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APPENDIX A. CONSTRUCTION OF ACRYLIC SPHERES

A.1 CONSTRUCTION BY BONDING THERMOFORMED SPHERICAL PENTAGONS*

The procedure of producing an acrylic sphere by this process is graphically shown in
figures A.1 through A.26.

A.1.1 Fabrication

The first step was to thermoform a flat blank of acrylic, 2.5 inches (6.4 centimeters)
thick and 46 inches (117 centimeters) in diameter, into a spherical shell sector with a 33-inch
(84 centimeters) radius in a concave spherical mold. The blank was cut from a 4- by 5-foot
(1.2 by 1.5 meters) commercial sheet of 2.5-inch-thick (6.4 centimeters) acrylic. The thermo-
forming mold was a custom-built aluminum dish with a surface texture of 32 microinches
(0.0008 millimeter). Four 3/32-inch-diameter (0.2 centimeter) vacuum holes were drilled at
the bottom of the mold. Before thermoforming, the cylindrical surface of the acrylic blank
was machined to a 200-microinch (0.005 millimeter) surface texture to promote a good
vacuum seal between the heated blank and the mold. Four 1/8-inch-diameter (0.3 centimeter)
by 2-inch-deep (5 centimeters) holes were drilled into the outside edge of the circular blank
perpendicular to the cylindrical surface and parallel to the flat surface of the blank for instal-
lation of iron-constantan thermocouples. These thermocouples were spaced 90 degrees (1.57
radians) to each other.

After positioning the acrylic blank in the mold, both were placed in an oven and gradu-
ally heated to 300°F (149°C) over a period of 24 hours. The sequence of thermoforming
events was as follows:

a. 1545 hours: parts placed in oven with temperature at 165°F (74°C) and allowed
to remain overnight: fan on.

b. 0745 hours: oven temperature raised to 300°F (149°C): fan on.

c. 1030 hours: acrylic blank sagged a constant amount with temperature at

254°F (123°C) at 0.25 inch (0.6 centimeter) from air-exposed surface
275°F (135°C) at both midpoints of blank thickness

297°F (147°C) at 0.25 inch (0.6 centimeter) from mold surface
299°F (148°C) at the mold surface

d. 1530 hours: oven temperature raised to 310°F (154°C); fan on.

e. 1545 hours: all temperatures became 300°F + 1° (149°C); vacuum of 25-inch
(64 centimeters) mercury applied to mold: blank immediately sagged and held completely to
mold contour; fan on.

f. 1600 hours: oven and tan turned off: oven door remained closed: vacuum left
on all night.

*This process was developed by the U.S. Navy at the Naval Missile Center, Point Mugu, California, and at the Naval Civil
Engineering Laboratory, Port Hueneme, California, in 1966. The description of the process for a 2.5-inch-thick (6.4 cen-
timeters) sphere with a 33-inch (84 centimeters) radius is applicable to spheres of any thickness and radius.
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g. 0800 hours: vacuum turned off; oven temperature at 110°F (43°C): oven door
opened and oven allowed to cool to room temperature ; thermoformed acrylic shell removed.

Each thermoformed shell sector was stored in a contoured box with soft lining to
prevent damage to the acrylic surface. A vacuum-operated chuck was built to hold, rotate,
and position the acrylic shell sector for cutting and machining into a pentagonal shape. The
chuck utilized vacuum to hold the shell sectors in the fixture, and air pressure to rotate and
index the shell sector for the five straight cuts to form a pentagon. The acrylic shell sectors
were first rough cut on a band saw into pentagon-shaped segments. Final machining was per-
formed on a numerically controlled automatic milling machine. The milling cutter was a
2-inch-diameter (5 centimeters), helical type that rotated at 3800 rpm and fed at 10 inches
per minute (25 centimeters per minute). A coolant of detergent-based water was used dur-
ing the milling operation. The resulting surface texture at the pentagon edge was 63 micro-
inches (0.0016 millimeter), which was satisfactory for cementing purposes. Two of the
spherical acrylic pentagons were conically bored for their metal end plate insert. These holes
were conical with their projected apex at the center of curvature of the spherical pentagon
surface. After the machining operations, each spherical pentagon was annealed at 160°F
(71°C) for 24 hours to reduce residual internal stresses and crazing potential in the acrylic
plastic. Annealing was performed while the spherical pentagon rested in its contoured box.

A.1.2 Construction

Assembly of the 5.5-foot-diameter (1.7 meters) acrylic hull was accomplished by a
two-phase bonding technique in which two quasihemispheres composed of six bonded
spherical pentagons were bonded together into a sphere. To prepare the pentagon for bond-
ing, the cemented surfaces were sanded with 240- and 400-grit sandpapers to develop ade-
quate joint strength. A bonding procedure, suggested by the maker of the PS-30 polymeriz-
ing cement, was to use a butt joining gap of 1/8 inch (0.3 centimeter) between the adjacent
2.5-inch-thick (6.4 centimeters) acrylic pentagons. One polar pentagon with its conical hole
and five regular pentagons were hemispherically positioned in an assembly fixture. The
assembly fixture was preadjusted by means of an accurately dimensioned. dummy, glass-
reinforced plastic sphere to produce the 66-inch-diameter (168 centimeters) NEMO sphere.
The pentagons were spaced 0.125 inch (0.3 centimeter) apart with 0.25-inch-diameter (0.6
centimeter) acrylic spacers. Two spacers were placed on each 24-inch-long (01 centimeters)
side of the pentagon at 2 inches (5 centimeters) from the corners. The joints were matched
on the outside surface (convex) to form a continuous smooth contour between adjacent
pentagons. Because of the variation in the thickness of the pentagons. the inside surface at
the joints was not expected to be even. The joints were masked with cellophane fiber tape
and a preformed aluminum foil to create a protruding bead of cement at the joint to account
for any shrinkage of the bonded joint. The excess beads were polished away to ensure a
bonded joint flush with the surface.

PS-30. the polymerizing acrylic cement, consisted of two components: component A
(base resin) and component B (catalyst). The catalyst, SO milliliters of component B, was
dissolved in 950 milliliters of the resin at 60°F (16°C) by stirring the mix slowly beneath the
surface to avoid entrapment of air bubbles in the cement. The cement mixture was then
placed under vacuum and degassed for 10 minutes to remove all air bubbles before pouring
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into the prepared joints. The pot life of this mixture was 30 minutes which was adequate for
degassing and pouring purposes.

The cement was poured simultancously into two vertical masked joints at opposite
sides of the hemisphere by means of funnels and polyethylene squeeze bottles. The cavity
in the joint area was filled by gravity, while each funnel or bottle attached to the cavity was
kept full to prevent air bubbles from entering. New batches of adhesive were continuously
prepared as the pouring proceeded to maintain constant head in the funnel. This process con-
tinued until the adhesive filled all the joints in the hemisphere, including the other three verti-
cal joints. If air was trapped in some of the horizontal joints between advancing columns of
adhesive, a hole was punched in the tape at that location with a needle. After all the trapped
air escaped and the adhesive began to ooze out, the hole was sealed with a tape patch pre-
pared for this purpose. Utilizing this technique, a continuous joint was prepared in the hemi-
sphere with only a minimum of entrapped air. The few resulting bubbles were less than 0.25
inch (0.6 centimeter) in diameter, and in most cases they were located at the edges of the
joint where they could be easily refilled with adhesive after the tape was removed from the
joints.

The final assembly into a sphere was performed by matching and bonding the two pre-
viously constructed hemispheres of six bonded pentagons each. The cement was allowed to
cure at room temperature for 48 hours before the protruding bead at the joint was ground
and polished. The whole hull was then polished to minimize surface blemishes. The com-
pleted hull was annealed in the oven at 160°F (71°C) for 24 hours and allowed to cool at a
rate of approximately 7°F (=14°C) per hour until room temperature was reached.

A.1.3 Quality Control

The first measurement was the thickness of each flat sheet of acrylic used as the
thermoforming blank. The thickness ot the acrylic sheet was within the MIL-P-21105C speci-
fications for type G acrylic of 2.5 inches (6.4 centimeters) thickness, which was +0.079 inch
(0.2 centimeter) and ~0.181 inch (0.5 centimeter)

The second measurement was of the acrylic thickness after thermoforming. In gen-
eral, the acrylic blank increased in thickness around its periphery and decreased in thickness
at the center after the thermoforming operation in the female mold. The increase at the
periphery was approximately 0.080 to 0.110 inch (0.2 to 0.3 centimeter). At the center of
the thermoformed blank the thickness decreased approximately 0.020 inch (0.05 centimeter).

A third measurement was the acrylic thickness after annealing of a machined penta-
gon: no net change in thickness was found between the thermoformed and the annealed
pentagon.

The curvature of an acrylic blank was compared with the curvature of the forming
mold. The concave surfaces of the mold and the blank were measured by swinging an arc
with a dial indicator about the center of the spherical surface.
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The acrylic blank generally appeared to flatten near the apex and acquire increased
curvature in its skirt region. The largest deviation in radius was less than 0.1 percent of the
spherical radius of the thermoformed blank. It should be noted that the mold was made with
a shorter radius at the skirt region to compensate for an expected incomplete contact between |
the thermoformed acrylic blank and the corresponding mold surfaces. As expected, the acrylic
blank acquired less curvature than the mold in the skirt region, but still short of the specified |
33.000 outside radius. |

The convex surface of the thermoformed acrylic blank showed some mark-off where 1
the acrylic was in contact with the mold which had a surface texture of 32 microinches (0.0008
millimeter). These marks were less than 0.003 inch (0.008 centimeter) in height and disap-
peared when in contact with water because of the small dissimilarity in index of refraction be-
tween acrylic (1.49) and water (1.33). Since nothing contacted the concave surface of the
u acrylic blank during thermoforming, the acrylic remained unmarred on this side. When viewed
through polarized plates, the skirt region of the acrylic blank showed more stress pattern than
the apex region.

The radial mismatch between adjacent pentagons was less than 0.032 inch (0.08 centi-
meter) on the outside surface: however, the inside-surface mismatch at the joint was depend-

! ent on the difference in pentagon thicknesses. Typical mismatches were less than 3/16 inch
(0.5 centimeter) on the inside surface. The mismatch on the outside surface was reduced by
: producing a faired contour when the hull was polished.

Uniaxial tensile loads were applied to acrylic specimens with PS-30 bonded joints with-
in 1 month of bonding. The test specimens were machined from acrylic samples made by
duplicating the bonding procedure used to assemble the 5.5-foot-diameter (1.7 meters) hull.

1 In three tests, the breaking stresses were 8779, 8893, and 6573 pounds per square inch (60.5,
61.3, and 45.3 megapascals). In compression, the samples could not be fractured at stresses as
high as 16,000 pounds per square inch (110.3 megapascals), although the PS-30 joint took a
permanent distortion of about S percent.

To insure proper fit into a sphere, dimensions for each pentagon were verified during
manufacture. The assembled hull was measured for diameter with an improvised micrometer
and for curvature with a template and feeler gages. A total of 30 diameter measurements was
taken in a controlled atmosphere room, and time, temperature, and humidity for each meas-
urement were recorded. To summarize these measurements, the mean diameter of the hull
across centers of the pentagons was 66.126 inches (167.96 centimeters): across the corners,
which are adjacent to the polar pentagons, it was 66.049 inches (167.76 centimeters): and
across the corners in the equatorial zone, it was 65.982 inches (167.59 centimeters). These
measurements indicated that the NEMO serial number 0 hull was probably slightly prolate
| with slight bulges centered on the pentagons. The mean diameter was 66.030 inches (167.72
’ centimeters) with the raaximum diameter at 66.158 inches (168.04 centimeters) and the mini-
L ' mum at 65.920 inches (167.44 centimeters). The maximum deviation on radius of curvature
i of the hull surface was within 0.5 percent of the design radius of the hull. !

NS —

The 5.5-foot-diameter (1.7 meters) capsule assembly, including acrylic hull, stainless-
steel bottom plate, and mating ring with the hatch at the top, weighed 1526 pounds (692
kilograms). No optical distortion other than spherical aberration was noticeable, and the
transmissivity was not affected by minor surface flaws at the water-to-acrylic interface.
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Although the quality of the assembled capsule was structurally satisfactory and con-
structed according to plans in terms of thermoforming and machining operations, the hull
assembly procedure and the bonding operations with polymerizing acrylic cement invited
improvements in terms of cement curing and elimination of undesirable voids in the joints.
The joints also showed minor amounts of residual stress when viewed through polarized
plates.

A.1.4 Conclusion

Fabrication and construction procedures for a 5.5-foot-diameter (1.7 meters), 2.5-
inch-thick (6.3 centimeters), acrylic hull in the form of a spherical dodecahedron were suc-
cessfully developed using commercial acrylic sheet stock. Similar fabrication procedures
have also successfully produced 5.5-foot-diameter (1.7 meters), 4.0-inch-thick (10 centime-
ters) hulls meeting ANSI/ASME PVHO-1 and U.S. Navy specifications for pressure vessels for
human occupancy.

A.1.5 Bibliography

1.  Tsuji, K., and Sheldon R, *‘Fabrication of NEMO-Type Spherical Acrylic
Capsules for Underwater Vehicles,”” ASME Paper No. 70-WA/UnT-4.

2. Stachiw, J. D., “Acrylic Pressure Hull for Submersible NEMO,”” ASME Paper
No. 71-UnT-2.

3. Maison, J. R., and Stachiw, J. D., “Acrylic Pressure Hull for Johnson Sea-Link
Submersible,”” ASME Paper No. 71-WA/UnT-6.




Figure A.1. Lifting a sheet of acrylic plastic with a vacuum chuck from the pallet.
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Figure A.2. Cutting a disc from the acrylic sheet with a band saw.




Figure A.3. Transporting the disc from the band saw to a milling machine where
the edge of the disc will be milled smooth.
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4 Figure A4. Milling the edge of the disc smooth so that an airtight seal with
the concave surface of the mold can be achieved.
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Figure A.S. Placing the disc into a vacuum mold after the protective
paper has been stripped from the bottom surface.
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Figure A.6. Disc after the protective paper has also been stripped

from the top surface.




Figure A.7. Disc after thermoforming in a hot air oven Note the thermo-
couples used for measurement of temperature in the ac. ylic

Figure A.8. Removing the thermoformed sector from the
mold with a vacuum chuck.
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! Figure A.9. Checking the sphericity of the spherical sector.
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Figure A.10. Vacuum chuck that can be sequentially indexed
to five positions and held there firmly dunng cutting and
milling of the acryhe sector.
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Figure A.11. Band sawing the sector into pentagonal shape.

Figure A.12. Milling the sawed edges with a numerically controlled vertical mill.
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Figure A.13. Checking the dimensions of the pentagon.
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Figure A.14. Visual inspection of milled edges on the finished spherical pentagon.
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Figure A.15. Storage of finished pentagons
in individual padded boxes prior to their
assembly into hemispheres. At this time
two of the pentagons have conical open-
ings machined in them to fit metallic
closures.
|
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‘ Figure A.16. Aligning spherical pentagons in the assembly jig prior to bonding.
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Figure A.17. Bonded hemisphere after removal from the assembly jig.
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Figure A.18. Aligning two hemispheres prior to bonding
of the equatorial joint. i
'
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Figure A.19. Sanding and polishing bonded joints
on the sphere.

Figure A.20. Completed sphere after annealing in a heated air oven.
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Figure A.21. Instruments used in quality control.

Figure A.22. Measuring the sphericity with a template and feeler gages.
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Figure A.23. Measuring the external diameter at selected locations.

Figure A.24. Visual inspection of bonded joints for presence of inclusions.
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Figure A.26. Inspecting the operation of the hatch.
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A.2 CONSTRUCTION BY BONDING OF C/ ST HEMISPHERES*

The procedure of producing an acrylic sphere by this process is graphically shown in
figures A.27 through A.52.

A.2.1 Tooling

Tooling for precision casting of acrylic plastic hemispheres consisted of a mold assem-
bly, autoclave cart, and strongback.

The mold assembly was a matched set of male and female molds. Considerable care
went into its design. It was to serve as the form for gelling and polymerizing the acrylic
plastic and also as a power-assisted jig for separating the polymerized casting from the mold
assembly. In addition, the mold assembly had to fit the autoclave where polymerization
occurred under elevated temperature and pressure.

The major components of the assembly were a female mold (serving as foundation for
four flanged wheels), a male mold (serving as foundation for six hydraulic lifting jacks and
six elevation adjusting screws). and a manually operated hydraulic pump (for pressurization
of hydraulic jacks). The entire assembly was fabricated from welded low-carbon steel.

The hydraulic jacks mounted on the extensions of the male mold served to separate
the male mold from the polymerized casting that gripped the mold. Since the shrinkage of the
casting was known to be in the S to 10 percent range. a substantial shrinkage grip was exerted
on the male mold by the cured casting. To overcome the friction between the mold and the
casting, each jack was designed to exert up to 10 tons of thrust against the equatorial surface
of the casting. A manually operated hydraulic pump provided pressurized oil through flex-
ible hoses to the hydraulic jacks.

The thrust of the hydraulic jacks was augmented by air pressure applied through a
fitting in the bottom of the male mold to the interface between the mold and the casting.
The provision for applying air pressure to this interface was found during subsequent cast-
ing operations to be very helpful, as the hydraulic jacks alone could not always insure sepa-
ration between the male mold and the casting.

The separation between the female mold and the casting was accomplished by pres-
surized water that was pumped into the annular space between them through a fitting located
at the bottom of the mold. After they were further separated, an influx of water made the
casting float up in the mold until a lifting jig could be attached to it.

The elevation-adjusting screws, located on the extensions of the male mold, were used
to adjust the clearance between the bottom of the male mold and the female mold. They
also helped to locate the center of the male mold in the center of the female mold. With the
help of these screws it was possible to center the male mold within 0.030 inch (0.08 centi-
meter) of the desired location.

*The casting process was developed jointly by the Naval Undersea Center, Harbor Branch Foundation, and Polymer
Products in 1975, The description of the process is for a 4.250-inch-thick (10.7 centimetess) sphere with a 33.25
inch (84.5 centimeters) outside radius; it also applies as to spheres of other thicknesses and radii.
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Flanged wheels, attached to the lower e ternal circumferential stiffener on the female
mold, were designed for moving the mold assembly on rails in and out of the autoclave lo-
cated at Polymer Products. In this manner, the mold assembly could be easily filled with
casting mix outside the autoclave and then without disturbing the gelling mixture moved in-
side_the autoclave.

The strongback consisted of a circular frame with a lifting sling. The diameter of the
circular frame was smaller than the outer diameter of the acrylic hemisphere to permit lift-
ing of the hemisphere from the female mold after the hemisphere was partially raised in the
mold by forcing water between the casting and the mold. The strongback was attached to
the casting by disassembling it into two halves. placing them around the casting, and clamp-
ing them together with bolts.

A.2.2 Casting Process

The casting process developed for this purpose by Polymer Products of Oakland,
California, consisted of five distinct steps: (1) mixing of resin with additives: (2) pouring
the resin mix into the mold assembly: (3) gellation of the resin mix in the mold at atmos-
pheric pressure and temperature: (4) polymerization of the gelled resin mix inside the auto-
clave under elevated temperature and pressure: and (5) removal of the polymerized casting
from the mold.

Mixing the acrylic and the required additive was done under atmospheric pressure
and temperature. The basic casting mix was 1000 milliliters of Du Pont methyl metacrylate
monomer, 1500 grams of Du Pont polymer 4ENC99 passing number 77 sieve, 2 erams of
Du Pont catalyst Vazo 52, and 10 milliliters of Sartomer Resins Company methylene glycol
metacrylate for cross-linking. The materials were mixed together with an electric rotary
mixer and placed under 80 millimeters of vacuum. After several minutes. the vacuum was
released. and the mix was stirred until it thickened to a thick creamy consistency. At that
time. the mix was poured into the mold assembly previously cleanced with methyl or ethyl
alcohol. The mixing of batches was repeated many times until the annular space between
the male and female molds was completely fitled.

Gellation of the casting inside the mold assembly occurred under atmospheric
pressure and temperature. Although the length of time varied with atmospheric tempera-
ture, several hours were usually sufficient.

Polymerization of the gelled resin mixture took place inside a horizontal autoclave.
I'he resin-filled mold assembly was rolled into the autoclave on tracks. extending from the
general assembly area into the interior of the autoclave, and the door was focked in place.
I'he door was then closed and pressurization with compressed air initiated. After approxi-
mately 6 hours, the internal pressure reached 150 pounds per square inch (1.03 mega-
pascals). This served as a signal for initiation of the thermal cycle. which consisted of raising
the temperature of the pressurized autoclave from 80 to 180°F (27 to 82°C) in 3 hours and
30 minutes. This temperature was maintained for 18 hours.

The cooling down of the pressurized autoclave to 120°F (49°C) took 24 hours. At
120°F (49°C). the autoclave was depressurized. the door opened. the male mold separated

A-2
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from the casting, and the unpressurized autoclave was allowed to cool down to 80°F
(2°C)

The crucial step in the polymerization process was the separation of the male mold
from the already polymerized, but still hot, casting. The separation between the tightly
wedged male mold and the hemispherical casting was achieved by simultancously applying
air pressure to the fitting in the bottom of the male mold and hydraulic pressure to the six
hydraulic jacks spaced around the circumference of the mold. While the hydraulic jacks
attached to the rim of the male mold pushed against the rim of the casting, compressed air
applied through an opening in the base of the male mold to the interface between the male
mold and the casting eliminated the vacuum generated by upward movement of the male
mold. After raising the male mold about 2 inches (5 centimeters), it was placed on wedges
resting on the rim of the female mold. Upon completion of this step the door to the auto-
clave was closed again and the gradual lowering of ambient temperature initiated.

The lifting of the male mold generated a small clearance between the male mold and
the interior surface of the casting. Because of this clearance. the casting could be cooled
without generating tensile hoop stresses in the rim of the hemispherical casting. I the casting
was cooled to ambient atmospheric temperature without prior release of the male mold. ten-
sile cracks appeared in the casting. Opening the autoclave door and rolling out the mold
assembly completed the polymerization process.

The casting was removed from the mold assembly in the general work arca outside
the autoclave. The male mold was completely removed from the interior of the casting with
a forklift: the casting was partially raised inside the female mold by injecting tap water
through the bottom of the mold into the interface between the female mold and the exterior
of the casting: and. the split strongback frame was clamped around the casting protruding
from the mold and litted with the forklitt from the mold.

A.2.3 Inspection of Castings

After removal from the mold. the casting was subjected to inspection, whose objec-

tives were to determine the quality of the product. The inspection took place in several steps:

(1) visual observation. (2) dimensional measurement. and (3) testing of material specimens
for determination of physical properties.

Visual observation was conducted by utilizing transmitted sunlight as a source of
illumination. The observation focused on smoothness of casting surface. clarity of casting.
and size and number of inclusions in the casting. The concave and convex surfaces possessed
the same surface roughness as did the metallic molds, and no further finishing was required.,
except for fine sanding and polishing. The equatorial edge was in the form of a meniscus
with a 2 inch (5 centimeters) depth caused by shrinking of the resin mix during the polym-
erization process. This was as expected and allowed for in the design of the mold assembly.
The clarity of casting was equivalent to Plexiglas G of a similar thickness. After fine sanding
and polishing of both the convex and concave surfaces. the casting was found to satisfy the
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ANSI/ASME-PVHO-1 requirement for clarity® in acrylic plastic viewports. The amount of
inclusions varied from one casting to another. Some of the castings were completely free of
inclusions, while others contained some.

Dimensional measurements were to determine the actual wall thickness at all loca-
tions. There was little need to check the sphericity, as the sphericity of a casting always
closely conforms to the sphericity of the mold. Since the mold surfaces were machined
within £0.060 inch (0.15 centimeter) of the specified radius. the sphericity of resulting cast-
ings was more than adequate to meet ANSI/ASME PVHO-1 specifications®* for man-rated
spherical pressure hulls of acrylic plastic (0.5 percent of external radius).

The wall thickness of the casting was checked. since during assembly of the molds
the male mold might not have been properly aligned with respect to the female mold.
It the alignment between the molds was not correct, the wall thickness varied from
point to point on the hemisphere although the sphericity of the surfaces was within
specification.

The wall thickness of the hemispheres varied from one location to another. the
largest deviation in thickness being found at the pole. Since the variation in the thickness
was less than the specified S percent. it was considered to be within the range ¢! existing
tolerances imposed by machining tolerances of the mold and thus acceptable.

Physical properties of the castings were determined by testing material specimens cut
from the poles of hemispheres. the future location of metallic hatches. Two speciments were
used per test for cach hemisphere. The results of the tests were satisfactory. as the physical
properties of the material in all cases met or surpassed the ANSI/ASME PVHO-1 specifica-
tions for acrylic plastic in man-rated, pressure-resistance structures.

A.2.4 Fabrication of Spherical Hull

Fabrication of the spherical submersible hull consisted of machining and bonding
hemispherical castings. followed by polishing and inspecting the completed sphere. At the
conclusion of these operations, the finished hull was mated with aluminum inserts that
served as hatches and penetration plates.

Machining the hemispheres was preceded by rough grinding of the equatorial surface
with a rotary file. After the equatorial surface was ground down to within 1 inch ( 2.5
centimeters) of the final dimensions. the hemisphere was mounted in a vertical mill and the
polar penctration machined to its final dimension. After the polar opening was completed.
the hemisphere was turned over in the mill and the equatorial surface was machined to its
final dimension. Machining the equatorial surface to its final dimension completed the
machining operations of the hemispheres.

*Clear print of size 7 inches per column inch and 16 letters to the lincar inch will be clearly visible when viewed from
a distance of 20 inches (51 centimeters) through the thickness of the casting with opposite faces polished.

**Lor 66-inch-OD (168 centimeters) spherical hulls the maximum permitted deviation in sphericity is +0.165 inch
(0.419 centimeter).
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Bonding the hemispheres into a single structural entity was achieved by placing one
hemisphere on top of the other. The width of the joint was controlled by placing small
acrylic plastic spacers of 0.25 inch (0.6 centimeter) thickness between the equatorial
surtaces of the hemispheres. The joint space between carefully aligned hemispheres was sub-
sequently taped over with adhesive-backed aluminum foil tape. To facilitate pouring the
adhesive into the joint cavity. three pouring spouts were plumbed (o openings in the tape
covering provided for this purpose.

The adhesive was prepared by mixing the same ingredients that made i the basic
casting mix. The mix was poured concurrently into the three pouring spouts around the
circumference of the sphere. At the same time. the mix was also poured in the test block
joint. This block later served as a source of test specimens for determination of joint
strength. As soon as the mix gelled in the joints, the sphere assembly with the associated
test blocks was placed into the autoclave, where it was subjected to temperature and pressure
until polymerization of the mix serving as adhesive was completed.

Polishing of the completed sphere consisted of rough sanding the edges of the joint
followed by fine sanding and polishing of both the internal and external surfaces of the

assembled sphere.
A.2.5 Inspection of Assembled Sphere

Inspection of the finished sphere consisted of detailed visual observation, dimen-
sional measurements. and testing of bond samples. The objective of the visual observation
was to ascertain the effects of the joint and repaired voids in the castings on the optical
properties of the hull. The dimensional measurements were performed to determine con-
formance of the as-built sphere dimensions to the specified dimensional tolerances. The
testing of bond samples served as quality control for the bonding technique used for joining
the hemispheres.

The visual inspection showed that the optical properties of the sphere are usually
more than adequate for underwater search. salvage. or work missions where panoramic
visibility is of paramount importance. The only area on the sphere that showed optical
distortion was the equatorial joint. The distortion was not severe enough to lower signif-
icantly the value of the acrylic sphere as a panoramic observation capsule. It was, however.
sufficiently severe to preclude the use of cameras at the equator for photographing objects
outside the acrylic capsule.

Dimensional measurements of the capsule showed that the diameter and angle of the
top and bottom polar openings, as well as the outside diameter of the capsule, were within
specified dimensional tolerances.

[nstallation of polar inserts consisted of placing the top hatch and bottom penetra-
tion plate and associated polycarbonate gaskets into the respective polar penetrations and
Jocking them in place by bolting the split retaining rings.
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| A.2.6 Findings

I. Itis technically feasible to fabricate spherical pressure hulls of any size by
bonding together acrylic plastic hemispheres that are precision cast in metallic mold assem-
blies composed of male and female molds.

2. Precision-cast hemispheres do not require subsequent machining on spherical
surfaces to satisfy ASME specified tolerances for sphericity and thickness.

3. The physical properties of the massive acrylic plastic castings produced by
F Polymer Products satisty ANSI/ASME PVHO-1 specifications for acrylic plastic used in
! man-rated, external- or internal-pressure vessels.

4. Bonding joints with the same resin mix used to cast the hemispheres produces
joints with tensile strength in excess of 9000 pounds per square inch (62 megapascals).

5. Large hollow inclusions in massive acrylic plastic hemispheres can be success-
fully recast by filling them with standard casting resin mix and subjecting the whole hemis-
phere for a second time to the polymerization process.

6.  The repaired hemisphere is structurally as strong under external hydrostatic

] loading as is a hemisphere without recast hollow inclusions.
7. The repaired hollow inclusions are optically objectionable if located in the
J’ crew’s main field-of-vision.

A.2.7 Conclusion

The NEMO Mod 2000 B assembly fabricated by bonding two precision-cast acrylic
hemispheres met all the certification criteria for manned service. The maximum safe opera-
tional depth of 2500 feet (762 meters) is based on ANSI/ASME PVHO-1 Safety Standard
For Pressure Vessels For Human Occupancy and the requirements of American Bureau of
Shipping and of Det Norske Veritas.
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Figure A.27. Male and female molds for casting hemispheres. Note the tracks
for moving the mold assembly into the autoclave without disturbing the
casting slurry in the mold assembly.

Figure A.28. Mold assembly. Note hydraulic jacks for lifting the male mold

out of the casting.
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Figure A.29. Procedures for removing the male mold
and then casting from the female mold.

Figure A.30. Mixing ingredients for the casting slurry.
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Figure A.31. Degassing a batch of casting slurry
under vacuum prior to pouring it into the mold.

i i LN,

Figure A.32. Pouring degassed casting slurry into the annular
‘ space between the male and female molds.
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? Figure A.33. Placing the slurry-filled mold assembly into an autoclave where
the acrylic slurry will be subjected to heat and pressure.

Figure A.34. Mold assembly after the male mold has been removed and the
casting has floated up with water.
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Figure A.35. Lifting ring for the casting.

ST

Figure A.36. Placing the locking ring around the casting.
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Figure A.37. Lifting the casting out of the female mold.

Figure A.38. Casting after removal from the mold.
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Figure A.39. Vertical mill used in machining the equatorial
joint surface and polar penetration.

.‘ B

Figure A.40. Padded cart for transportation of acrylic hemispheres
and spheres into the interior of the autoclave.
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L 1
Figure A 41. Assembling the sphere from two hemispheres with machined
openings and equatorial joint surfaces. Acrylic spacers are used to main-
tain a 0.25-inch (0.6 centimeter) clearance between hemispheres. ‘

‘.
:
Figure A.42. Adhesive-coated aluminum tape ;
" used to seal the joint prior to filling it with a
casting slurry through two funnels located at
opposite sides of the sphere. }
!




| Figure A43. The joint in a bond test specimen
is filled with the same casting slurry as the
equatorial joint in the sphere.

B
Figure A44. Test specimen is placed together with the sphere into the autoclave
and subjected to the same temperature and pressure that was previously used for

| polymernization of the hemispheres
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Figure A.45. Bonded sphere after sanding, polishing, and
annealing.

Figure A.46. Measuring the thickness of the casting at the penetration.
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Figure A.47. Measuring the exter<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>