to both Internal and external prassures 

a set amount must be offset by external flotation. Since existing 
syntactic foams are about half the specific gravity of water, one pound 
is added to the dry weight of the l*ll for each pound of buoyancy. This 
additional dry weight must then be accounted for when considering 
the dynamic loading an the padeyes, lift wire, winch and hell 
launching and recovering equipment on deck of the boat or plat- 
form. 

Another problem with back to back lenses is that water invariably 
manages to get between the lenses causing fogging and corrosion that 
in a short time can decrease the visibility through the viewport to th" 
point where it lc«es any value as an observation window. 

At first glance it would appear that it might be a toss-up then be- 
tween the two viewport designs utilizing only a single disk window. 
The weight disadvantage could be reduced and the fogging problem 
■wived when only one piece of acrylic with supporting frames designed 
to seal in both directions was used. Plane acrylic disks with plane 
bearing surfaces were used in early designs for relatively shailo» 
depths, but because of the presence of high tensile stresses in service 
and the subsequent thickness of acrylic required to decrease them, 
the weight saving was minimal. Settling problems also occurred due 
to the requirement for hard gaskets on both sealing surfaces. What 
has finally given the third design, the plane disk with twin conical 
bearing surfaces, its definite advantage is •'.» superior structural 
performance and positive sealing capability. 

This structural superiority over the competing window with plane 
ueafing surfaces is derived from its twin conical bearing surfaces that 
superimpose radial compression on the pressure generated flexure 
r .oment in the disk. As a result of this arrangement, radial compres- 
sive stress is superimposed upon the tensile component of the flexure 
stress. Because of this fortuitous superposition of stresses, the mag- 
nitude of principal knsile »trees in the center of the low pressure face 
on the twin beveled disk is always lower than in a disk with plane 
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bearing surfaces. As one ino-eases the t/D,- ratio of twin beveled plane 
disks, the magnitude of tensile stress decreases until in twin beveled 
disks with f/Z), >0.5 the tensile stress disappears completely. This 
is not the case in plane disk with plane bearing surfaces, where one 
cannot eliminate tensile principal stresses on the low pressure face 
by increasing the magnitude of t/D, ratio. 

The fact that the tensile stress in a twin bevel plane disk is always 
less than in a disk with plane bearing surfaces has significant struc- 
tural value since the lower tensile stresses make the twin bevel plane 
disk windows more resistant to point impact and dynamic pressure 
loading than the disk with plane bearing surfaces. In this respect the 
viewport with a twin bevel plane disk window behaves like the view- 
port with twin single bevel windows, except at one-half the cost, 
weight, and bulk. It is this advantageous combination of low cost, low 
weight, low bulk, and decreased magnitude (or total absence in t/D, 
> 0.5) of tensile stresses that makes the viewports with twin bevel 
plane disk windows so attractive to designers, fabricators, and oper- 
ators of pressure vessels for internal/external pressure service. 

Sealing Considerations. Since the twin bevel plane disks have 
to seal securely against pressures applied to either face, considerable 
thought has been given to their design. To date, four approaches to 
seal design have been experimentally evaluated (Figs. 2-5). Of these 
three designs, the one containing O-ring grooves in the conical bearing 
surfaces of the window is the most reliable (Fig. 2), but the O-ring 
grooves in the bearing surfaces represent unacceptable stress con- 
centrations that initiate fatigue cracks in the window's bearing sur- 
faces after only a few pressure cycles (Fig. 6). Designs shown in Figs. 
3-5 have comparable sealing ability, but the one with the O-ring 
groove in the cylindrical surface of the disk is considered less 
structurally desirable than the one where the O-ring groove is located 
in the cylindrical surface of the seat in the flange (Figs. 4 and 5). 

Of the two design approaches for location of O-rings in the cylin- 
drical surface of the steel seat, the one shown in Fig. 5 is considered 
more desirable as it is more economical to fabricate, easier to assemble, 
and more positive in sealing ability. 

To insure leakproof performance, however, the outside diameter 
of the twin bevel plane disk must be only 0.010-0.020 in. less than the 

diameter of the seat at minimum predicted operational temperature. 
If the lowest operational temperature cannot be predicted with cer- 
tainty, 32°F should be used in its place. Since installation of windows 
is generally performed at room temperature, the windows and O-rings 
should be precooled to 32°F prior to placement in the mounting. Once 
they are installed at room temperature they will expand until there 
is a solid contact between them and the seat all around their cir- 
cumference. 

In 1969, Herb Newbury and the Sub Sea International design staff 

Fig. 3 Sailing arrangement for twin bevel dMcc utilizing a radially com- 
pressed O-ring located In the nonbeorlng surface of the window. This design 
Is acceptable because the O-ring groove does not decrease the fatigue lite 
of MM window significantly 

Fig.2 Sealing arrangement loi twin be»el disks utlii* log salaMy compressed 
O-rings located si the bearing surfaces of the window. U Is not s recommended 
design ss the O-ring grooves bi the bearing surf sees deer aase slgnrftc entry 
the latlgue We ol the window 

Fig. 4 Sealing arrangement tor twin be»el desks utilizing • radially com- 
pressed O-ring located In the cytodrical tun'ace of the mounting. This design 
is acc«pt stole because the O-ring groove does not decrease the taHguo We 
of lbs window at «41 

Journal of Engineering for industry MAY 1978, VOL  100    /    275 

  



mm?- 

Flg. S Scaling arrangement lor twin bevel dWu utsttng a radiaty and axlstty 
compressed O-rtng located In the cylindrical surface of the mounting. This 
design Is lecomnondod as II provides very positive tsaüng without decreasing 
the iallgus IM« of the «Mow 

introduced the double bevel lens into the commercial diving industry. 
The bell was designed for use in offshore exploration where obser- 
vation dives were often made either by themselves or as part of a 
lock-out dive. To provide almost complete visibility, 13 viewports were 
used and the most efficient window design was a necessity. The twin 
bevel lens, which consists of one piece of acrylic with twin conical 
bearing surfaces, appeared to combine the strength of two conical 
frustrums with the weight of a single lens. 

The basic considerations in this design were the placement of the 
O-ring, or low pressure seal, and the method of securing the retaining 
ring. The one disadvantage of the twin bevel window is that the initial 
fit is mure critical than in other designs and tolerances must be 
carefully watched during design, fabrication, and assembly. 

The Sub Sea International design, similar to that shown in Fig. S, 
employs an O-ring seal on the Hat surface or "land" between the 
conical bearing surfaces. Placing the O-Wng in the sealing or bearing 
surfaces of the lens itself was considered; however, either of these 
designs would induce local stresses and shorten the life of the lens. 
The threaded retainer ring was selected on the basis of weight and 
simplicity. A study showed that the threaded ring design is ipproxi- 
mately one-third lighter than bolted ring designs. In addition, it 
presents a smooth surface on the interior of the bell which adds to the 
diver safety snd comfort. 

Preliminary test showed the short term critical pressure t:> be sat- 
isfactory and the design has since been used in over 20 diving bells 
similar to the one shown in fig. 7. 

The diving bell undergo»« the most severe usage of any pressure 
vessel designed for human occupancy. The constant exposuve to sea 
air and salt water makes it a prime target for corrosion and periodic 
maintenance is a must. Experience in the field over the last seven 
years has shown the twin bevel window to be no more of a mainte- 
nance problem than other designs. 

The overall effectiveness of the design has been proven by hydro- 
static tests and field usage and the extra expense, if any, is more than 
offset by the operational advantages of handling a lighter bell. 

Structural Evaluation 
Because of the demand by the ocean engineering community for 

plane disks with twin bevel bearing surfaces, a structural evaluation 
of these windows had to be undertaken so that safe criteria fot iheir 
design could be established As a result of the twin bevel; ilane disk's 

Fig. 6   Plan« dtak with twin bevel bearing surface« 
by the O-ring grooves In Ihe bearing surfaces 

showing fractures Initial«; 

Fig. 7 Typical diving ban with twin bevel plane disk windows fabricated by 
Southwest Research Institut« lor the Sub Sea International. Note the smaH 
bulk of mountings for 8-tn. dU. viewports 

bearing surface similarity to the bearing surface of the single bevel 
plane disk, it was postulated that the structural performance of both 
configurations is probably similar enough where it could be considered 
identical for engineering purposes. This postulate was based on the 
fact that since both window configurations had conical bearing sur- 
faces, both would have the same superposition of radial compression 
on membrane flexure moment. Tl 9 oniy aspect that WAS significantly 
different between the two configurations wa the difference in bearing 
surface areas (Fig. 8). This large difference in bearing surface areas 
could, but did not have to, cause significant dissimilarities in stress 
magnitude and distribution. If the structural similarity postulate 
could be proven with tittle expense, then the already validated design 
criteria fur single bevel plane disks j'2) could also be applied to design 
of twin bevel plane disks instead or proceeding with the expensive 
development of new criteria just for I his purpose. 

To prove structural similarity between the single and twin bevel 
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plane disks, both experimental and analytical approaches were cho- 
sen. The objective common to both approaches was to show that from 
a practical engineer's viewpoint both window configurations respond 
structurally to hydrostatic loading in the same manner. Since the 
experimental approach lends itself better than the analytical approach 
for determining the short term critical pressures and cyclic fatigue 
life, it was chosen for that purpose. On the other hand, because the 
analytical approach can determine, at less cost than the experimental 
approach, the magnitudes and distribution of stresses in the elastic 
range of window deformation, it was selected instead for that pur- 
pose. 

Experimental Approach. The goals of the experimental ap- 
proach were twofold, to show that (1) the modes of failure and short 
term critical pressures are approximately the same for both the twin 
and single bevel plane disks and that (2) the cyclic fatigue lives of both 
the twin and single bevel plane disks are of approximately the same 
length. If both goals could be proven with reasonable confidence, they 
would form the experimental basis for the postulate that the struc- 
tural response of twin bevel plane disk windows is the same as of single 
bevel plane disk windows. 

There was no difficulty in defining the experimental approach to 
reaching these two goals. The real difficulty was how to achieve this 
with a minimum of expenditure and time. The test program developed 
for this purpose reflected this philosophy (Tables 1 and 2). The basic 
feature of the test program was to select many included angles and 
t/D, ratios for defining the short term cirtical pressures and modes 
of failures and only a single cyclic pressure loading for establishing 
the cyclic fatigue life. The testing of many windows with widely dif- 
fering critical pressures was deemed necessary to establish beyond 
any doubt the fact that the similarity of behavior between twin and 
single bevel plane disks under short term loading extends from thin 
to thick and small to large angle windows. 

Once this was established, the similarity in cyclic fatigue lives could 
be reasonably substantiated with cyclic tests conducted only at a 
single pressure loading level. But even in this case there had to be 
several test, specimens representing 60, 90, and 120 deg bevel angles 
with two different t/D, ratios. The data from specimens with different 
angles would show that the findings are applicable to the whole range 
of practical bevel angles while the two chosen t/D, ratios would 
hopefully bracket the desirable 1000 cycle crack-free fatigue life. 

The lower t/D, ratio was selected on the basis of short term critical 

Fig. 8 Comparison of two windows with t/D, - 0.5. Note that the bearing 
surface of the twin bevel window is less than 50 percent of the single bevel 
window 

pressure curves and CF = 6, the design approach recommended by 
ANSI/ASME PVHO-1 for single bevel plane disks serving at 75°F 
ambient temperature. The higher t/D, ratio was chosen, on the other 
hand, on the basis of CF = 12, a value thought to be so conservative 
that even if the fatigue life of specimen withCF ■ 6 were found to be 
inadequate the fatigue life of specimens with CF = 12 would definitely 
exceed it. If, by chance, the fatigue life of specimen with CF = 12 were 
found to be less than 1000 cycles, the fatigue life testing would be 
repeated with twin bevel plane disk specimens that have still a higher 
CF ratio, possibly 15. It was hoped of course that CF = 6 would be 
found adequate and thus serve as further pr<x>f that the fatigue life 
of both twin and single bevel plane disks is the same. As test condition 
for the cyclic pressure fatigue tests served 500 psi at 75°F ambient 
temperature. This value was chosen because it represented the middle 
of operational range for which twin bevel plane disk windows appear 
to be particularly suitable in the manned pressure vessels for both 
interior and exterior pressure service. 

Short term and cyclic hydrostatic testing was conducted with the 
windows mounted in test flanges that simulated the rigidity of 
mountings in the pressure hull. For short term pressure testing to 
implosion, the hydrostatic pressure was applied to one face of the 

Table 1    Eiperbnentel evaluation of twin bevel plane disk windows under cyclic pressure losdtng at ambient room temperature 

Specimen • 1 spetImer ■ ? Specinen »j spec imer •4 
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Table 2   Experimental evaluation al twin bevel plane disk Windows under short term pressure loading at ambient room temperature 

Specimen #9 Specimen 110 Specimen #11 Specimen #12 Specimens #13-18 

0o     ■ 3.520 inches D0     ■ 3.720 inches u0     - 4.020 Inches 0,     ■ 3.250 inches DQ     ■ 10.310 inches 

t/D, ■ 0.23 t/0f »0.32 t/D1 ■ 0.317 t/D, • 0.423 t/D, » 0.308 

1/t   = 0.25 
a       ■ 90° 
Pcf   • 5000 psi 

1/t   = 0.25 
a       = 90° 
Pcf   = 9000 psi 

1/t   = 0.120 
a      » 90° 
Pcf   = 9000 psi 

1/t   = 0.120 
a       = 90° 
P f   ■ 13.600 psi 

1/t   " 0.116 
a       ■ 90* 
P f    = 8800 psi 

STCP - 5640 psi 
STCP/P , = 1.128 
T          :t = 70°F 

STCP ■ 10,640 psi 
STCP/P - -1.18 
T         cf=69.S°F 

STCP - 9300 psi 
STCP/P,, =1.03 
T         CT = 72°F 

STCP = 13,780 psi 
STCP/P , • 1.01 
T         cf ■ 74°F 

STCP = 9400 psi  (*»s.) 
STCP/P , ■ 1.07 
T         cr • 72°F (avg.) 

Specimen #19 Specimen #20 Specimen #21 Specimen #22 Specimens #23-27 

DQ     » 3.S20 inches D„     ■ 4.130 inches D0     = 3.337 inches D       = 3.461  inches D0     ■ 10.500 inches 

t/0,  ■ 0.21 t/D, ■ 0.29 t/D, = 0.26 t/D, = 0.355 t/D, ■ 0.363 
1/r    - 0.25 
a       - 120° 
Pcf   ■ 3000 psi 

1/t   = 0.25 
a       = 120° 
Pcf   ■ 7000 psi 

1/t   ■ 0.25 
a       - 60° 
P .   = 5000 psi 

1/t   = 0.25 
a       ■ 605 

P f   = 8000 psi 

1/t   = 0.25 
a       = 90° 
Pcf   = 10,500 psi 

STCP ■ 4605 psi 
STCP/P , = 1.535 
T          ct  - 69°F 

STCP ■ 9455 psi 
STCP/P,, = 1.350 
T          c    = 70°F 

STCP ■ 6540 psi 
STCP/P , ■ 1.308 
T          CT  ■ 69"F 

STCP ■ 9455 PS) 
STCP/P,, =118 
T          C    = 69°F 

STCP = '10,000 psi  (avg.) 
STCP/P,, =1.0 
T         cf = 74°F 

D ■ major diameter, inches 

t = overall  thickness, Inches 
1 = width of cylindrical surface, 
D, ■ minor diameter,  inches 

a ■ included cone angle, degrees 
T * ambient test temperature,    F 

Material 

STCP/P cf 

Plexiglas G satisfying requirements 
of ANSI/AS« "VHO-1 

experimentally determined catastrophic failure pressure 
of an equivalent window with a single bevel and identical 
t/D, and a, psi 

experimentally determined short terr.j critical  pressure 
of the test specimen with twin bevels, psi 

relationship between experimentally established short 
term critical pressure of test specimen with twin bevels 
and the catastrophic failure pressure of equivalent 
windows with twin bevels 

window while the other one was open to atmospheric pressure through 
an opening in the pressure vessel. Upon implosion, fragments of the 
window were ejected to the atmosphere. For cyclic pressure loading 
special test flanges were designed that held simultaneously two win- 
dows with different t/D ratios. In this arrangtment one face of the 
windows was subjected to hydrostatic pressure while the other one 
was exposed to atmospheric pressure trapped between the two win- 
dows in the flange (Fig. 9). 

Short term pressurizations were conducted at Southwest Research 
Institute, San Antonio, Texas, and at the Civil Engineering Labora- 
tory. Port Hueneme. California, where facilities exist for generating 
high pressures needed for implosion of the thicker windows. During 
the implosion testing of individual windows only the implosion 
pressures and temperatures were recorded, and modes of failure 
photographed. The cyclic fatigue tests were conducted at Stachiw 
Associates test facility, El Cajon. California. All windows were pres- 
sure cycled simultaneously in the same pressure ves&el to shorten the 
pressure cycling program and to insure that al! windows would be 
subjected to identical test conditions. This was accomplished by 
stacking the test assemblies upon each other in the pressure vessel 
until the small pressure vessel was fully loaded and only a 1 -in. an- 
nular space remained full of water. Only pressures and temperatures 
at beginning and .ml of each pressure phase and duration of all 
pressure and relaxation phases were recorded. To make the pressure 
cycling more realist» 111 random length cycles, (21 random pressure 
deviations from .MX) psi. and VY) random temperature deviations from 
75" were ullowed. Every 100 cycles the windows were removed from 
the test flanges and inspected for presence of fatigue cracks. 

Experimental Findings. Short tc'rm critical pressures of twin 
l>evel plane disk windows tes'ed to destruction were found to be the 
same as of single bevel plane disk windows with the same t/D ratio 
and included angle a tested in previous experimental programs (Table 
2 and Fig. 10), |3|. This serves as reasonable evidence that the struc- 
tural response of all twin bevel plane disk windows under short term 
loading to destruction is t h«- same as for single bevel plane disk win- 
dows with the same til), ratio and included angle. 

Short term mode u( failure of twin bevel plane disk windows under 
short term loading appeared to be the same as single bevel plane disk 
windows. The fracture surface observed on the low pressure face of 

\i~.r-. 

Fig. •   Mountings used tor pressure cycling of twin navel plane disks. Note 
that the mounting holds two windows separated by a 1-ln. wide air space 

the disk was a typ al conicai shear cone whose apex penetrated the 
high pressure face it its center (Fig. 11). In thin windows this shear 
fracture cone wa:- .nitiated at the cemer of low pressure face by the 
ter-sile component of the flexure stress whose maximum value was 
found at the center of the low pressure face. In thick windows (he 
shear fracture cone was initiated by a combination of compressivt 
radial, hoop, and longitudinal stresses whose maximum values were 
found in the transition zone between the plane disk surface and 
conical bevel surface. 

Cyclic fatigue life of twin bevel pane disk windows tested in the 
program was found to be approximately the same as for single bevel 
plane disk windows with the same t/D, ratios and included angles. 
This finding is based on the observation that the twin bevel plane disk 
windows designed with conversion factor of 6 (CF = 6 is the con .ersion 
factor for single bevel plane disk windows at ambient temperature 
of 75° F designed on the basis of short term critical pressure curves 
specified by ANS1/ASME PVHO-1) did not have any fatigue cracks 
after 1000 pressure cycles at maximum design temperature and 
pressure. The absence of ar" fatigue cracks or crazing at 1000 pressure 
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Fig. 10 Comparison o( critical pressure* for single arei twin bevei plane disks. 
The curves have been previously established experimentally with 1-in. dia. 
single bevel disks (reference |3|) and the STCPs of twin bevel disks super- 
imposed on them 

iräHHH 
. 

Fig. 11 Fracture surface on a twin bevel plane disk after short If ■ hydro- 
static loading to fracture Initiation; I/O, - 0.32. O. = * In., leei i r »sure ■ 
9100 psi. a = M deg 

cycles :.-.i.ir.uiUTv thai these window» will not fail calastrophically in 
less than 10,000 pressure cycles (i.e., the minimum fatigue life speci- 
fied liv ANSI/ASMK FV'HO-1 for windows in manned service). 

Experimental Conclusions. On the basis of experimental find 
ings on twin bevel plane disk windows that were tested under short 
term and cyclic pressure loading, can be concluded with reasonable 
confidence that both the short term and cyclic fatigue strengths of 
all twin bevel plane disk windows are the same as of single bevel plane 
disk windows with the same l/D, ratios and included angles, Although 
the conclusion is based only on experimental data generated by 27 

t'vin bevel plane disk test spec'mens, each with a different t/D, ratio 
and 60,90, or 120 deg included angles, the excellent correlation be- 
tween the experimental data and publisher results from other pro- 
grams [4 8] on single bevel plane disk make the extrapolation of data 
from a limited number of t/D, ratios and angles to all t/D, ratios and 
included angles reasonable. 

Analytical Approach. The principal purpose of the analytical 
investigation was U> demonstrate that acfviic windows with both twin 
and single conical bearing surfaces exhibit similar structural behavior 
under short-term hydrostatic loadings. A secondary goal of the 
analysis was to show the effect of varying the t/D, ratio on the elastic 
stress distribution in a twin bevel conical window with a given diam- 
eter /), 

The analysis was conducted using the finite element method. 
Axisym metric finite element models were made for different t!D ra- 
tios (t/D, » 0.23,0.46.1.00), <> = 90 deg, and / « 0,25«. The ratio t/D, 
= 0.46 was selected (Kig. 12) to allow a direct comparison with a pre- 
vious analysis conducted by Snoey and Crawford for a window with 
a single conical hearing surface and t/D, ■ 0.46. Using this t/D, ratio 
would allow diret t comparison of results between the previous work 
and this investigation. The other t/D, ratios were selectsd because 
they represent geometries of approximately one-half or twice the 
window thickness of t/D, ■ 0.46. These ratios would serve as lower 
and upper bounds on the thicknesses under investigation, and the 
results would indicate what effect various t/D, 't have on the nature 
of the stress intensity and distribution. 

Figs. 13 and 14 show the axisymmetxic model for t/D, ■ 0 -hi. This 
model is similar to that used by Snoey and Crawford except along the 
window flange interface. Whereas the previous investigation u»«-d a 
reduced mesh in this region, the present analysis used is> ■parametric 
quadrilateral elements with midside nodes. The geometry along this 
boundary was also the same for the other two tID, ratios. The com- 
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puter program ANSYS, available from Swanson Analysis Systems, 
Inc., Elizabeth, Pennsylvania, was used for the analysis. 

Two sets of boundary conditions were considered for each tlD, 
ratio. Case I represented complete fixity of the window flange inter- 
face, while the window was free to slide along the flange in Case II. 
Since the coefficients of friction existing between the window and 
flange have not been quantitatively defined for different bearing 
stresses, these two conditions serve to bracket the true solution. 

All nodes along the window's center (X = 0) were free to move in 
the axial (Y-direction) but constrained from moving in the radial 
(X-direction). The finite element models were loaded by applying 
a 1000 psi pressure to top face of the window including the conical 
bevel surface and a portion of the outside cylindrical surface adjacent 
totheO-ring(Fig. 15). 

Analytical Findings. For the t/D, = 0.46 ratio, the results of the 
present investigation compare favorably with those of Snoey and 
Crawford on plane disks with a single conical bearing surface. For 
example, the maximum axial displacements along the center line 
are: 

Disks with single bevel Disks with twin bevels 
(Snoey and Crawford) (Present Work) 

Fixed 0.015 in. 0.0185 in. 
Free sliding 0.019 in. 0.0196 in. 

For  omparison of stress distribution in the Ixxiy, contour plots of 
radial (a,). axial (a,). and hoop (n^„v) were selected for output. These 

«I -I.».!,   .,■■-<> i, I'. 

Fig. 12 Viewport with twin bevel plane disk window lor 1600 psl service In 
the 0-120 F temperature rangt. Note the Mat overhang on the mounting 
Hang« to provide support to the anally displacing window 

plots can be directly compared with those given by Snoey and Craw- 
ford for single bevel disks with t/Dt = 0.46 (Figs. 16-18). 

Figs. 19-21 show that the overall stress contour plots for single bevel 
disk compare quite favorably with twin bevel disk in terms of the 
general pattern and magnitudes of stress for a t/D; ratio of 0.46. At 
the window-flange interface on the low pressure side of the window, 
a direct comparison of stresses is difficult because the finite element 
meshes are different in this region for the two studies. Nevertheless, 
the two analyses show that for this particular t/D; ratio with the fixed 
boundary condition along the flange (Case I), the bending stresses 
increase in the window. For all t/Di ratios the contour plots show that 
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Fig. 16    Plot of j, stress contours In a t/0, = 0.46 plan« disk with single 
conical bearing surface 
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Fig. 17 
conical bearing surface 
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Fig. 18    Plot of ffhov »tress contours in a CO,     0.4« plane disk with Single 
conical bearing surface 

the largest stress gradient in twin bevel disks occur in the same loca- 
tion as for the single bevel disk windows. 

Table 3 summarizes maximum element centroidal stresses for the 
three twin bevel disk models with 0.23,0.46 and 1.0 t/D, ratios. The 
table indicates that the stress level inereases as til), decreases. In fact, 
the magnitude of the maximum (highest compressive) stresses is al- 
most doubled as t/D, is decreased by 50 percent from 0.46 to 0.23. 
Increasing the t/D, ratio by 117 percent from 0.46 to l.Odoes not de- 
crease, however, the maximum stress by 50 percent. This would seem 
to indicate that peak compressive stresses along the edge of low 
pressure face cannot be significantly decreased by increasing the til), 
ratio. This phenomenon has also been previously observed in finite 
element stress contour plots for single bevel windows with high (//), 
ratios. Since acrylic plastic deforms viscoelastically first in regions 
öl stress concentrations, the high elastic stresses calculated by finite 
element computer programs surpass by a large margin the actual 
values of stresses in these locations. 

Increasing the t/D, ratio appears to have the largest effect on the 
magnitude of radial In, land hoop(<i|,„,,()) stresses at the center of low 
and high pressure faces. While in the twin bevel disk with t/D, - 0.23 
there is approximately a 6000 psi gradient between the low and high 
pressure faces (Figs. 22-24), in the disk with til), ■ 0.46 this gradient 
has l>een decreased to 2100 psi (Figs. 19-21), and in disk with t/D, ■ 
1.0 it became only 700 psi (Figs. 25-27). Thus, increasing the til), ratio 
of twin bevel disks does increase their load carrying capacity even 
though the susceptibility for initiation of cracks on the hearing surface 
also increases with the til), ratio. This phenomenon has l>een exper- 
imentally ol>ser\ed previousl' ;i studies on single bevel disks, further 
confirming the general observation that the structural response of 
twin bevel disks to hydrostatic loading is similar to thai 11 single In-vel 
disks. 

Analytical Conclusion.   The magnitude, character, and distri 
button of stress in twin bevel plane disks with 90 deg included bevel 
angle ap|)ear to be very similar to single bevel plane disk with the same 
tID, ratio and included angle. On the basis of this finding it is rea- 
sonable Ui assume that the structural response of twin bevel disks with 
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Fig. 20    Plot of <r, strata contour* In a t/D, = 0.48 plane disk with twin 
conical baarlng surfaces 

rill and 120 deg included bevel angle must be similar to single bevel 
disk with those included bevel angles. 

Discussion 
Both the experimental and analytical phases of the study have 

shown that there appears to be no significant difference in the 
structural responses of single and twin lievel plane disk windows even 
though the areas of their I »wing surfaces differ significantly. Needless 
to say. the response is not identical, as the configuration of the win- 
dows is not identical. What the study has shown, however, is that the 
location and magnitude of maximum principal stresses is in both cases 
approximately the same. In a way this is amazing as the twin bevel 
plane disks have only about 30 percent of the bearing surface with 
which the single bevel plane disks are provided t > carry bearing 
stresses 

The explanation for this apparent structural anomaly lies in the 
absence of any large stresses in the outer edge of the single bevel plane 
disk window. As a result of this fortuitous stress distribution, the outer 
edge of the single bevel plane disk can be machined off without sig- 
nificantly increasing the magnitude of maximum stresses which are 
generally found in the inner edge of the beveled disks. Comparison 
of principal stresses in the single and twin bevel plane disk with 9(1 
deg included angle and t/t), = 0.46 certainly bears this out. 

In genera! the conclusion can be formulated that the maximum 
value of principal stresses in plane disk wind >ws with conical bearing 
surfaces appears to be more influenced by changes in t/D, ratio ''ian 
in the area of bearing surfaces. Still, that does not mean f.at the 
bearing surface of plane disk with conical bevel can be decreased to 
nothing; at some point the lack of bearing surface will increase the 
magnitude of principal stresses significantly. How much the bearing 
surface on the conic»«! bevel has to decrease before this happens is at 
the present time not known. However, because this critical point is 
not known at the present time, it is necessary for designers to stay 
within the limits of bearing surface area decrease experimentally 
evaluated in this study. 

Thus, the findings of this study are considered to apply only to 
plane disks with twin conical bearing surfaces modified by a cylin- 
drical seal surface with a width of lit < 0.25. Cylindrical seal surfaces 
with tit > 0.25 on plane disks with twin conical bevels may signifi- 
cantly increase the magnitude of principal stresses, and by the same 
token significantly decrease the window's short term critical, as well 
as safe maximum, operational pressures. 

Although this study has focused primarily on plane disk with twin 
conical bearing surfaces, the findings of the study also apply to plane 
disks with a single conical bearing surface modified by a cylindrical 
seal surface since in this window configuration the conical bearing 
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surface has also been significantly decreased. Extrapolation of the 
findings from this study indicates that the cylindrical seal surface on 
a plane disk with a single conical bearing surface may be extended to 
lit < 0.5 without significantly changing the critical pressure or safe 
maximum operational pressure of such a window. The valid'ty of this 
postulate is also supported by some limited experimental data (Table 
4). 

Conclusion 
The maximum safe operational pressure of acrylic plastic plane disk 

windows with twin conical bearing surfaces and a cylindrical sealing 
surface with a width of lit < 0.25 can be s pecified on the basis of de- 
sign criteria already developed in the ANdl/ASME PVHO-1 Safety 
Standard for plane disk windows with a single conical bearing surface. 
The same criteria can also be applied to the design of plane disk 
windows with a single conical bearing surface modified by the presence 
of a cylindrical sealing surface with a width of lit < 0.5. 

Design Recommendations 
More thought and care must be given to the design of plane disk 

windows with twin bevel conical bearing surfaces than is generally 
given to the design of plane disks with a single conical bearing surface. 

0,, l/D, - 0 ?3. fn«J *t*Bt 

U    I/O -023 llMMdlflf« 

«ho I D      0 46. furd eöm< 

Flg. 22    Plot 04 a, stress contours In a \IO, - 0.23 plane disk with twin 
conical bearing surfaces 
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Fig. 21    Plot o( na, Strass contours in a (10,     0.48 plane dick with twin     Fig. 23    Plot ol a, siren contours in HID, = 0.23 plane disk with twin 
conical bearing surfaces conical bearing surfaces 
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The reason for it is that plane disks with twin bevels must be able to 
seal and withr»and pressures acting upon either face of the disk, while 
plane disks with a single bevel have to seal and withstand pressure 
acting only upon one face of the disk. 

Window Design. The t/Dj ratio of the plane disk window with 
twin bevel conical bearing surfaces depends on the magnitude of 
specified design pressure (safe maximum operational pressure), design 
temperature, and included conical angle. Depending on the value of 
design temperature, different conversion factors (CF) must be selected 

n™,«,-m. ««««*■ 

ff^        iD     D2J I'M .nil—a r&0 

—^^^^^y, /J       " 
&*"—- ———ü**~""""~—***^ 
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^^z ,.           1 

_ _   ^^^^5^? ̂  
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1        »11«' CK      l( 'I '.«> ■ «00 (« 
,n     ■       >        St'« fi „v 

Fig. 24    Plot ot ui^f, stress contour« in a 1/0,     0.23 plane disk with twin 
conical bearing surfaces 

for calculating the required short term critical pressure (STCP) of 
the window. For this purpose Table B-2 in Appendix A of the 
ANSI/ASME PVHO-1 Safety Standard is utilized. For example, 500 
psi design pressure at 75°F calls for CF = 6 resulting in a specified 
STCP of 3000 psi (500 [K> X 6 = 3000 psi). Once the short term critical 
pressure has been calculated the minimum t/D, ratio needed to meet 
this short term critical pressure requirement can be determined by 
using the design curves on Figure B-3 and B-4 in Appendix A of the 
same ANSI/ASME PVHO-1 Safety Standard. In the case of our ex- 
ample the t/Di of a twin bevel plane disk with 90 deg included angle 
and STCP for 3000 psi is found to be equal to 0.23. 

Seal Design. The recommended seal for plane disk windows with 
twin conical bevel bearing surfaces is a single radially compressed 
O-ring located on a ledge in the mounting flange (Fig. 5). To provide 
a nonbearing surface on the window which would contact the seal, a 
cylindrical surface is incorporated into the window design midway 
between the plane surfaces. The width of the cylindrical bearing 
surface must be wider than the O-ring groove, but less than 25 percent 
of window thickness. 

Mounting Design: The mounting must be designed in such a 
manner that it provides adequate support to the twin bevel disk re- 
gardless of from which side the pressure may be applied. For this 
reason the conical seats on the mounting must be wider than the 
conical bearing surface on the window so that the window receives 
radial and vertical support even when it has displaced axially under 
the action of hydrostatic loading. The magnitude of seat overhang, 
defined by D,/D/ ratio, varies with the included conical angle and the 
magnitude of design pressure. The values of seat overhang are found 
in Fig. C-2, Appendix A of ANSI/ASME PVHO-1 Safety Standard. 
For our example the value of 0,70/ is 1.03. 

To insure positive contact between the conical bearing surfaces on 
the disk and the conical seats in the mounting it is necessary to make 
the width of the cylindrical seat in the mounting less than the width 
of the conical sealing surface on the window (Figs. 4 and 5). In this 
manner there is insured a positive contact between bearing surfaces 
on the acrylic and/or the seating surfaces on the steel mounting. 
During pressurizat ion of the disk the contact ceases on one side of the 
disk as the disk displaces axially. but upon depressurization the disk 
returns to its original position and re-establishes the contact with the 
seat on the side from which it was pressurized. 

Dimensional Tolerances. Since the radially compressed O-ring 
serves as the primary seal in the viewport assembly, steps must be 

! ! 
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Fig. 25    PW of a, ftrfttt contour« In a t/O, = 1.0 plan« disk with twin conical bearing turlaces 
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Fig. 27    Plot of Shw,, stress contours in a CO, ■ 1.0 plan* disk with (win conical bearing surfaces 

taken to . main uiily minimum radial clearance between the cy- 
lindrical surface on the window and the cylindrical seat in the 
mounting even at lowest expected operational temperature. Since the 
ambient temperature during machining and installation of window», 
in the mounting is generally 30-WF higher than the lowest preluded 
operational tem|>erature in the ocean, the windows should l>e ma 
chined oversize and shrunk by precooling for installation. Failure to 
do so results in leakage uround the window during a dive in cold ocean 
water when the pressure inside the chamoer lias lieen equalized to the 
ambient ocean pressure during lock-out procedure. 

Angular tolerance on conical bearing surfaces should 1* kept within 
i 15 min of the specified included conical angle In this manner the 
maximum angular mismatch between contacting conical hearing 
surfaces will not exceed 0.f> deg, a mismatch value that has been found 
'.> be acceptable from the structural viewpoint 
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Table 3   Peak stresses and displacement calculated for typical acrylic plastic disks with twin conical bearing 
surfaces under short term hydrostatic loading of 1000 psi 

a VÄ. Boundary Condition °x 
(psi) (psi) 

°Hoop 
(psi) 

Axial 
Displacement 
(inches) 

90° 0.23 

Fixed Edge o. Maximum 
o, Minimum 
Displacement, Max. 

2204.5 
-5261.2 

1404.3 
-6611.3 

2204.5 
-5261.2 

0.0534 

Free Sliding Edge o, Maximum 
a, Minimum 
Displacement, Max. 

1299.3 
-5992.1 

260.0 
-5792.1 

1299.3 
-5344.6 

0.0512 

90° 0.46 

Fixed Edge o, Maximum 
o, Minimum 
Displacement, Max. 

588.8 
-2595.6 

8.9 
-2818.7 

588.8 
-2595.6 

0.0185 

Free Sliding Edge a, Maximum 
o, Minimum 
Displacement, Max. 

-342.9 
-2469.3 

9.5 
-2335.5 

-308.5 
-2469.3 

0.0196 

i Fixed Edge a. Maximum 
o, Minimum 
Displacement, Max. 

157.1 
-1571.7 

-6.4 
-1872.6 

156.5 
-1571.7 

0.0109 

JU      1 

| 

Free Sliding Edge o. Maximum 
CJ, Minimum 
Displacement, Max. 

-394.8 
-1788.0 

17.4 
-1736.9 

-537.2 
-1857.2 

0.0142 

NOTE:    1.    Hydrostatic pressure is applied only to one face of the window. 
2. All  calculated values are valid only for short term pressurization at 75 F. 
3. Physical constants for acrylic plastic are:    E ■ 444,000 psi, Poisson's Ratio ■ 0.4. 

Table 4 Experimental «valuation of single bevel disk windows with cylindrical 
sealing surface under short term pressure loading at ambient room temper- 
ature 

Specimens 2&-U |    Specimens 33-37 

U0                •   10.495  in. 
1      "   "    ' 
1     D° ■  11.500 in. 

t/0,            ■    0.25 
1 

1/0, •    0.305 

1/t            ■   0.375 l/t ■    0 337 

■ 90° 1 ■  90° 

P f             -  5900 psi pcf •  9700 Pit 

5TCC            ■ 60?"    ■,. srep «  10.000 avg. 

; STCf/P,,    •    1,02 STCP/PC( ■    1.08 

T                ;J°F T •   ?3°F 

IMPS 

t 

*   mjjor duneter,   inches 

oner*] 1   ihith«*«,i ,   leches 

1 • width of  '.y-lindTH*l  iur* tee,   inches 

c, * winor  atjwettf-,   inches 

■ '   irvljilerj i.on*  »ii'!'«*,   <Jeqr e*s 

■ «utjteftl   »*st   leaper,jt,jre °r 

riptricvnullf 4etermlned catastrophic failure pressure of in 
equiireleM window with « single bevel and identical t/D^ and 
i. psi 

e.p»rtwcrttjlly determined short  term critical  pressure off the 
test spwctmwii wtt:. a  stnqt* bevel fjdifltd by a cylindrical 
seiling surface,  psi 
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Pressure of 5000 psi," JOURNAL OF ENGINEERING FOR INDUSTRY. 
TRANS. ASME, Series B, Vol. 4, No. 3,1972. 
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APPENDIX 

Definitions 
Acrylic     = methyl methacrylate plastic possessing physical and 

mechanical properties shown in Tables A-1 and A-2 
of the ANSI/ASME PVHO-1. 

Conver-    = an empirical ratio of short term critical pressure to 
sion design pressure specified on the basis of long 
Factor      experience as the safe relationship between the two 

variables for a given temperature. 
Critical     = hydrostatic pressure that, acting on one side of the 

Pres-        window, causes it to lose structural integrity and 
sure ability to remain impermeable to water. 

Window,   = transparent, impermeable, and pressure-resistant 
or l.ens     insert in the viewport assembly. 

Viewport  ■ penetration in the pressure hull equipped with an 
impermeable and pressure-resistant transparent 
window that is seated in a mounting and held in place 
by a bolted-on or screwed on retaining ring. 

psi = pounds per square in., equals 0.0702 kg/cm-. 
in. " 2.54 cm 
BAR = 11.5 psi 
MPa = megapascal = 145 psi 
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J. D. Stachiw 
Naval Ocean Systems Cental, 

Ocean Technology Department. 
San Diego, Cam. 92152 

Hyperhemispherical Viewports for 
Undersea Applications 
Hyperhemispherical windows with included spherical angles in the 260-270 degree range 
have been fabricated from acrylic plastic and glass for a variety of undersea applications. 
When seated in NOSC rigid metallic mountings with conical seats they withstood cyclic 
design working pressu/es without failure, or cracking providing that a thin elastomeric 
gasket was interposed between the mating conical bearing surfaces, and two elastomeric 
O-rings served as compliant bushings betwen the spherical surfaces of the window and 
the retaining surfaces of the mounting. 

Tests have shown that (/) critical pressures of acrylic plastic hyperhemispheres can 
be predicted with acceptable accuracy by analytical and empirical relationships devel- 
oped previously for acrylic plastic hemispheres and spheres, (2) the mounting retains and 
seals plastic or glass windows in -40 to IWF ambient temperature range even when 
subjected to lateral dynamic loading of 17G magnitude, and (.'<) dimensionally identical 
hyperhemispheres fabricated from glass and seated in the same mounting do not (ail 
under a single pressurization at twice the critical pressure of acrylic windows. 

Introduction 

Became of extensive research conducted over the yeers at U. S. 
Navy 1 alxiratories, a pletJiora of window designs have been developed 
tor undersea applications (Kig. 1). These shapes are: plane disc with 

plane bearing surface, plane disc with a single cortical bearing surface, 
plane disc with twin conical bearing surfaces, spherical sector with 
I'onical bearing surface, spherical sector with rectangular bearing 
surfaces, hemisphere with and without flanges, sphere with pene- 
trations, and cylinder. 

There was one application, however, for which an optimum window 
shape was lacking. This application was a window with panoramic 
visibility for periscopes, conning towers, and personnel hatches on 
submersibles. Such a window, when mounted to a pressure resistant 
hull, would allow the crew Ui (11 avoid surface craft while cruising just 
below the <» rim's surface, (2) study ocean floor while cruising several 
fret above it, and {'.'.) monitor the hull's exterior for any entanglements 
with submerged cables or lines (Kij. 2). 

The winduw shape which would allow the crew to perform all of 
these functions is the hyperhemisphere. When fastened securely 
around the perimeter of its opening to the pressure hull of a sub- 
mersible it can withstand not only hydrostatic, but also hydnsjynamic 
forces generated by wave slap and drag. Depending on the size of the 

t untnbulrd by Ihr' '• ran Koxiiireriiit! I tivumn and prrerntMj at ihr Winter 
annual Meeting.Han Kraacatai,Calif. Derrmber 10 16. 197* ul IHK »Mt« 
M AN Sorurnr (MT MIJHANIIAI KNCINKKKS Manisvript received at ASMK 
hrwiqtiarten July 1.1978. Paper No. m WAAX'B >. 
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Fig. 2    Work submersible with hypeihemispherical window mounted In the 
top hatch 

window, and the material used in its fabrication, it can house TV 
cameras, photographic cameras. IR sensors, or serve as an observation 
dome for a crew member. 

This paper summarizes studies conducted at the Naval Ocean 
Systems Center (NOSC) during the development of reliable hyp- 
erhemispherical viewports for undersea applications. 

Design 
Objectives. Past experience has shown that cracking, and ulti- 

mately the failure, of most windows is initiated on the bearing surface 
in contact with the mounting. For this reason th<? design effort was 
primarily focused on the mounting, as it was felt that the success or 
failure of the hyperhemispherical windows depended on the selection 
of a mounting design matching 'he response of the window to static 
and dynamic loads. The design requirements for the viewports 
(window/mounting assembly) were: (1) cyclic pressure fatigue life in 
excess of 1000 cycles, (2) static pressure fatigue life in excess of 10.00C 
hours, {'M survive vibration induced lateral loading of l?Gs, (4) survive 
wave slap at 44 ft/sec, and (,r>) retain sealing ability in the -40° to 
+120° F temperature range while subjected to vibration and wave slap. 
These are very demanding design requirements, particularly when 
applied to hyperhemispheres of different optical materials. They have 
been, however, successfully met by the compliant mounting developed 
at NOSC for this purpose. 

Solution. The universal mounting developed for hyperhemis- 
pherical windows with 2fi0 deg to 270 deg included angle incorporated 
all of the design principles and features of mountings for spherical 
sectors and spheres that experience has shown to be desirable (Fig. 
Mi. The principles which guided the design of this mounting were: 

<i The radial contraction of the conical seat on the mounting under 
the combined actions of external hydrostatic pressure on the window, 
its mounting, and the pressure hull to which the mounting is bolted 
should I* uniform around its circumference. 

n The radial contraction of the window's opening and the rotation 
of its conical liearing surface should be matched by the radial decrease, 
and angular rotation of the conical seat on the mounting. 

In practice it is impoHsible to meet both criteria totally. Thus, every 
mounting is only an imperfect attempt to meet these ideal criteria. 
Still, if compromises have to be made, il is best that they are made 
in the realm of matching the radial contract ion of the window Ui that 
ol the mounting, and not in the realms of uniform radial displacement 
or excessive angular rotation of the mounting. I'nles* the design 
»tresses are set excessively high, the compliant gasket between the 
mating bearing surfaces will take care of uniform minor angular or 
diametral mismatch between the seat and the window's bearing sur- 
face under hydrostatic loadirg. 

lite features burrowed from past successful Jeaigns were: (1) conical 
seating surface, (21 split internal retaining ring, and (31 elastomeiic 
bearing gaakel reinforced with nylon cloth. Two new feature*, how. 
ever, were added to make the mounting design for hyperhemispherical 
window unique. The.* two features were: 111 an external 0 rum ra- 

0 40 
8.25 DIA 

Fig. 3 Typical hypwtternlapherical viewport assembly design for containment 
of electro-optical systems on submarines. The extent ol O-ring deformaiion 
after tightening of hokMown screws Is shown by dark areas on the O-ring 
cross-sections. 

dially compressed between the convex surface of the window and the 
mounting, and (2) an internal O-ring radially and axially compressed 
between the concave surface of the window, the retaining ring, and 
the mounting. The unusual thing about these O-rings was that they 
acted not only as external and internal pressure seals, but also as 
elastic bushings between the brittle surfaces of the windows and the 
metallic mounting restraining the window against forces acting in 
parallel or at right angles to the window's axis of revolution (Fig. 
4). 

In addition to these two O-rings acting as basic seals for external 
and internal pressures there was another external O-ring whose 
function was to keep out the debris from the external O-ring seal. This 
was accomplished by stretching the extra O-ring over the equator of 
the window and then letting it slide to the base of the window where 
the elastic tension in the elastomer would keep the O-ring lightly 
wedged between the convex surface of the window and the conical lip 
of the mounting (Fig. 5). This O-ring also served as an additional 
buffer between the external surface of the window and the mounting 
to prevent any accidental contact between these components under 
severe wave slap. 

As a result of this unique mounting design none of the window's 
surfaces contacted the metallic surfaces of the mounting regardless 
of whether the window was acted upon by external forces like hy- 
drostatic pressure, hydrodynamic drag and wave slap, or internal 
forces like thermal expansion and contraction. This novel elastomeric 
restraint upon the edge of the windows allowed them to be fabricated 
not only from con.p'iant material like acrylic plastic, but also from 
very brittle materials like glass, ceramic, quartz, sapphire, germanium 
and others which are very sensitive to point or line contacts. The 
universality of this mounting de-ugn made it particularly attractive 
for these applications where a single design is intended to serve many 
operational scenarios by capitalizing an interchange of windows and 
mountings with identical dimensions fabricated from different ma- 
terials. 

Viewport Test Assemblies 
For experimental validation of the novel mounting concept designs 
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were developed and hardware fabricated that served not only as scale 
test specimens of man-sized viewports, but also as full scale viewport 
assemblies for optical or electro-optical systems (Table 1 and Fig. 6). 
In this manner an experimentally validated design could be used 
immediately for applications requiring transparent housings for 
television cameras mounted externally on submersible«, while at the 
same time the same design could be scaled up to any desirable size to 
enclose the head or the whole body of an observer. To make the design 
even more versatile, its dimensions were chosen to serve two opera- 
tional depth ranges often specified for submersible. The two oper- 
ational depth ranges selected for the design were 0-2500 and 0-12,000 
ft. The first depth range covered the continental shelf while the other 
one covered the abyssal plains. To cover both depth ranges with the 
same design of the hyperhemispherical viewport assembly acrylic 
plastic was paired with 6061-T6 aluminum alloy and borosilicate glass 
with T1-6-A14V titanium alloy. The reason for choosing aluminum 
and titanium as mounting materials was their resistance to corrosion 
and high strength-to-weight rations. If for some reason the aluminum 
mounting could not be used on the submersible, because of galvanic 
reaction the more expensive titanium mounting could be substituted 
."or it without decreasing the depth rating of the acrylic window. 

Windows. The t/R„ ratio of the hyperhemispherical window was 
chosen on the basis of nominal compressive stresses calculated with 
the aid of Lame's equation for thick spheres: 

S, = g, = -p 

S3 = p 

RnHR,3 + 2r3) 

2rHR0
3-Ri*) 

r?u
3(r3-ft;3) 

rW-Ä.-3) 

(1) 

where 

Si = meridional membrane stress, psi 
S2 = hoop membrane stress, psi 
Sj ■ radial wall stress, psi 
p ■ external hydrostatic pressure, psi 
R„ = external radius of curvature, in. 
R, = internal radius of curvature, in. 
r = radius to point where stress is being calculated, in. 

(maximum .S'i and Sj are located at r = R,, while 
maximum S| is found at r ■ W„) 

Since it was known from past studies with spherical acrylic hulls 
that t he meridional stresses on the concave surface of the sphere near 
the metallic hatches are approxi'.iately 100 percent higher than the 
nominal membrane stress at the apex, the magnitude of nominal 
membrane stress calculated by equation (1) had to be multiplied by 
a factor of two to take this fact into account. For this reason—4600 
psi and -28,0(10 psi were chosen as maximum nominal membrane 
working stresses for acrylic plastic, and glasa. respectively. These 
values of maximum nominal membrane working stresses, when 
multiplied by the stream concentration factor of two would still fall 
within the allowable range of working stresses for these materials in 
areas of local stress risers. 

In addition to stresses short term catastrophic failures initiated by 
but kling were also calculated. This was accomplished with the clas- 
sical Zoelly equation empirically modified by Krenzke and Sta- 
chiw: 

/',, " 
o.8vrrc»/w„>a 

\ 1 -1? 
(2) 

where 

St 
& 
I 
N 

• critical pressure, pei 
• tangent modulus of elasticity, psi 
• secant modulus of elasticity, pai 
- shell thickness, inches 
- Poisaon's ratio 
■ external radius 

plastic1 and 120,000 for glass. Since both values exceed by at least a 
factor of four the specified operational depths of 2500 and 12,000 ft 
for plastic and glass hyperhemispheres the t/R„ ratio of the windows 
selected on the basis of stress calculations is considered to be adequate 
as it provides the windows also with sufficient elastic stability. 

Mountings. Although the conical seat may be incorporated into 
a hatch cover, or pressure hull equipped with integral penetration 
reinforcing flanges, experience has shown that it is more advantageous 
to mount the hyperhemispherical window in a flange which is 
structurally independent of the hull to which it is bolted. This ap- 
proach not only i'acilitatos the calculation of stresses in the mounting 
during desig», but also makes the viewport assembly design more 
universal since it can be now bolted without any modifications to 
different subversive» (Fig. 6). 

Because of these considerations the mountings for the test program 
were designed to be independent of the stricture on which they would 
be mounted in service. The only requirement imposed on 'he pene- 
tration in the hull structure to which the mounting is bolted, was that 
it be reinforced and provided with a plane smooth surface against 
which the O-ring in the bottom of the mounting may seal. Since the 
radial contraction of the penetration i:i the hull may differ substan- 
tially from that of the window mounting, oversize holes must be 
provided in the mounting for bolts with which the mourt-r- is at- 
tached to the hull. In this manner, differential moveme, /een 
the mounting and the hull may take place by sliding without si., aring 
of bolts. 

In the design of the window mountings -15,000 psi and -50,000 
psi were considered to be acceptable maximum nominal working hoop 
stress values for 6061-T6 aluminum and TifiAMVa titanium alloys, 
respectively. These nominal working stress values in the mounting 
represent less than 50 percent of the material's yield strength, thus 
providing a comfortable margin of safety for (1) unknown stress 
concentrations in the mounting, and (2) static and dynamic over- 
pressurizations which the window assembly may encounter prior to, 
and during service. 

Retainers. In order to arrive at a functional, but compliant re- 
tainer for the hyperhemisphere a tradeoff had to be performed be- 
tween the compression of the O-rings required to secure the window 
against external vertical and horizontal forces, and the magnitude of 
stresses generated in the window by the static compression of O-rings. 
If the O-rings were not sufficiently compressed, the window would 
break loose under intense wave slap, hydrodynarnic drag, or minor 
pressurization of the submersible's interior. On the other hand, ex- 
cessive compression of the internal O-ring would generate such high 
tensile stresses in t he window during tightening of the retaining ring 
bolts that a tensile crack could be initiated at the edge of the window. 
The possibility of this occurring was very slim for acrylic windows with 
their low modulus of elasticity and high tensile strength. A different 
case presented itself however if the windows were fabricated from 
brittle material with high modulus of elasticity and low tensile 
strength like glass, quartz, ceramic, or germanium. 

Based on this tradeoff the mounting was designed to allow for ex- 
tensive deformation of the O-rings" circular cross-section but to stop 
short of volumetric compression of the material. 

Experiment«! Evaluation 
Instrumentation. All of the viewport assemblies were instru- 

mented with electric resistance «traingages. The majority of the gages 
were mounted on external and internal surfaces of windows. Only one 
gage was placed on the interior surface of the mounting 0.650 in. below 
its top surface, where maximum hoop stresses were expected to 
occur. 

The gages mounted on the windows were intended to measure not 
only the membrane compressive stresses but also flexure st rcaae» 

I'lihting equation (2) the short term critical pressure» of hyp- 
erhemispherical windows were calculated to be 4500 pai for acrylic 

1 Thu «jualiun u difficult to miv fur acrylic piaslk as ii must be »lived « 
muhanwtMiy «mh equaUun (11 mil-til« K. and £, fmm |M|. A (nphkat aukiuun 
to eqoatkw 12) has been, however already prepared and ran be round in 
ANSI/ASMK I'Vtlo I. Appendix A. Figure B 12 Reference i l:t| 
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generated by the mounting and eiastraneric restraint. Since it was not 
physically feasible to place the centers of gages at the very edge of the 
window where maximum stresses are found, the maximum values can 
only be estimated on the basis of measured values. 

Test Procedure 
Tightening of retaining ring was accomplished by uniformly 

tightening all the bolts in the retainer ring until a torque reading of 
14 in./lbs was achieved. Strains were read in the window at that 
time. 

Hydrodynamic drag was simulated by applying a hydraulically 
actuated plunger against the equator of the window while the window 
was heid in the mounting rigidly bolted to the frame of the hydraulic 
press (Fig. 7). Strain readings were taken at simulated drag force of 
600 lbs. 

Wave slap was simulated by dropping the viewport assembly from 
different elevations into a water tank. At moment of impact the 
window's axis of revolution was always parallel to the water surface. 
The maximum velocity measured during the drops was 44 ft/sec. 

Vibration test was performed by placing a viewport assembly on 
a shaker and subjecting it to sinusoidal vibration in horizontal plane 
while the frequency, amplitude and ambient temperature were varied. 
The maximum lateral acceleration applied to the window was 17Gs. 
Accelerations of this magnitude were applied for 150 min while the 
ambient temperature varied from -40° to +120°F. While the view- 
point assembly was subjected to lateral vibration of 17G magnitude, 
the air-leakage rate across O-ring seals was monitored. 

Internal pressure test was accomplished by bolting the viewport 
assembly on a rigid bulkhead and pressurizing the interior of the as- 
sembly with water to a maximum pressure of 100 psi. Strains and axial 
window displacements were read at 10 psi intervals. 

External pressure test was performed by bolting the viewport as- 
sembly to a flat aluminum bulkhead, immersing it in a pressure vessel 
full of water and pressurizing the interior of the vessel at 100 psi/min 
rate. The magnitudes of external hydrostatic pressure applied to the 
viewport assemblies varied from one test to another depending on the 
test objective. Strains were read at 200 psi intervals. 

Test Results 
a. Acrylic windows 

1    Tightening of 21 retaining bolts to 11 in./lbs torque generated 

Fla.1    SkawM In acrylc 
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in the window a maximum stress of approximately 275 psi. The re- 
corded maximum stress was tensile in character, oriented meridi- 
onal ly, and located on the concave surface approximately 0.1 rad away 
from the window's edge (Fig. 8). 

2 Simulated hydrodynamic drag of 600 lb magnitude generated 
it. the window maximum stress of —450 psi which was compressive 
in character, oriented circumferentially, and located on the convex 
surface at the very edge of the window (Fig. 9). 

3 Internal pressurization generated a maximum normalized 
stress of 14 which was tensile in character, oriented meridionally, and 
located on the concave surface approximately 0.1 rad away from the 
window's edge (Fig. 10). Axial displacement was found to be 0.060 in. 
at 100 psi internal pressure (Fig. 11). 

4 External pressurization generated a maximum stress which 
was compressive in nature, oriented meridionally, and located on the 
concave surface at the edge of the window. The magnitude of the 

measured peak compressive stress was approximately 50 percent 
higher than the membrane stress measured on the concave surface 
at the apex of the window. The normalized membrane stress on the 
concave surface at the apex was found to be in the 4.3 to 4.4 range for 
windows with t/R„ = 0.13, and 3.5 to 3.6 range for windows with tIR0 

= 0.166 (Fig. 12). 
When pressurized to destruction the acrylic hyperhemisphere with 

tlR0 = 0.13 imploded under short term loading at 4400 psi. The ex- 
perimental implosion pressure differs only by 50 psi from the critical 
pressure predicted for this t/R„ ratio. That prediction was based on 
empirically derived graph of Fig. B-12 developed by the author on the 
basis of experimental data for ANSI/ASME PVHO-1 Safety Standard 
([13] and Fig. 13). 

b. Glass windows 
The glass hyperhemisphere with t/Rc = n, 13 did not fail or develop 

any cracks when pressurized to 10,000 psi. Inspection after the test 
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of the nylon reinforced neoprene bearing gasket failed to discover any 
sign of wear. 

Findings 
1 Acrylic hyperhemispheres with included spherical an*»le of >260 

deg designed on the basis of nominal membrane work stress <4500 
psi and equation (1) perform satisfactorily in simulated operational 
environment provided that: 

(a) the mounting is equipped with a conical seat, 
{b) the conical bearing surface of the window is protected by a 

0.020 in. thick nylon reinforced neoprene gasket bonded to the acrylic 
with contact cement. 

(c) the retaining arrangement consists of internal and external 
O-rings wedged between the faces of the hyperhemisphere, a split 
rptaining ring, and mounting, 

(d1 the circumferential strains on the seat in the mounting under 
hydrostatic loading are equal to, or less than on the edge ol the win- 
dov. 

(c) the short term critical pressure of the window predicted on 
the basis of equation (2), or Fig. B-12 in ANSI/ASME PVHO-1 ex- 
ceeds the working pressure by >;W0 percent. 

2 Glass hyperhemispheres with included spherical angle of S260 
deg designed on the basis of nominal membrana working stress 
< 26,000 psi and equation (1) perform satisfactorily i.n simulated op 
erationai environment provided that: 

(a I the design of the mounting seat and retainer arr&ngeme'.t, 
is identical, or at least similar to the one described in this paper. 

(b) the circumferential strains on the seat in the mounting under 
hydrostatic loading are equal to, or larger than on the edge of the 
window. 

(c) all metallic components of the assembly are fabricated from 
titanium with yield strength > 120,000 psi, 

(d) the short term critical pressure of the window predicted on 
the basis of equation (2) exceeds the working pressure by >:100 per- 
cent. 

Conclusion 
1 A successful mounting has been developed that performs 

equally well with acrylic or glass hyperhemispheres subjected to 
typical marine environment in -40 to 120°K ambient temperature 
range. The model scale viewport assemblies developed in this study 
performed satisfactorily in the 0 to 12,000 ft depth range. 

2 Since the performance of hyperhemisphericat acrylic plastic 
windows can be predicted accurately on the basis of existing extensive 
i xperimental data for spherical NEMO hulls, the acrylic hyperhem- 
ispheres are considered acceptable for manned service provided that 
their l/H„ ratio is based on design criteria of ANSI/ASMK i'VHO- 
1. 
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APPENDIX 

Definition of Technical Terms 
Window, or Lens = transparent, impermeable, and pressure-resistant 

insert in the viewport assembly. 
Viewport = penetration in the Pressure hull equipped with an im- 

permeable and pressure-resistant transparent window that is seated 
in a mounting and held in place by a bolted-on or screwed-on re- 
taining ring. 

Acrylic = methyl methacrylate plastic possessing physical and me- 
chanical properties shown in Tables A-l and A-2 of the ANSI/ 
A.SME PVHO-1. 

Short terir. loading = increasing the hydrostatic pressure at 650 psi/ 
min rate. 

Short term critical pressure = pressure at which catastrophic failure 
of the window occurs when subjected to short term hydrostatic 
loading at 75°F ambient temperature. 

I.ong term loading ■ pressurizing the window to specified pressure 
at 650 psi/min rate and maintaining the pressur? for specified 
number of hours. 

Cyclic loading ■ pressurizing the window repeatedly to specified 
pressure at 650 psi/min rate, maintaining this pressure for a spec- 
ified number of hours, depressurizing at 650 psi per min to 0 psi, 
and allowing the window to relax for a specified number of hours 
before repeating the procedure. 

Strain ■ unit deformation, in./in. of original length. 
Relaxation ■ time dependent restoration of malerial to its original 

dimensions under absence of external loading; in./in. of original 
length. 

Creep » time de,<endent deformation of material under sustained 
loading of constant magnitude; in./in. of original length. 

Hoop orientation of strains or stresses = direction parallel to the edge 
of spherical sector window. 

Meridional orientation of strains or stresses ■ direction at right angle 
to the hoop direction. 

Total strain - total deformation of material, includes both the short 
term and creep components of strain, in./in. of original length. 

Short term »train <* deformation of material under short UMTO loading, 
in./in. of original length. 

ii.nh-.ii displacement ■ displacement of the interior surface at the apex 
of the hemisphere. 

Normalized »train ■ strain p« r unit increase of pressure under short 
term loading, (in./in. )/u*i. 

Normalized strew. - stresa per unit increase of pressure under short 
term loading. 

Convention factor« ■ pai ■ 0.006H9 megspascala. in. » 2.M Centim- 
en rs. Ml'.i - megapascal - 145 pai. 
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DISCUSSION 

J. L. Atkerson1 

Introduction 

The author needs to be commended for a very timely paper on 
hyperhemispherica! vie«T>orts The paper presents valuable design 
information not only on acrylic viewports that serve as pressure-re- 
sistant conning towers with panoramic visibility for manned sub- 
mersibles, but also on glass viewports that serve as pressure housings 
with panoramic visibility for television cameras mounted on top, 
below, or in the rear of the submersibles. Either way, the hyperhem- 
ispherical windows described in this paper complement the forward 
visibility provided to the crews of modern submersibles by thf 
spherical sector bow windows (developed by Dr. Stachiw in 1968). The 
data described in this paper have already been utilized in the design 
of a hyperhemispherical conning tower for Mermaid VI submers- 
ible. 

Discussion 
Although the author covered the technical subject adequately, the 

physical constraints imposed by the length of the paper forced him 
to omit experimental data that are of great potential value to the re- 
searcher into the effect of penetrations on the distributions of strains 
and stresses in spheres of viscoelastic material. Thus, to complement 
the: paper the omitted experimental data have been reviewed and are 
presented here in the form of a brief summary. 

Penetrations as Stress Raisers in Plastic. Circular penetrations 
in spherical shells serve as sources of serious stress concentrations 
when the reinforcement around the penetration is significantly stifler 
than the material of the shell that it replaces. This is particularly the 
case with acrylic plastic spherical shells under external pressure where 
the opening has been reinforced with a metallic flange that is signif 
icanlly suffer than the acrylic plastic which it replaces. 

li the acrylic plastic was a perfectly elastic material with linear 
strain response, the magnitude of meridional stress on the interior 
surface of the shell in contact with the metallic Hange would lie t to 
r> times higher than the nominal membrane str»ss measured on the 
interior apex of the sphert (Ueference 8). Fortunately the response 
of acrylic plastic to biaxial compressive stresses is only linear in the 
0 to 10.IHK) mKroinches/inch range under short term loading, and <> 
to : .< M n i um roin« hes Tu h range under long term sustained toadies. 
(Inference 8). At higher strain levels the response of acrylic plastic 
to cumprnisive biaxial stress becomes markedly nonlinear, both with 
respect la imposed stress, and duration of loading. 

As a result of this nonlinear and viscoriastic behavior, the inner 
edge of the conical |* lu-traimn in acrylic nhell deforms at a nonlinear 
rale without generating excessive stresses in acrylic plastic around 
the penetration, r'tjs. 13 and 14 show the result« of Ihh response to 
overs!reusing at the edge of penetration under short term loadin» 
Thus, while the »tresses on the interior surface of the sphere si the 
apex increase linearly with prewure under short teim loading those 
near ihe priielra'.ion do not I.' ihe ,s»-»ph a! the meridional siren» al 
interior edge of p>.-nrir.ilurn *.•■> to tie extrapolated along the »lope 
seen at thv beginning of pressuhgalio». the maximum strem ai 1UU0 
u»i pressure would have Isren 2u,i>Ju psj Lire»» concentration of ap- 
proximately 5) instead of l!kK! DM Ulres» conrenlralion of approxi- 
mately 1361. It is only hecauae of local deformation of the penetra- 
tion's inner edge that 11» magnitude of »tresses in acrylic plastic near 
the edge remains within acceptable limits. 

I'hr amelioration of peak stress near the edge of penetration is 
further extended under sustained long term loading. Comparison of 

1 P.O. Box £M:l. K! I'«»*. CA VM1\ 
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Fig. 13 Membrane stresses al Ihe apex of the acrylic hyper-hemisphere 
under short term hydrostatic loading. Note Ihe linearity of stress on both ex- 
terior and Interior surfaces. 

Figs. IS and 16 shows dearly that while the hoop and meridional 
strains on the interior surface of the sphere at the apex shows only a 
small amount of creep, the meridional strain near the edge shows a 
very significant amount of creep, while the hoop strain shows none. 
This is as it should be, since .he rotation of the sphere's edge in contact 
with the metallic Hange generates very high forces along meridional 
axis and none in the hoop direction. 

Although the high modulus of elasticity commonly found in 
transparent brittle materials (glass, sapphire, quartz, etc.) makes it 
easier to match Ihe membrane strains in the window with the hoop 
strains in the metallic mounting extreme care must lie taken that this 
match is perfect, or if this is not feasible, that th« hoop strains in the 
mounting are higher than the membrane strains in the hyperhemis- 
pherical window. If this is not done, the meridional compressive stress 
on the interior surface of these perfectly elastic and brittle windows 
at the edge of penetration will he 4 to 5 higher than the membrane 
stress. As a result of this high stress concentration th. safe operationnl 

Ö 
LOCATION I 

AVLIC HYPE AHEMISTNi M 
I2INO0» 10 IN ID 

HOOP OUTSIDE 

MERIDIONAL 0U1 t-.LH 

HOOP INSIDE 

MtftlDIONAL INSIDE 

•I MkA asMs^se *«is«A j<k±J   1A laiM 

Transactions of the ASME 

4 

"-;  



-28 

-24 

-M 

SUSTAINED LOADING 
2000 psi PRESSURE 

RELAXATION 
0 psi PRESSURE" 

MERIDIONAL 
STRAIN 

90° 

LOCATION 6 
INSIDE SURFACE 

ACRYLIC 
HYPERHEMISPHSRE 
12 INODx 10 IN ID 

12 18 24 30 

TIME, hours 

36 42 48 

Fig. 15 Membran« «train; at the apex ot the acrylic hyperhemlsphere under 
tcogtwrnhjdr<>»tatrcloadlri^r4c4«th*ttr>«ersv«fylWleCT>»^attht»k)caltoo. 
and that It If of the tame magnitude In both merldlonlal and hoop direc- 
tions. 

28 
SUSTAINED LOADING . 

2000 psi PRESSURE 

o 

24 

MT 
MERIDIONAL 
STRAIN 

z 
< 

I 

12 

— 

RELAXATION 
0 psi PRESSURE 

LOCATION 1 
INSIDE SURFACE 

ACRYLIC 
HYPERHEMISPHERE 
12INOD« 10 IN ID 

HOOP 
STRAIN 

12 18 74 30 

TIME hour« 

Fig. 1*    Combined elroasa* at the ertge of penetration In acrylic h»pe, 
hawdaphere under long verm toadbig. Ma** the large elastic creep In meridional 
direction and the total abaance ei creep In hoop direction Indicating local, 
etaalic creep ot the inner edge due to large bending moment 

depth of the glass window would not be significantly higher than of 
an acrylic window with identical dimensions even though the com- 
pressive strength of glass is an order of magnitude higher than of 
acrylic plastic. 

It is only because the titanium mounting, shown in Figs. 3 and 4, 
had a higher circumferential strain than the membrane strain in a 
glass hyperhemisphere that Dr. Stachiw was able to reach 10,000 psi 
pressure without failure or initiation of cracks. If steel (which has a 
modulus of elasticity twice as large as titanium) is substituted for ti- 
tanium in that mounting implosion of the window would occur below 
10,000 psi. If a material with modulus of elasticity in the 30 X 106 to 
50 X 10s psi range (i.e., sapphire) was substituted for glass in the hy- 
perhemisphere a steel mounting would probably be found to be just 
right. 

Conclusion 
Acrylic plastic is well suited for construction of hyperhemispherical 

windows in manned submersibles as the nonlinear, but still elastic, 
response of acrylic plastic to compressive stresses allows the use of 
metallic mountings, which are significantly stiffer than acrylic plastic 
hyperhemispherical windows because the peak compressive stress 
in the acrylic plastic at the edge of penetration rises only about 100 
percent above the membrane stress on the interior of the winJow at 
its apex. 

The use of mountings that are significantly stiffer than the windows 
provides the designer of t he submersible with more design options, 
and requires simpler calculations than mountings whose stiffness has 
to match the stiffness of the window exactly. This reason, in addition 
to the lower coat of acrylic plastic, make the acrylic plastic rather than 
glass hyperhemispheres a cost-effective solution to applications where 
a pressure-resistant dome of transparent material is required for 
depths less than 1000 meters (3280 feet). 

Author's Closure 

The discussion presented by -I. L. Atkerson is a very valuable coit- 
tributiun to the paper as it highlights the difference in responses of 
acrylic and glass hy|)erhemispheres to penetrations supported by rigid 
mountings with conical seats. The discussion reinforces well the main 
|x>im of the paper; the radial displacement of the mounting for acrylic 
hyiierli'i-misphere mast lie i\unl to <>r less than that of the plastic that 
is replace*, while the displacement of the mounting for a hyperhem- 
isphere made of brittle material I i.e., glass, quart/., snphire. germanium 
etc. I must lie equal to or lamer than that of brittle material that it 
replace*. Since it is easier and less expensive to design and fabricate 
such miiuntings fur acrylic plastic hyprrhemispheres the use of acrylic 
plastic for hyperlu-tmspheres with maximum design depth of less than 
3'„'H0fft*t ( UMMImetrrsi isa more cunt effective solution than tiicap- 
plication of brittle material like glass. 

The author deeply appreciate» the time and effort expended b> J, 
I. Atkerson m preparation of this excellent discussion. 
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The Origins of Acrylic Plastic Submersibles 

oERRY D. STACHIW, Fellow ASME 
Ocean Engineering Division 

Naval Ocean Systems Center 
San Diego, CA 92152-5000 

ABSTRACT 

The research submersible NEMO, launched 
and certified in 1970 by the U.S. Navy, 
represents the first seaworthy, deep diving, 
one atmosphere environment, diving system 
which utilizes a pressure hull fabricated from 
transparent acrylic (polyaethyl raethacrylate) 
plastic. Its pressure hull is the culmination 
of (1)research into the structural performance 
of acrylic plastic spherical shells under long 
term cyclic external pressure loading, (2) 
development of economical fabrication 
technigues for acrylic plastic spheres with 
uniform curvature and thickness. Since the 
launching of NEMO many other submersibles with 
acrylic plastic pressure hulls have been built 
and successfully operated in the 0 to 3270 
feet (0 to 1000 meter) depth range. 

INTRODUCTION 

Although men \ave been diving in the 
oceans since time immemorial, they were doing 
it either for food, pearls, sponges, or 
shipwrecked treasures. It is only recently 
however, that a concerted effort has been made 
to explore the ocean and exploit its riches by 
having scientists and engineers descend into 
hydrospace, protected from the hostile 
environment by one atmosphere enclosures with 
life supporting environment. 

Thft fearless explorers that pioneered in 
this area were William Beebe (Reference 1), 
Otis Barton (Reference 2) and Auguste Piccard 
(Reference 3). At great personal risk and 
expense they developed in the short time span 
between 1930 to 1950 bathyspheres and 
bathyscaphe that allowed thea to descend 
several thousand feet into the ocean and 
observe salt water animals never described 
before (Figure 1 ). Their observations were, 
however,  limited  by the small size  of 

viewport« incorporated into pressure resistant 
opaque metallic hulls of their bathyspheres 
and bathyscaphs (three viewports with 6 inches 
inside diameter in Barton's Bathysphere, and a 
single 4 inches inside diameter viewport in 
Piccard's Bathyscaph TRIESTE). 

Figure 01 Otis Barton's Benthoscope with two 
6 in. inside diameter fused quarts viewports 
in which ha successfully dove to 4500 feet 
depth offshore California during 1949. 

The explorers who followed in the 
picneers footsteps had at their disposal 
submersibles that were significantly more 
agile, and coafortabie. Furthermore, they 
were «quipped with manipulator« that 
scientist« could ua« to collect mineral and 
liv« specimen for further study in their 
shipboard laboratories. still, the site of 
the viewport« had remained approximately the 
•aa« from 1930 to 1970, a« the «hape of 
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viewports and materials used in their 
construction renained unchanged since the 
days of Beebe, Barton and Piccard. This 
bottleneck in pressure hull design for diving 
systems had to be eliminated if exploration of 
hydrospace had to proceed beyond the 
operational constraint set by individual 
viewports with less than 90 degree field of 
vision for a single observer. 

Attempts were made to overcome this 
limitation by brute force approach: the number 
of viewports in pressure hulls proliferated, 
each covering a small field of view around the 
bow of the submersible. Unfortunately, this 
did not resolve the problem, as the 
scientist's field of view through his viewport 
did not overlap the pilot's field of view 
through the pilot's viewport, or vice versa. 
Ultimately it dawned upon the vehicle 
designers that this problem could be resolved 
satisfactorily only by making either a large 
section, or the complete pressure hull from a 
transparent material. In a pressure hull 
fabricated totally, or partially, from a 
transparent material both the pilot and the 
scientist, or several scientists would be 
viewing together the same panorama outside the 
vehicle, and direct the pilot from the comfort 
of their contoured seats to gather specimens 
outside the hull. 

A practical solution to this problem 
required the availability of (1) inexpensive, 
transparent material with reliable engineering 
properties, (2) proven designs of entire 
pressure hulls, or their components from a 
transparent material with predictable 
structural performance, and (3) economical 
procedures for fabrication of entire pressure 
hulls, or large sections thereof from 
transparent material. In the search for such 
material the Attention immediately focused on 
glass and poiymethyl methacrylate (acrylic 
plastic) because of their (1) optical clarity 
in thick sections and (2) low intrinsic cost 
(Referencus 4 and 5). It did not take very 
long, however, before massive glass was 
eliminated from further consideration as 
construction material for large, panoramic 
visibility viewports, or complete pressure 
hulls. 

The reason for it were both of 
engineering and economic nature. Massive 
glass was found to b« very sensitive to 
internal flaws and surface imperfections, 
making it very expensive to device a quality 
assurance program that would qualify it for 
service as structural components in pressure 
hull« of diving be.ll«, habitats or 
submersibles. Furthermore, the cost of 
fabricating large, high quality massiv« glass 
components with optical sur"ace finish was 
found to be beyond the roach of individual 
entrepreneurs or oceanographic research 
institutions with meager budgets. And thus, 
unless the U. S. Congress was willing to 
create a new agency for exploration of 
hydrospace with a budget matching that of 
NASA, massive glass for undersea structures 
would remain forever a desirable wonder 
material, outside the scope of :onsidt-ration 
for designers of manned submersibles. 

By the middle of nineteen sixties it 
became apparent that the US Congress was not 
favorably disposed to creation of such an 
agency and that the required funding would not 
be forthcoming from other potential sources 
(i.e. U. S. Navy, or large glass companies 
like Corning Glass etc). Based upon the above 
realistic evaluation of the situation private 
entrepreneurs, oceanographlc research 
institutions and Navy laboratories directed 
their attention to clear acrylic plastic as 
the potential structural material for undersea 
vehicles v/ith panoramic visibility. 

With the shift in focus from glass to 
acrylic plastic as the potential structural 
material came also a change in the projected 
operational scope for the undersea vehicles. 
Instead of concentrating on the scientific 
exploration of abyssal depths and establishing 
dive records the objective shifted to 
exploitation of the continental shelves for 
economic, or defense purposes. The scene was 
now set for the appearance of a new generation 
of submersibles that would extensively utilize 
acrylic plastic in their construction,so that 
the crews would utilize fully cheir sense of 
vision in the performance of scientific and 
engineering tasks. 

EARLY EXPERIMENTS WITH ACRYLIC STRUCTURES 

When the attention of ocean engineers 
began to focus on acrylic plascic as the 
potential structural material for undersea 
vehicles with panoramic visibility the state 
of technology encompassing massive acrylic 
plastic was in its infancy. 

Supply of massive ecrylic plastic was 
limited to 4 inch^.* *h<'* x 48 x 60 sheets 
cast from monomer '«sin between glass plates, 
and there was very little hopn for the 
availability of thicker, or larger sheets as 
the duration of aonomej; resin polymerization 
process rapidly became uneconomical for 
thicker sheets. 

The strength of massive acrylic plastic 
under cyclic and long term comprei sive loading 
was not defined in t-*rms of allowable design 
stresses, as up to this time massive acrylic 
plastic has not bejn utilized in structure;, 
under cyclic compressive loading. 

The structural performance of spherical 
pressure hulls made from massive acrylic 
plastic was not understood, particularly the 
(1) effect of creep upon elastic stability 
of shell structures and the (2) recuperation 
of the material after removal of the 
hydrostatic pressure from the shell. 

The fabrication of spherical shells was 
limited to frei forming of small hemispheres 
with compressec". air from thin acrylic she«ts. 
The small si:;s of .vailabl« sheets in 
thickness over 2 inches, and uneven reduction 
in thickness during the fro« forming process 
limited the maximum size af spheres to less 
than 6u i.-~h*s, and actual wall thicknuss to 
less than one inwi. 

The early acrylic pressure hull« for 
diving syr.tems were severely restricted in 
size and depth because of the immature state 
of massive acrylic plastic technology.  And 
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yet, even wit';, all their structural and 
operational limitations the first acrylic 
spheres built for diving systems displayed to 
the ocean engineering community the advantages 
of panoramic vision from one atmosphere, 
pr^esura hv.lls for diving systems. 

for 1:he first time in the history of 
ocean exploration the occupants of one 
atmosphere diving systems could utilize their 
sense of vision unhampered by opaque 
enclosures and thus maximi*.r the operational 
value cf t\e dive duration. 3*»« diving 
systems vit'.i the all-acrylic pressure nullr, 
v;hich demonstrated to the ocean engineering 
community tie 'aotential of panoramic 
visibility were HIKINO, KUMUKAHI, and NUCOTE. 

HIKINO was conceived in 1962 by the late 
'Jr. W. McLean and engineered by D. K. Moore of 
Naval Orcnmce Tes<. Station, China Lake, CA. 
The two— person veh-.cle had the shape of a 
catamarai with the acrylic sphere suspended 
between ihm two hulls (Figure 2). Flooding of 
ballast tanks in the catamaran hulls 
controlled the buoyancy of the vehicle. 
Cycloidfil propellers mounted on the catamaran 
hulls provided the vehicle with mobility along 
three lxis of travel. The a.-rylic sphere 
itself was assembled from two hemispheres 
mated ft the equator to a metallic joint ring. 
A claishell arrangement allowed ingrest. and 
egress; from the sphere by its crew. 

than 20 feet depth. As a result of its severe 
operational depth limitation HIKINO was 
subsequently used only as a concept 
demonstrator. It was never certified by the 
Navy and finished its career as a museum 
display. 

KUMUKAHI was conceived in 1967 by T.A. 
Prior, engineered by W. R. Forman, fabricated 
by Fortin Plastics, and delivered to Oceanic 
Institute of Hawaii in September 1969 
(Reference 6). The 3 7001b submersible was 
configured as a sei" propelled diving bell 
•.jit* t-no ^'-.Vceries and a variable displacement 
tank contained in a pod suspended directly 
under the sphere (Figure 3). The 56 inch OD 
acrylic pressure hull was fabricated by 
thermoforming 1.25 inch thick acrylic sheets 
into flanged spherical quadrants inside a 
female/male mold assembly. The use of a 
clamped mold assembly resulted in a thickness 
reduction of only 8 percent at the center of 
each sector. The quadrants were subsequently 
bonded together with acrylic adhesive, an 
opening was cut out at the top of the sphere, 
and the edge of the opening was reinforced 
with adhesive impregnited glass fiber tape. 
An acrylic spherical hatch cover, whose edges 
were also reinforced with adhesive impregnated 
glass fiber tap«! completed the spherical hull. 
Six electric motor driven propellers provided 
the vehicle with triayial mobility at 
approximately 1 knot. 

figure 02. Or. K. McLear's KTKINO, the 
first concept of r.n submersible 
with panoramic visibility 
undorgoing piersid»* testing 
during 19AS. 

Vh* vehicle diaenstra'.ed successfully the 
Sss!«H ~?nrept of panoramic visibility ard 
triaxial mobility. However, because of thin 
spot« in the frc« '■■"' raed acrylic hemispheres 
their design depth **x less than 20 feet, and 
because of it the operation -?t the vehicle was 
restricted to .eservoir» and Isks« with less 

Figur« 03. KUMUKAHI the firnt ecrvlic 
plastic submersible to perform 
open sea dives in 1967. 

KUMUKAHI experienced extensive manned 
operational evaluation at snorkel diver depth, 
and unmanned structural testing to 35* and 450 
foot depths in the open sea off Poka Bay on 
Oahu Island. The recorded strains indicated 
that there vs3 no permanent defonaat on in the 
0 to 350 feet depth range durir.g 10 successive 
30 minutes lone, dives, and therefore the 
pressure hull appeared to be safe /.or manned 
dives to 300 f«et. Unfortunately, at the 
completion of the 6 hour long usimiinned proof 

L= 



test dive to 450 feet the submersible was 
smashed against the support ship and the 
acrylic pressure hull damaged. After repair 
to the pressure hull the submersible saw some 
limited service to 90 feet, however it was 
never certified by the Navy, or American 
Bureau of Shipping for commercial use. 

NUCOTE was conceived in 1969 by E. 
Rosenberg and engineered by Mike Cook and Ron 
Reich at the Naval Undersea Center, San Diego, 
CA. The diving system consisted of a 
ballasted acrylic sphere suspended by cable 
fron an overhead winch on the NUC offshore 
Tower (Figure 4). Air was supplied to the 
sphere by a flexible tube from the tower. The 
vertical movement of the undersea elevator was 
controlled from the interior of the sphere by 
its occupants. The two man capsule was 
assembled from two acrylic hemispheres 
fastened to metallic equatorial rings that 
served as a mechanical equatorial joint 
(Reference 7). The 54 inch OD flanged 
hemispheres were freeformed by Fortin Plastics 
from 2 inch thick sheets that thinned out to 
0.91 inches at the poles of hemispheres. The 
hemispheres were fastened to equatorial steel 
rings by clamping the acrylic flanges of the 
hemispheres between the steel equatorial rings 
and the steel retaining rings bolted to them. 
The pressure hull saw extensive hydrostatic 
testing to 100 psi pressure at Southwest 
Research Institute before it WJIS placed in 
operation at the NJC offshore tower to a depth 
of 56 feet in 1973. After two years of 
operation it was taken out of service and 
placed in storage. 

optically clear structural material and (2) to 
the operational advantages of panoramic 
visibility for operators of one atmosphere 
diving system. The pioneers who conceived 
these diving systems and personally piloted 
them during seatrials deserve the thanks of 
the ocean engineering community as their 
example widened the operational and 
engineering horizons for all ocean engineers. 

Still, successful as the individual 
acrylic plastic hulls may been in their 
application, they were net copied and applied 
to the following diving systems by other 
designers. The major reasons for it were (1) 
shallow design depths and small sizes, 
resulting from the inability of the chosen 
fabrication processes to produce larger, 
thicker spherical shells, (2) absence of 
published design and test data applicable to 
larger acrylic spheres and greater depth, and 
(3) lack of approval for acrylic plastic 
pressure hulls by the U. S. Navy, American 
Bureau of Shipping, Lloyd's Register of 
Shipping, or Det Norske Veritas. 

Clearly with this stagnant state o 
affairs the pioneering momentum of HIKING, 
KUMUKAHI, and NUCOTE appeared tc have been 
lost, a flash in the pan, to be followed by 
years and probably decades of inactivity in 
the area of acrylic plastic pressure hulls. 
It remained for DSV NEMO to generate the 
needed additional momentum that would put 
acrylic plastic pressure hulls over the top of 
acceptance barrier in the mind of ocean 
engineers, and to place acrylic plastic among 
other, already proven pressure hull materials 
like steel, aluminum, or titanium. 

Figure 04. NUCOTE, underwater acrylic 
plastic elevator Installed in 
the Naval Ocean System's 
offshore tower at La Jolla, 
California during 1971. 

The first generation of diving systems 
with acrylic pressure hulls, like flowers in 
the spring, had a very short operational life, 
but it alerted the ocean engineering community 
to (1) the potential of acrylic plastic as an 

THE CONCEPT OF NEMO 

NEMO (Naval Edreobenthic Manned 
Observatory) had its origin at the Naval 
Missile Center, Point Mugu, CA. It is there 
that Richard G. Mccarty and James G. 
Moldanhauar conceived in 1964 NEMO, a self 
propelled underwater observatory capable at 
will to move about in hydrospace until a 
desirable location was found for detailed 
study. At that time NEMO would deploy a 
gravity inchor and by winching itself up or 
down along the tather it would function as a 
powered underwater elevator (Figure 5) . By 
maintaining a fixed position with respect to 
its anchor location, and at the same tia» 
being able to traverse vertically tha water 
column above tha anchor mad« NEMO an ideal 
vantage point for tha study of marina animals 
that periodically migrate upwards or downwards 
in response to water temperature, phase of the 
moon, location of tha sun, or other 
environmental factors. eine« the quality and 
quantity of data collected by such an 
observatory would depend primarily on the 
ability of the investigators to observe 
unhindered the hydrospace around the 
observatory a transparent enclosure would be 
the ideal solution to this operational 
requirement. 

When the inventors of this concept 
contacted Corning Glass and Rohm and Haas, 
leaders in their respective fields, about the 
feasibility of fabricating a glass or plastic 
spherical   pressure   hull   capable   of 



transporting two men to a depth of 1000 feet 
they were told that such a structure was 
outside the scope of existing massive glass 
and acrylic plastic technologies. Only if the 
Navy was willing to sponsor a oultimillion 
dollar program spanning many years would they 
promise to deliver such a structure. Since 
the Navy was not interested in sponsoring a 
program of such a magnitude the inventors had 
to regr-up and consider other, preferably low 
cost approaches to fabrication of the 120 inch 
large transparent spherical pressure hull for 
their underwater observatory. 

Figure 05. Jim Moldenhauer's concept of 
NEMO, a 120 inch diameter 
underwater observatory with 
panoramic visibility,proposed in 
1964. 

While researching the problem Moldenhauer 
ran across two Ordnance Research Laboratory 
Technical reports published in 1964 by the 
Pennsylvania State University (Refs. 8,9). In 
these publications a young structural 
materials investigator Cr.Jerry D.Stachiw 
had experimentally shown that (1) acrylic 
plastic is a suitable engineering material for 
external pressure hulls, (2) large acrylic 
pressure hulls can be assembled from small 
structural modules, (3)the implosion pressure 
of such hulls did not depend upon the strength 
of the adhesive bonded joints, provided that 
the compressive stresses were transferred at 
right angles across the mating surfaces of the 
joint, (4) the short term implosion pressure 
of acrylic hulls can bo calculated with 
classical analytical formulas for buckling of 
shells if the magnitude of tangential modulus 
of elasticity is considered to be a function 
of compressive stress in the ?hell, and the 
(5) ideal shapes of structural modules for 
construction of spherical shells are the 
equilateral spherical triangle and the 
spherical pentagon (Figure 6), 

Intrigued   by  these  findings   the 
inventors of NEMO tried to contact the 
author of these reports for further details. 
To their great surprise he was found nearby at 

the Naval Civil Engineering Laboratory in Port 
Hueneme Co., where he had accepted employment 
in 1964 after graduation from the Pennsylvania 
State University. Since Port Hueneme was 
practically next door to Pt. Mugu a personal 
meeting was arranged between Moldenhauer, a 
physicist turned oceanographer and Stachiw, an 
engineering mechanics graduate turned ocean 
engineer, that laid the foundation for the 
engineering development of the NEMO concept. 
They were soon joined by Kiyoshi Tsuji and Dan 
T. Stowell, engineprs, also employed at thj 
Pacific Missile range. Due to the combined 
efforts of these individuals the NEMO concept 
began to be transformed from an idea into 
engineering design. 

Figure 06. Acrylic plastic housing for 
oceanographic instrumentation 
designed for 1000 feet depth by 
Dr. Stachiw in 1961 while at the 
Pennsylvania State University. 
The cylinder is made up of twoi 
rib stiffened halfshells sealed 
by qn axial mechanical joint. 

Several important problems had to be 
resolved before NEMO could be launched with a 
crew in the ocean: 

1. &    reliable,  but   economical 
tabxicAtiSB technique had to be 
developed that performed well not 
only for the construction of scale 
models, but also for full scale 
spherical hulls. 

2. h proven design for the hull 
assembly had to be formulated which 
incorporated into the plastic sphere 
a metallic hatch for ingress and 
egress of the crew, and a metallic 
bulkhead for feedthrough of 
electrical cables, hydraulic piping 
and compressed air tubes. 

3. The acrylic plastic sphere had to fee_. 
qualified for manned service to the 
satisfaction  of the Naval  Ship 
Systems      Command;   the  Navy 



authorized  safety  inspector  for 
certification    of   non-combatant 
submersibles. 

4.  Life sunport, and a propulsion system 
had to be selected,  and mated with 
the pcrylij hull assembly without 
imposing additional stresses in the 
acrylic hull. 

To facilitate the solution of  above 
problems they were parcelled out to different 
investigators. Tsuii and Stowell worked on the 
development of fabrication processes,  sizing 
of life support components and selection of 
propulsion components. Stachiw devoted his 
efforts  to  the  design  and  subsequent 
evaluation of the model scale and full scale 
acrylic  hull assemblies,  and Moldfenhauer 
concentrated his endeavors on the definition 
of scientific mission objectives for the NEMO. 

Each of the components being considered 
for incorporation into NEMO presented  an 
engineering  challenge.   The acrylic hull 
assembly however, posed the toughest challenge 
of all.   Unless the design,  fabrication 
process and structural performance met the U. 
S. Navy Material Certification Procedures and 
Criteria  Manual for Manned  Non-Combatant 
Submersibles NEMO would never see service in 
support of Navy missions.  Since the Navy had 
never certified before a diving system with a 
non-metallic pressure hull the qualification 
of acrylic plastic as an approved structural 
material for NEMO vould constitute a landmark 
in the development of Navy's manned nor.- 
combatant   submersibles.     ""»cause   the 
certification of the acrylic l.dll assembly 
constituted such a critical element in the 
realization of the NEMO concept the bulk of 
available funding during the 1964  - 1969 
period   was  budgeted  for  the  design, 
fabrication  and testing of acrylic  hull 
components. 

These models were identical to the first one 
except in order to improve the joint quality 
thn gap width between spherical pentagons was 
increased to 0.125 inches. This gap was 
subsequently covered with adhesive backed 
aluminum tape, and filled by gravity through a 
funnel with self polymerizing adhesive cement 
(Reference 10). 

Figure 07. Components of the 15 x 14 inch 
structural scale model of 
acrylic plastic pressure hull 
for NEMO designed by Dr. J. D. 
Stachiw at the Naval Civil 
Engineering Laboratory, and 
fabricated under the supervision 
of K. Tsuji at the Naval Missile 
Center, Pt. Mugu, CA in 1964. 

NEMO PRESSURE HULL DESIGN VALIDATION 

As a result of the intensive engineering 
offort at both NEMO and NCEL a successful hull 
design was formulated in September 1964, and 
the first 15 inch OD model scale hull assembly 
fabricated in January 1965 (Fig. 7). The 
structural scale model consisted of 12 
spherical sectors thermoformed in a female 
vacuum mold from 0.5 inch thick acrylic discs 
and subsequently machined into spherical 
pentagons. Two of the pentagons had beveled 
openings machined in their center to receive 
stainless steel hatch and bulkhead assemblies 
with matching beveled edges. The spherical 
pentagons, were placed subsequently into an 
alignment fixture and bonded with solvent 
injected into the joints with a hypodermic 
needle. When tested at the NCEL's Deep Ocean 
Test Facility the 15 x 14 inch spherical hull 
(1) displayed no permanent deformation after a 
simulated dive of 5 days duration to 420 feet 
depth (Figure 8) and (2) it imploded during a 
simulated dive only after attaining a depth 
of 3650 feet, predicted by prior analytical 
calculation of plastic instability. 

Encouraged by these results additional 
twenty 15 x 14 inch scale models were built 
and tested to destruction under short term, 
cyclic,  and  sustained pressure loadings. 
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Figure 08. Volume displacement plot 
generated during the hydrostatic 
testing of NEMO scale model. 
Note that the pressure hull 
returns to its original shape 
following depressurisation and 
relaxation. 
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Alter two years of pressure testing 
twenty spherical 15 x 14 inch scale models 
that required 3000 hours of pressure vessel 
time the NEMO type design of acrylic plastic 
spheres was considered to be ready for 
transitioning to full scale construction. The 
experimental data showed that the structural 
behavior of acrylic spheres with less than 0.5 
percent spherical deviation and 3 percent 
local thinning out due to thermoforming was 
repeatable. The major findings were: 

a. The short term implosion depth can 
be predicted in- advance on the 
basis of analytical calculations. 

b. The time dependent implosion at any 
dive depth can be predicted far in 
advance on the basis of an 
empirically generated linear plot on 
log-log coordinates of implosion 
pressure versus duration of loading. 

c. The crack free cyclic fatigue life 
is in excess of 1000 dives if the 
maximum dive depth is less than 33 
percent of the short tern implosion 
depth and the relaxation periods 
between individual dives equal, or 
surpass the duration of individual 
dives. 

d. The effect of temperature on 
implosion depth can be predicted 
from empirically generated graphic 
plot relating temperature to 
implosion pressures. 

The fabrication of the full scale NEMO, 
hull was initiated in 1967 and completed in 
1968 at NMC Point Mugu, CA. The outside 
diameter of the sphere was 66 inches, the 
largest size that could be achieved 
assembling 12 pentagons formed and machined 
from standard 48 x 60 inch acrylic sheets with 
2.5 inch nominal thickness (Fig. 9) The 
design of the full scale hull assembly and the 
fabrication procedures were the same as in the 
scale model hulls to insure reproducibility of 
structural performance (Ref. 11). 

The quality assurance procedures 
instituted during the fabrication produced a 
hul3 whose sphericity and uniformity of 
thickness matched that of the 15 inch scale 
models (Fig. 10). The thinning out due to 
thermal forming was less than 2 percent and 
tne deviation in sphericity lssb than 0.5 
percent at the renter of each pentagon. The 
completed sphere deviated less than 0.5 
percent from the ideal 33 inch radius of 
sphericity. The fit between the machined 
metallic components and the acrylic hull was 
very good; the mismatch between the bevel 
angle on the hatch and the opening in the hull 
was less than 0.5 degree. The resulting 66 
inch hull assembly was in all respects a 
scaled up copy of the 15 inch model 
(Figure 9), and its structural performance, 
provided there was no material scaling factor 
involved, (like for example in glass), would 
be identical to thst of the scale models. If 
the test results supported this hypothesis the 
last obstacle in the mind of the safety 
review members would be removed to the 
utilization of acrylic plastic in the 
construction of pressure hulls for manned 
diving systems. 

After being pressure cycled 104 times in 
the 500 to 1140 psi range the 66 inch NEMO was 
imploded at 1850 psi during a simulated rapid 
descent at 220 feet/second rate. This test 
confirmed the basic postulate of the material 
qualification program: 

Experimental data generated with 15 inch - 
scale   model  spheres  is directly 
applicable to 66 inch full scale spheres 
(i.e.  large thick acrylic spheres behave 
identically like small,  thin acrylic 
spheres with the same t/Co ratio). 

Figure 09. Full size 66 x 51 inch NEMO hull 
fabricated by the Naval Missile 
Center in 1967 and tested to 
implosion at the Naval civil 
Engineering Laboratory in 1969 
under the supervision of Dr. 
Stachiw. 

Figure 10. Checking the dimensions of a 
finished 66 inch diameter NEMO 
hull. 

• 



NEMO DIVING SYSTEM 

As soon as the pressure testing of the 
first full scale NEMO pressure hull was 
completed a patent disclosure was filed 
(Fig. 11) and proposals were submitted to 
various Navy Bureaus (present name: Commands) 
for funding of the NEMO diving system. Only 
the U.S. Navy Bureau of Yards and Docks 
(present name NAVFAC; Naval Facilities 
Engineering Command) promised financial 
support, provided that (1) the diving system 
is modified to serve as a diving 
superintendent's office on underwater 
construction sites employing divers (Figure 
12) and (2) the pressure hull assembly is 
standardized to serve as a self contained 
multipurpose one atmosphere cockpit for a 
variety of underwater construction equipments 
(Figures 13). 

The contract for the construction of one 
NEMO system for NAVFAC was awarded in 1969 to 
the Southwest Research Institute, and a 
separate contract for fabrication of three 66 
x 51 inch acrylic pressure hulls to Swedlow 
Inc. One of those hulls was slated for 
incorporation into NEMO system, one for 
cyclic pressure testing at NCEL, and one was 
to be delivered to Naval Undersea Center 
(present name NOSC; Naval Ocean Systems 
Center) for incorporation into the submersible 
MAKAKAI, the successor to HIKINO 
(References 12,13,14,15,16). 
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Figure 11.   Patent granted for NEMO concept. 

To provide the forthcoming NEMO diving 
system with qualified operators NCEL initiated 
immediately a training program for NEMO 
pilots, patterned after NASA's successful 
training program for astronauts. Four 
NEMONAUTS were chosen from a dozen applicants 
for the training program; their training 
extended over one year (Fig. 14). The 
characteristics of the NEMO diving system for 
which the NEMONAUTS were training are 
described below: 

CHARACTERISTICS OF NEMO HULL 

Outside diameter 66 inches 
Inside diameter 61 inches 
Wall thickness 2.5 inches 
Weight (with steel hatches)   1500 lbs. 
Displacement 87.5cu. ft. 
Operational depth 600 ft. 
Design depth 1000 ft. 
Proof depth 1120 ft. 
I mplosion depth    4150 ft. 
Material acrylic plastic 

MILP5425 

GENERAL CHARACTERISTICS 

OPERATING DEPTH 
600 feet 

DIMENSIONS 
width 78", height 110" 

WEIGHT 
8000 lbs in air 

CREW 
1 operator, 1 observer 

PRESSURE HULL 
acrylic plastic sprtere 
outside diameter 66" 
wall thickness 2.5" 

LIFE SUPPORT 
64 man hours 

POWER 

120V DC and 24V DC 
150 amp hours (main battery) 

PAYLOAD 
Average crew plus 450 pounds 

VERTICAL MOBILITY 
2 hp winch and 500 lb anchor 
speed   30 to 60 fpm 

HORIZONTAL MOBILITY 
two 1'.. hp hydraulic motors 
speed   0 to 3/4 knots 

LIGHTING 
two 500 watt, two 750 watt 

BUOYANCY CONTROL 
open air ballast tank and 371 set of air 

COMMUNICATIONS 
surface   HF radio 
subsurface   underwater telephone (B.I kHz) 

WORK CAPABILITY 
underwater hydraulic and electrical 
connectors for divers 

SUPPORT FACILITIES 
28' trailer with support van 
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There were only three major departures in 
NAFVAC NEMO from the original NEMO concept 
proposed by the Naval Missile Center in 1965 
(Ref. 10). The diameter was 66 instead of 
120 inches, and as a result of the reduced 
diameter the two occupants had to sit side by 
side, instead of back to back. The life 
support duration was shortened from 100 to 32 
hours as the function of the diving system 
shifted from a long term in situ oceanographic 
observatory to a short term diving supervisors 
observatory. Finally, the diving system was 
equipped with external hydraulic and 
electrical connectors for powering of diver 
operated power tools at the work site in the 
vicinity of NEMO (Figure 15). 

The NAVFAC NEMO was officially launched 
in May 1970 by Rear Admiral Johnson amid great 
ceremonies attended by representatives of U.S. 
ocean engineering community at Freeport, 
Bahamas. After several preliminary dives NEMO 
reached 600 ft. depth piloted bv E. Briggs and 
1_- Poirer of Southwest Research Institute. 

/ 

Figure 13. The concept of standardized 66 
inch diameter one atmosphere 
acrylic plastic cockpit 
integrated with proposed 
undersea earth moving equipment. 

Figure 12, The NEMO concept funded for 
construction by the Naval 
Facilities Engineering Command 

Figure 14.   Naval     Civil    Engineering 
Laboratory's NEMONAUTS; Lt. R. 
E. Elliott, R. F. Crowe Jr., P. 
R. Rockwell, and M. R. 5noey 
(from left to right). 



During the remainder of the two week long 
seatrials NEMO dove repeatedly to 600 feet 
under the charge of four NCEL trained 
NEMONAUTS without any mishap. The diving 
operations were supervised by CDR Noel Brady, 
assisted by LCDR Donald Black and Lt. Ross 
Saxon from SUBDEVGRU ONE, San Diego. 

Figure 15 The 66x51 inch acrylic plastic 
hull installed in the NEMO 
submersible fabricated at SWRI 
under supervision of E. Briggs. 

The sea trials off Freeport, Bahamas were 
followed in July 1970 by material 
certification dives off Port Hueneme, CA. As 
a result of the extensive test and evaluation 
program the U.S. Navy Ship Systems Command 
certified on 12/15/1970 DSV (Deep submergence 
vehicle) NEMO as materially adequate for Navy 
service to 600 ft. .«pth. The certification 
was renewed thereafter annually (Figure 16). 
DSV NEMO saw extensive diving serv.ee from 
1970 to 1980 during which it experienced 671 
dives in the 50 to 600 feet range without any 
visible sign of material fatigue in the 
acrylic pressure hull assembly. 

The other NEMO hull, which was 
incorporated by Doug Murphy into the MAKAKAI 
submersible at NUC Hawaii Laboratory was also 
certified by the U.S. Navy for 600 feet depth 
service in 1971. it saw extensive service in 
support of the sea animal research and 
training program at the NUC Hawaii Laboratory 
(Figure 17). It was removed from service in 
1976 and placed on permanent display at Sea 
World, San Diego. 

After 10 years of service NEMO was 
decomissioned in 1980 as part of an economy 
measure from Navy service and placed on 
display at the Naval Ocean Systems Center. 
Specimens taken from the acrylic hull after 
its decommissioning showed that after 10 years 
of service in marine environment the 
photochemical deterioration in the acrylic 
material had penetrated less than 0.040 inches 
deep (Reference 18). Since the thick hull 
material sees mostly only membrane compressive 
stresses during a typical dive the 
deterioration of a thin layer on its outside 
surface would not affect its safe maximum 
operational depth, particularly in view of the 
safety factor of 7 used by NAVSHIPS  in 
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NEMOj awarded originally on 
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Figure 17. The 66 x 61 inch acrylic plastic 
hull after installation in the 
MAKAKAI submersible fabricated 
under the supervision cf D. 
Murphy in 1971 at the Hawaii 
Laboratory of the Naval Undersea 
Center. 
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establishing the overly conservative safe 
design depth of 600 feet. One of the valuable 
side benefits of the 10 years of NEMO'S 
satisfactory service was the change in Navy's 
thinking about the magnitude of safety 
factors; a safety factor of 4 is considered 
now to be totally adequate for acrylic 
pressure hulls. 

The decomissioning of NEMO in 
1980signaled the closing of the pioneering, 
and the beginning of the application epochs 
for acrylic submersibles. PrioT to NEMO 
acrylic submersibles were-considered on par 
with hot air balloons at county fairs; 
thrilling for the pilots,but of no commercial 
value to the industry. In the short time span 
between NEMO certification in 1970 and its 
decomissioning in 1980 the stature of acrylic 
submersibles grew from interesting^ but 
nevertheless exotic freaks to accepted work 
horses of the ocean engineering community. 

IN THE FOOTSTEPS OF NEMO 

NEMO was followed by the Johnson Sea Link 
I, a unique submersible designed by Mr. E. 
Link for the Smithsonian Institution (Figure 
18). It combined the advantages of panoramic 
visibility, provided by the acrylic spherical 
hull, with the lockout capability, proviied by 
the aluminum cylindrical hull. The acrylic 
spherical hull,also engineered by Stachiw,was 
of the same size, design (Figures 19 and 20) 
as NEMO hull, except that aluminum was used in 
hatches, a polycarbonate gasket was placed 
between the metallic components and the 
acrylic hull and the wall thickness was 
increased to 4 inches, giving the Johnson Sea 
Link I a design depth of 3000 feet 
(References 19 and 20). 

Figure 18. The 66 x 58 inch acrylic plastic 
hull after installation in the 
Johnson-Sea-Link I 1 submersible 
designed by E. Link and 
fabricated in 1971 under the 
supervision of R. Oolan at the 
Harbor Branch Foundation. 

To facilitate the certification of this 
submersible the Naval undersea Center 
conducted a testing program on one full scale 
and four 15 x 13 inch scale models fabricated 
by Swedlow Inc., in the same manner as the full 
scale hull. The test results validated the 
3000 design depth of the acrylic hull. The 66 
x 58 inch acrylic hull withstood 24 hour long 
pressure cycles to 2000, 3000, and 4000 feet 
without any permanent deformation in the 
acrylic or metallic components. One of the 
15 x 13 inch scale models was imploded at 
10,000 feet depth, while the remainder of the 
15 x 13 inch spheres withstood 1000 typical 
simulated dives to 3000 feet depth without 
initiation of any cracks in the hull 
(References 21). The testing program was 
concluded by imploding the scale models under 
dynamic pressure loading generated by 
underwater explosions (References 22). 

HATCH COUMTWWAUUtCf 
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Figure 19. Typical features of the NEMO 
type acrylic plastic hull 
design. The dimensions shown 
are for the 66 x «8 inch hull 
with 3000 feet design depth. 

The submersible was certified by the 
American Bureau of Shipping to 1000 feet 
depth in 1971 and to 2640 feet depth in 1983. 
The submersible is still in service, a veteran 
of more than 1000 dives in the ocean. 

Even though the construction of Johnson 
Sea Link I conclusively showed that the 
fabrication technique developed for the 2.5 
inch thick 66 inch diameter NEMO hull was also 
applicable to the 4 inch thick 66 inch 
diameter JSL1 hull it also showed that this 
construction technique was severely 
circumscribed by several limitations 
characteristic to this type of construction 
technique. 

IX 
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Thermal forming   of spherical 
pentagons with t/Ro ratios in excess 
of 0.15 introduced into the external 
surface of pentagons unacceptably 
high residual tensile stresses that 
with time initiated crazing of the 
surface. 
The size of the spheres was limited 
to 66 inches, the largest size that 
could be assembled by thermoforming 
of pentagons cut out of largest 
available 4 inch thick sheets cast 
from monomer resin. 

33.00 SPHER. 
RADIUS 

Figure 20. Typical dimensions of spherical 
pentagons used in the assembly 
of 66 inch diameter NEMO type 
acrylic plastic hulls. 

The effect of these limitations was that 
for acrylic plastic spherical hulls with 66 
inch outside diameter, fabricated by bonding 
of 12 spherical pentagons,the 3000 foot design 
depth was probably the maximum design depth 
attainable in that size. This technological 
barrier to the orderly development of large 
and deeper diving acrylic plastic spherical 
hulls was early recognized by Stachiw and 

brought to the attention of Dr. w. McLean, 
Technical Director of Naval Undersea Center 
(NUC) and E. Link, Director of the Harbor 
Branch Foundation (HBF), both enthusiastic 
supporters of the transparent hull technology 
(Figure 21 

Figure 21. Dr. W. B. McLean, Technical 
Director of the Naval Undersea 
Center, and E. A. Link, Vice 
President of the Harbor Branch 
Foundation reviewing in 197 3 
with Bruce Beaaley, ownei of 
Polymer Products, the potential 
of his slash casting process for 
casting of l.-.rge hemispheres 

The solution to this problem was 
suggested by Bruce Beasley, a noted sculptor 
who specialized in massive monolithic acrylic 
sculptures cast in his own studio in Oakland, 
CA. He proposed in 1969 that the acrylic 
spheres be fabricated by casting of monolithic 
spherical shells, or if this was too 
expensive, by joining of hemispherical shells 
cast inside permanent metallic molds in his 
own shop. His suggestion WIR accepted and 
with funding provided jointly by NOSC and HBF 
he developed a technique for casting of 
hemispheres in permanent steel molds from a 
carefully compounded mixture of methyl 
methacrylate monomer resin and polymerized 
methyl methacrylate powder. 

The pre-polymerized methyl methacrylate 
powder dissolved in the monomer resin 
minimized shrinkage and exothermic reaction 
during the polymerization cycle. The addition 
of polymerized powder to the monomer resin 
gave it the consistency of slush ice and as a 
result of it this type of casting technique 
was referred to as slush casting. This 
mixture turned after several hours at room 
temperature into a firm jelly which after 
application of heat in a pressurized autoclave 
became crystal clear, hard acrylic plastic. 
The application of pressure in the autoclave 
served to suppress the formation of gas 
bubbles inside the jelly like mixture during 
exothermic reaction. 
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There appeared to be no physical limit on 
the thickness of the sphere cast by this 
process, and the only limit on the size of the 
sphere was the size of available autoclaves in 
which the molds with the casting mixture had 
to be placed for polymerization. The required 
validation of slush casting technique was 
performed in 1974 on 18 inch OD x 10 inch IÜ 
hemispheres which were subsequently bonded 
together by stachiw into spheres and subjected 

, to hydrostatic testing. The results of the 
tests performed at the Southwest Research Test 
institute were satisfactory (Reference 23), 
and Beasley was given authorization to proceed 
with the casting of several 66 inch x 58 inch 
NEMO spheres (Figure 22}. Two of these 
spheres were delivered to HBF for 
incorporation into submersibles and one was 
delivered to NUC for test and evaluation under 
hydrostatic loading (Reference 24). 

The results of hydrostatic test performed 
in 1975 on the cast 66 x 58 inch sphere at the 
Southwest Research Institute were 
satisfactory. The pressure hull successfully 
withstood 24 hours long simulated dives to 
2000, 3000 and 4000 feet without permanent 
deformation after 24 hours long relaxation 
periods following each dive. It imploded only 
after 13 minutes of sustained pressurization 
during a simulated dive to 9000 feet. The 
testing of the full scale hull proved 
conclusively that (1) the structural 
performance of slush cast spherical hulls is 
identical to thermoformed spherical hulls, and 
similarly that (2) the structural performance 
of full scale slush cast spherical hulls is 
identical to that of scale models. 

Figure 22. The first successful pair of 66 
x 58 inch hemispheres slush cast 
by Bruce Beasley for the Naval 
Undersea Center in 1974. Hike 
Stachiw is assisting Beasley 
during the critical bonding of 
the equatorial joint. 

Now there was no further doubt that the 
slush casting process produces acrylic plastic 
pressure hulls with the same structural 
performance as thermoformed hulls, and 
therefore all the design criteria generated 
with thermoformed spheres during the 
developments of NEMO design apply also to the 
spheres fabricated by slush casting. The 
slush casting technique made it now feasible 
for the first time in ocean engineering 
history to fabricate economically spherical 
pressure hulls of any desirable thickness or 
size, the only limitations being the 
imagination cf cue designer and the pocketbook 
of the customer. 

Since the slush casting technique lends 
itself also to casting of acrylic plastic 
shells of anv shape, pressure hulls can be now 
cast in any imaginable configuration. To date 
the slush casting technique has been already 
employed to cast cylinders and paraboloids of 
revolution. There is no doubt it will be used 
in the future to cast ellipsoidal and toroidal 
pressure hulls; shapes that previously could 
never be thermoformed successfully 
(Reference 25). 

ACCEPTANCE OF ACRYLIC PLASTIC FOR CONSTRUCTION 
OF DIVING SYSTEMS 

As a result of NEMo's certification by 
the U. S. Navy in 1970 the American Bureau of 
Shipping and Det Norske Veritas (U.S. and 
Norwegian based ship classification societies) 
took administrative steps to incorporate 
acrylic plastic into their rules for 
construction and classification of underwater 
systems and vehicles. The American Society 
of Mechanical Engineers, Pressure Technology, 
Codes and Standards under the leadership of M. 
R. Green recognized immediately the emergence 
of acrylic plastic technology for construction 
of pressure hull components and formulated in 
1971 the Safety Code Commiittee on Pressure 
Vessels for Human Occupancy (PVKO) to 
formulate design rules for its vise in manned 
diving systems, 

In 1977 ASMS published ANSI/ASME PVHO-1 
Safety Standard for Pressure Vessels for Human 
occupancy which includes a section on the 
application of acrylic plastic to pressure 
vessel construction. The Coast Guard, U. S. 
Department of Transportation referenced 
ANSI/ASME PVHO-1 in its 1978 Rules and 
Regulations for Commercial Diving Operations, 
immediately followed by the American Bureau of 
Shipping which also referenced ANSI/ASME PVHO- 
1 in their 1979 Rules for Building and 
Classing of Underwater Systems and Vehicles. 
Foreign classing societies also included 
acrylic plastic in their Rules of Construction 
of Diving Systems so that by 1980 the 
acceptance of acrylic plastic pressure hulls 
and pressure hull components was complete. 
Thus, in one short decade from 1970 to 1980 
the acrylic plastic pressure hull technology 
incorporated in NEMO transitioned from the 
experimental to the proven state of pressure 
hull construction. From that period on there 
were no further administrative obstacles in 
the path of acrylic pressure hull development 
and utilisation in underwater vehicles and 
diving systems. 

13 



4 

THE LEGACY OF NEMO PROGRAM 

Twenty years have passed since the 
initiation of NEMO program by the U. S. Navy 
at the Naval Civil Engineering Laboratory Port 
Hueneme, CA and the Naval Missile Center, 
Point Mugu, CA. The program achieved at a 
very modest cost its original objective; the 
design, fabrication, and operation of a 
manned, one atmosphere underwater 
vehicle/observatory with panoramic visibility 
for 600 feet depth. In adddition, it not only 
qualified acrylic plastic for construction of 
external pressure hulls, but also developed a 
novel fabrication process that allows the 
casting of acrylic plastic structural 
components of any size, thickness, or shape. 

The number of acrylic plastic 
submersibles operating today is fairly modest 
(i.e. Johnson Sea Link #1, Johnson Sea Link #2 
Checkmate and Deep Rover). The primary reason 
for their modest number is the depressed state 
of offshore oil production industry. But even 
so the operational depth reached by acrylic 
plastic submersibles (Figures 23, 24) has 
progressed steadily from the historic dive to 
600 feet in 1970 by NEMO to the 3000 feet dive 
in 1986 by Deep Rover (Reference 26). There 
is no doubt that the depth capability and size 
of acrylic pressure hulls will expand further, 
a spherical pressure hull with 108 inch 
diameter has baen already designed for 8 000 
feet depth, scale models of that hull have 
been built, and a hydrostatic pressure cycling 
program has been initiated at the Harbor 
Branch Foundation at Link Port, Florida 
(Reference 27). 

Figure 23.. On* aan ninisub Deep Rover 
designed tj Graham Kawkes and 
fabricated by Deep Ocean 
Engineering Inc., in 1984. The 
6? x 53 inch slush c&st acrylic 
plastic hull provides the 6800 
lb. submersible with 3280 feet 
operational depth capability. 

At  what  depth the  development  of 
spherical acrylic plastic hulls will stop is 

hard to predict, but in all likelyhood it will 
reach a limit at 10,000 feet, as beyond this 
depth the weight to desplacement ratio and 
optical effects of the very thick hulls will 
make the acrylic plastic hull operationally 
unacceptable (References 28,29,30,31). 

For depths byond 10,000 feet the 
spherical hulls will have to be fabricated 
from glass or transparent ceramic posessing 
compressive strength in excess of 100,000 psi. 
To qualify those materials for construction of 
manned diving systems calls for initiation of 
a second NEMO program. But this is yet 
another story to be written in the future by 
ocean engineers dedicated to exploration of 
hydrospace for scientific knowledge and 
economic benefits to the nation. 

Figure 24. Slush cast hemisphere used by 
Mark Stachiw in 1984 for 
assembling a 18 x 12.85 inch 
scale model of acrylic plastic 
hull with 8000 feet design depth 
for the Harbor Branch 
Foundation. 

Figur* 25 Tethered submersible CHECKMATE 
with 81 x 74.8 inch acrylic 
plastic hull for 1000 feet 
depth. Launched in 1979 off 
Norway by Kollerodden A.S. 
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Figure 26 Critical pressure of acrylic 
plastic spheres pressurized to 
implosion at 100 psi minute 
rate in 75 degree Fahrenheit 
ambient environment. Spheres 
with t/D - 0.22 hav« been 
pressurized to 20,000 psi, the 
maximum available pressure, 
without imploding. Applying 
the conversion factor of 4 
reeomaended by ASME PVHO it 
appears feasible to reach 10,000 
feat depth in a submersible 
equipped with acrylic plastic 
spherical pressure hulls. 

Figure 27 Typical arrangement for hydrostatic 
testing of acrylic plastic spherical hull 
scale models. The spherical hulls are 
suspended from the pressure vessel end 
closure by means of a pipe open at one end to 
the interior of the hull and on the other end 
to the exterior of the vessel. This tube 
served as pressure resistant conduit for 
instrumentation wires and relief for internal 
pressure buildup in the sphere. 

The specimen shown here is a 18x12.8 5 
inches acrylic plastic sphere being tested by 
Mark Stachiw and Karl Hilton at NCEL's Deep 
Ocean Test Facility. The sphere imploded at 
16,000 psi under short term pressurization in 
65 degree F water, indicating that cyclic 
fatigue life will probably exceed 1000 
pressurizations to 4000 psi. 

CONVERSIONS 

psi - 2.247 feet seawater depth 
psi ■ 0.6849 meters of seawater depth 
psi = 6.895 kPa 
psi ■ 0.07031 kg/square centimenter 
inch ■ 2.54 centimeters 
pound - 0.4 54 kilograms 
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