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ABSTRACT

The prototype 66=-inch diameter spherical hull of NEMO® with 2.%
inch wall thicknesa has been subjected to a series of hydrostatic teats
under simulated hydroaspace environment to determine its structural
integrity. After repaated long term and cyclic tests in the 220 to
2400 foot depth range, the hull waa tested to implosion at 4150 feet,
The magnitude of strains measured on the hull during cyclic and long
term loadings, as well as the short term implosion depth of 4150 feat
indicate that the hull satisfies the 1000 foot design depth requirement
and can be without any further teata incorporated into any man-rated
system approved for operation in the 0 tu 600 foot depth range.
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INTRODUCT ION

A spherical acrylic plastic capsule (Figure 1) has been developodl
to sarve as a pressurs resistant hull in a mannad observatory (Figure 2)
for conducting underwater research and exploration along the continental
shelf. The 66-inch external diameter spherical hull of the observatory
was fabricated using twelve idontical regular spherical pentagons of 2}
inch thick acrylic plastic, bonded together with an acrylic cament. The
individual spherical pentagons were thermo-formed In an oven from flat
commercial stock using a circular vacuum mold having the required
spherical curvature, then machined to their proper shape and dimension,
and, finally, annealed prior to asaambly and bonding. Two openings of
identical diumeter were provided at opposite poles of the sphere. To
allow santry to and exit from the interior of the sphere, a stainless
steel hatch was inserted into the top opening of the sphere (Figure 3).
A stainless steel plate mountad in the same mannar as the hatch and
180° from it allows penerrationa to be made into the hull to accomodate
electrical and hydraulic connections.

One of the subjects %o be investigated in the development of the
capsule was the structural adequacy of the hull when subjected to water
pressure and an upward buoyancy force resulting from its submergence to
continental shelf depths. To this end, two gstudies were undertaken, on:
being a theoretical stress analysis? and the other being an experimental
stress analysis. This report is concerned with the experimental stress
analysis study of the prototype. The theoretical stress analysis and
the comparison of experimental to thecretical stress values are discussed
in a separate report.

TESTING PRCCEDURE

The hydrostatic pressure on the hull exterior due to its being
lowered to various depths in the sea was simulated in the Laboratory's
72~inch diameter pressure vessel using seawater compressed by an
electric motor-driven positive displacement pump. Prior to being placed
in the pressure vessel, the hull was mounted inside a cage (Figure 4)
on a support pedestal using brackets attached to the bottom steel plate
(Figure 5). The cage offered protection to the test specimen during
handling in and out of the pressure vessel. The support pedestal served
not only to support the hull when it rested on deck but alsc served as
an anchor to resist the 4,000 pound upward acting buovancy force created
by the hull's displacement in water.

The hydrostatic test program, which took approximately fifty days
to complete, was divided into six phases (Table 1), each phase
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following the other in consscutive order. All phuases of the test were
completed bufore the prototype acrylic plastic capsule was tested to
implosion inside the pressure vessel. The first five teat phases that
underlie the exyerimental streas analysis are:

Phase I consisted of a series of eight tests performed in
uninterrupted sequencc with the hull in the vessel, For the first
test, hydrostatic pressure was applied at the ratoc of 100 psi/min
until 100 psf ‘ressure was reached, stopping at every 50 psi interval
to take stra.. readings. Approximately 90 seconds were required for
strain recording and balancing unit to record in digital form - 87
channels of strain data. Upon reaching 100 psi, the pressure was held
constant for 24 hours. During the first hour, strain and pressure
readings were taken every ten minutes, Thereafter, strain und pressure
readings were taken only hourly for tlie remaining 23 hours. The
pressure was then dropped to U psi at a rate of 100 psi/min. During
the depressvrizing cycle, pressure and strain readings were taken at
50 psi inte:vals. When O psi was reached, strain gage readings were
taken every ten minutes during the first hour that the pressure was
zero, and, then, hourly until strain relaxation ceased. This was
considered to have occurred when the strain rate decreased to a value
of 50 micrc inches/inch or less in a 12 hour period. For the succeeding
seven tests, the hull was successively subjected to maximum pressures
of 200, 300, 400, 500, 600, 700 and 800 psi, repeating the above noted
procedure used for the 100 psi maximum pressure test.

Phase II of the testing program was made up of a series of five
identical tests, each test following the other in a fixed sequence,
Hydrostatic pressure was applied to the exterior of the hull at a rate
of 100 psi/min until a pressure of 500 psi was reached. Pressurization
was stopped momentarily at each 100 psi level at which time strain gage
readings were taken. Once the 500 psi level was reached, the preasure
was held constant for a period of 6 hours during which strain gage
readings were taken every 10 minutes during the first hour and every
hour for the remaining 5 hours. The pressure was then dropped to \
O psi at a rate of 100 psi/min. The depressurization was stopped
momentarily at each 100 psi interval to allow strain gage readings to
be taken. Once 0 psi was reached, strain gage readings were taken every
10 minutes during the first hour and then hcurly for the period of 18
hours. At the end of the 18 hocr period, the test cycle was repeated.
After the fifth test cycle was completed, the hull was allowed to relax
in the vessel for about 3 days before Phase III of the test program
was begun.

Phase III of the test program consisted of a series of consecutively-
run pressure cycles. All five cycles of Phase III test series vere
completed in one day. During each cycle the hull was pressurized to
500 psi at a 100 psi/minute rate. At 100 psi intervals the pressurization




Table 1. SUMMARY OF TESTS FOR EXPERIMENTAL STRESS EVALUATION
Pressure Range Test Dur:;ion Dur::ion
psi Deslgnation Loading Relaxation '
Phase I '
0~100 ‘ I-1 24 hours 70 hours
0-200 I-2 24 72
0-300 iI-3 24 44
0-400 I-4 24 45
0-500 I-5 24 96
0-600 I-6 24 188
0-700 ~ 1-7 24 144
0-800 I-8 24 275
Phase 11
0-500 II-1 6 18
0-500 I1-2 6 18
0-500 II-3 6 18 \
0-500 II-4 6 18
0-500 II-5 6 66*
Phase III1
! ‘ ;’
f 0-500 III-1 1 1 3
! 0-500 I11-2 1 1
0-500 III-3 1 1
[’ 0-500 I1I-4 1 1
| 0--500 IT1-5 1 1
i ‘ 60%
? Phase 1V
) 0-500 1v-1 15 min. 15 min.
0-500 Iv-2 15 15
0-3500 IV-3 15 15
! 0-500 1v-4 15 15
0-500 IvV-5 15 15
0-500 Iv-6 15 15
0-500 1v=7 15 64%




Table 1. (cont'd)

Pressure Range Test Dugﬁtion Durg;ion
psi Designation Loading Relaxation
Phase V
0-500 V-1 2 2
0-500 V-2 2 C 2
0-500 V-3 o2 2
0-500 V=4 2 2
0-500 V-5 . 2 2
0-500 V-6 2 2
0-500 V-7 2 2
0-500 V-8 2 2
0-500 - V=9 -2 2
0-500 V=10 2 2
0-500 V-1l 2 2
0-500 v-12 12 2

* Time elapsed from the end of one phase to the beginning of the

next phase, hours.
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was stopped and strain gage readings were taken. The pressure was
held constant at 500 psi for one hour. Strain gage readings were
taken every 10 minutes. The pressure was then dropped to 0 psi at 100
psi/min. Depressurization was interrupted and strain gage readings
were taken at 100 psi intervals. The relaxation period lasted one hour
at which time strain gage readings were taken every 10 minutes.

This procedure was repeated until all 5 cycles had been completed,
A period of 60 hours was allowed to elapse after completion of the
Phase I1I test before the Phase IV series of tests were begun.

Phase IV of the test program was accomplished with seven identical
consecutively-run tests and took approximately one day to complete.
Again, the exterior of the hull was pressurized from 0 psi to 500 psi
at a rate of 100 psi/min. As in previous phases, strain gage readings
were taken at each 100 psi interval. The pressure was held constant
at 500 psi for a period of 15 minutes, with strain gage readings being
taken every 5 minutes. The pressure was then released and allowed tc
return to O psi, with strain gage readings being taken at each 100 psi
level as before. Zero pressure was maintained for 15 minutes during
which time strain gage readings were taken every 5 minutes prior to
beginning the next identical test cycle. After the series of seven test
cycles were completed, the hull was then allowed to relax in the closed
vessel at atmospheric pressure for 64 hours before commencing Phase V
of the test program.

Phase V consisted of twelve identical consecutively-run tests
which took approximately one day to complete. Hydrostatic pressure
was applied to the exterior of the hull at a rate of 100 psi/min until
a przssure of 500 psi was reached. Pressurization was stopped momen-
tarily at each 100 psi level to allow strain gage readings to be taken.
The 500 psi pressure was held approximately 2 minutes. After strain
gage readings were made the pressure was dropped to O psi at a rate of
100 psi/min. At each 100 psi drop in pressure, the pressure was held
constant to allow strain gage readings to be taken. Upon reaching 0
psi the hull was permitted to relax for 2 minutes during which strain
readings were taken. After 2 minutes of relaxation, the next cycle was
begun. After completion of 12 cylces the hull was allowed to relax at
psi pressure for 48 hours with strain gage readings being taken hourly.

After completion of the five test phases, the hull was removed
from the pressure vassel, the strain gage leads were retraced to
confirm their locations, and the hull examined for cracks, joint
irregularities, and inclusions. Before and during all phases of the
test, the interior of the hull was vented to the atmosphere, and the
temperature inside and outside the pressure vessel as well as that
inside and outside of the hull was stabilized to and maintained
between 68°F and 70°F.




Phase VI. After extensive inspection of the hull, it was subjected
to many other hydrostatic tests (Table 2). Since no strain readings
were taken during Phase VI tests, they are not discussed in this report.
(For detailed discussion of these tests see Reference 1). Only the
last test during which the hull was pressurized to implosion is discussed
in this report as it substantiates some of the findings made solely on
the basis of exnerimental stress analysis.

INSTRUMENTATION

The hull was instrumented using SR-4, type FAER-50D-12513L, strain
gages attached to the surfaces of the hull with epoxy Epy-150. Budd's
Gagecoat #2 and #5 were used to waterproof the gages. Three strain
gages wired independently and placed in the configuration of a wye
constituted a rosette. A total of 29 rosettes were used to instrument
the hull (Figure 6), giving a total of 87 channels of readout. Seven
rosettes were placed on the bottom stainless steel plate, four being
placed on the interior surface and three being placed on the exterior
surface (Figure 7). A total of 22 rosettes were placed on the acrylic
plastic portion of the hull, eight being located on the interior surface
and fourteen on the exterior surface of the hull. Most of the rosettes
placed on the exterior surface of the hull had a corresponding rosette
oppositely placed on the interior surface (Figure 8). In order to have
a common base of reference so that a comparison may be made in the future
betweer the theoretical analysis and experimental results, all of the
rosettes were mounted along the same meridian line at points whose
relative por tion with respect to the polar axis of the capsule was
recorded in uegrees of latitude. One of the legs of the wye making
up a rosette was always placed on this meridian line, and the individual
strain gage readings at any particular rosette location were always
taken in the same given order and refarenced to this meridian mounted
strain gage to insure proper interpretation of the strain gage readings.
The rosettes were numbered beginning with number one at the bottom
stainless steel plate (Figure 9) and extended through number eighteen
near the top of the hull. As a further identification as to location,
rosettes mounted on the exterior surface of the hull were assigned
the letter A following their number while those rosettes mounted on the
interior surface of the hull have the letter B following their number.
The thickness and sphericity of the hull at each rosette and the loca-
tion of each rosette with respect to a joint were also recorded to aid
in aubsequent reduction of strain data (Figure 10).

Leads from a thermocouple and the strain gages mounted inside the
hull were led to watertight bulkhead connectors which screwed into
threaded holes provided for that purpose in the bottom stainless steel
plate. After passing through the bottom stainless stesl plate (Figure
11), thess leads together with those from the exterior gages and a
thermocouple inside the pressure vassel were connected to a penetrator
assembly in the pressure vessel's head (Figure 12) which allowed passage




Table 2. MISCELLANEOUS TESTS CONDUCTED ON NEMO
AFTER CONCLUSION OF EXPERIMENTAL STRESS ANALYSIS TESTS

. g e DY PO
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Number Maximum Duration of Temperature Damage
of Pressure (psi) Sustained (°F) Observed
Tests Loading
1 250 6 hours 68 - 70°F None
1 500 6 hours 68 - 70°F None
1 750 6 hours 68 - 70°F Nene
1 500 4 hours 38°F None
1 600 7 hours 36°F None
1 700 5.5 hours 43°F None
1 750 8 hours 42°F None
1 850 8 hours - 41°F None
20 500 4 hrs. per test 32 - 75 None
15 550 1 hr. per test 32 - 40 None
13 ‘ 550 0.5 hr. per test 32 -~ 40 None
11 500 1 ainute per test 32 - 40 None
1 1070 10 minutes 34 None
1 1850 None 70 Gen. Implosion
7




oF the leads ot of the pressure vesssl to a4 90 channel multiple
digital atratn tndteator and Jdigital ctemperature indicatorn (Figure 13),

To monltor leakage of water {ntu the {nterior of the hull, a
0,350 tnch diameter copper tube was {nserted through the bottom staine
loun utvel plate flush with the plate's inside surfaca and aealed
againet wator preasure with an epoxy compound. The tube was connected
to a ficting in the vessel head penstrator ansembly from whore it wus
connacted to an empty graduate, Since the graduate was open to the
atmosphere, the atmompheric prossure pravailed =t all times in the
interior of the acrylic plastic hull., Only ont a day when the hull
was under prr asure, ajr at a pressure of about 10 psi was introduced
into the tube and, consequently, into the interior of the hull, The
alr oresswure was held momentarily after which {t was released. Tha
pressurized alr was then allowed to escape from the interior of the
hull through the tube. The air sjscted any water accumulated in the
hull ahead of .t. Any water forced out of the hull was ccllected in a
graduate and .cs amount recorded., The amount of watay leakage averaged
about 5 quarts per day and wams caused by an improperly molded plastic
penstratnr lotated in the bottom stainless steel plate. The faulty
penetrator wi.3 not replaced during the teasting program as the penetra-
tor would alwn require the replacement of the custom made cable whose
procurement ‘'iwme was approximately 6 months. There was no avidence
of leakage {rom any other source.

Periodi ally the NEMO capsule was remaved from the preasure
vessel and inspected for any indications of damage like local yilelding
or cracking of hull material. Soma selected locations on the hull were
also photographed each time for later refersnce.

REDUCTION OF DATA

For any combination of stresses at a point in a stressed body,
three mutually perpendicular planes passing through the point can be
found vn which only normal stresses exist; the normal stresses on these
planes on which there are no shearing stresses are called principal
stresses. There exist two types of stress fields when one considers
the hollow spherical shape. On the interior surface only two principal
stresses are present creating what ias called a biaxial struss condition.
However, cn the exterior surface a state of triaxial stress is found,

Biuxial Principal Stresses

The two dimensional stress fleld was assumed to consist of normal
stresses. Oy Tos at right angles to each other. The third stress,
0., 18 zero singe there is no internal or external pressure being exerted
ae right angles to the plane on which the strains are being measured.

Rosettes in a wye configuration were used to measure the strains on
the interior and exterior of the acrylic hull, as mentioned earlier.

The strnin readings were designated €a0 Ep? and €t where €q Was always




oriented along the mevidian on the apheve,

The manimun and minimun principal scrain were found by uaing the
conventional Mohr cvirvcle theory and the three atrailn gage readinge
Yat i and Y

Emak sk e+, % h RS *c2+(c-c)2 (Kq. 1)
il \/(:'....L_..sh__.ﬁj bt

The stresses were calculated uging E, the modulus of elasticity, and u,
Polenon's ratio:d

R
“max * 'i—_-_-r(‘mx + ‘"Ml\) (Eq. 2)
9 - & t + ue
LIUI we s WL "Cmax (Eq. 3

The angle wis measured from the meridional axis tv the axis along which
the maximum principal strain was oriented.

WS, JUREN

0w tan £y = ¢

! ¢ - [%a® c! g+ < ) (Eq. &)
. 3

This angle lies in the plane of the aphere's surface.
Triaxial Principal Stresses

On the exterior surface of the aphere the third principal stress,
G4, i8s not maro, thereby creating a triaxial stress condition. The
gtress, 03, represents the hydrostatic prossure being applied to the
hull. This atress generates a radial strain, but its magnitude cannot
be measured on the sphere's surface by conventional strain gages as
they lie in a plane at right angle to the radial strain. Although
the magnitude of the radial strain cannot be measured, the magnitude
of the stress causing the rsadial strain is known, as it is numerically
equal to the external hydrostatic pressure. Thus, it is possible to
calculate the magnitude of the three principal stresses if the two
principal strains on the external surface of the sphere and the radial
stress are known.




Uning the aystem ot three equations that describe the relattonship
between three principal atresses {n the three dimensional stresa tield

S T u?%i ) L LY '3)1 (Rq. 3)
ag » C (=) g v Gy * 9 (B, ©)
2 "0 T ‘min max 3 q
0y w & (1 =) ea bule . +e )l (Bq. 7)
3O+ w1 2w 3 max ‘min Q.

and the values 0f cpyayx and tpip calculated (Bquation 1) from strains
measured on the surface of wﬁo sphere the values of 0y, 032, and 03 have
bren calculated. In the equations abeve o) and o denote principal
stresses in the plane of the sphere's sxternal surfaca, while v
represents the principal stroes at right angle to the plane in which oy
and oy are acting.

Shear Stresses for Biaxial and Triaxial Loadings

The svaluation of shear stress in the triaxial loading condition
was accomplishod by using the octahadral shearing stress theory. It ia
presible by us'ng Mohr's circle to resolve a systam of three dimensional
strasses into :wo systems acting on the eight octahedral planes. One
system is represented by shearing stresses e and the other by equal
normal stresr.s 9

02 OG o]

3
It is postulated that the equal compressive (or tensile) stresses, o,
do not initiate ylelding of the material but may produce fracture.
Therefore, the octahedral shearing stresses are assumed by this theory
to be entirely responsible for initiation of yielding in the material.
The octahedval shear theory postulates further that yielding at any
point in a body under any combination of stresses is initiated only when
the octahedral shearing stress G becomes equal to v2/3 Oys where cy is

10
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the tensile or compressive elastic strength of the material as determined
by the standard uniaxial test., This value can be found by having a
uniaxial stress condition in which v, = o, = 0 (Equation 8). The octahe-
dral shearing stress on each octlhcd;al pfnno may be expressed:

-t i
LR B RN A L A L N L (Eq. 8)

where ¢,, 0,, and g, are the three principal stresses datermined by
lqun:io&u (3, 6, 7,°8).

The evaluation of shear stress in the bjiaxial loading condition was
accouplished by Mohr's circle. The maximum shear streas was calculated
using the Mohr circle:

g, =0 c -0
tmnx -9 X 2 » “max . min vhere ®nax and Omin T€ (Eq. 9)

obtained from Equations (2) and (3).

In the calculation of stress values under both the biaxial and
triaxial states of atress the modulus_of elasticity, E, and Poisson's
ratio, g. were assumed to be 4.5 x 105 pel and 0.35 for the acrylic and
28 x 10° psi and 0.26 for the steel, respectively. The properties of
both materials are described at length in Reference 1. 1t suffices here
to state that the yield point of 316 Type stainless steel is in 25,000 -
30,000 psi range while for Plexiglas G acrylic plastic under short-term
loading it ie 10,000 psi. The strain readings from each rosette were
converted to principal strains, principal stresses and octahedral shear
stresses by means of an IBM 1620, Model 2 computer.

Since the reduction of all the experimental data into principal
stresses and shear stresses would be too voluminous for inclusion into
the report and because the validity of some calculated stresses (under
long-term creep for example) is doubtful because of necessary simplifi-
cations in assumptions underlying the analytical calculations, all experi-
mental data was chosen for reduction to principal strains, but only some
for reduction to stresses.

The data that was chosen for reduction to stresses pertained only
to short-term loading conditions when NEMO was pressurized repeatedly
to 100, 500, and 800 psi sustained pressure levels (Phase I tests Nos.
1, 5, and 8). The reasons for choosing only these test conditions are:

1. Equations (2) through (8) describe accurately only the behavior
of isotropic materifals in the linear range of elastic deformations.
Since the deformation of acryiic plastic can be postulated to represent
that of an isotropic material in the linear portion of the elastic strain
range only under short-term loading at stress levels less than 8000 psi

11
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calculations of stresses in NEMO under short-term hydrostatic loading
can be considered reasonably accurate. The visco-elastic and visco~
plastic behavior of the material with the associated time dependent
change of modulus of elasticity and Poisson's ratio makes the calcula-
tion of stresse: in NEMO under long-term loading a very complex opera-
tion beyond the scope of this report.

2. The 100, 500, and 800 psi short-term loadings were chosen for
calculation of stresses because they represent the minimum, proof and
200% overload test conditions. During the pressurization to the 100 psi
pressure level, the lowest sustained pressure loading to which NEMO was
subjected, the distribution of stresses (Figures l4a, 15a, 15b, 1l6a, and
16b) is probably indicative of the true elastic conditions as the stress
levels are so .ow that virtually no visco-elastic or visco-plastic
deformations - -:ould have been present. The stresses, on the other hand,
found during tne loading to the 500 psi pressure level are of interest
(Figuree 14b, 15a, 15b, 17a and 17b) as a comparison between them and
those generated by the test to the 100 psi pressure level will clearly
show whether any serious yielding of the NEMO hull took place when it
was subjected to the proof test. Finally, the stresses recorded during
the loading to 800 psi level are important (Figures l4c, 1l5a, 15b,
18a-20d) because they should show some occurrence of yielding in the
steel hatches, or the acrylic plastic material around them at this
200% overload level.

Other data that has been reduced to show only principal strains
and is included in this report pertains to (1) sustained loading at
100, 200, 300, 400, 500, 600, 700, and 800 psi pressure levels (Figures
2la-24b) ,and (2) cyclic loading to 500 psi pressure level (Figures 25-
32b). Since inclusion of graphs depicting this data for all of the
rosettes would make this report too voluminous, some selectivity was
exercised in the presentation of data. For some tests, like the long-
term loading to 100, 500 and 800 psi pressure levels principal strains
are shown for five rosettes while for the cyclic tests only summaries
of the strain distribution and strains from the equatorial rosettes
are shown (Figures 25-32).

Although the exclusion of most of the data generated during the
hydrostatic testing of the NEMO capsule from this report makes it some-
what less than complete, it was felt that the data selected for inclu-
sion in this report is more than sufficient to support the findings
made in the report and that the inclusion of all the generated experimen-
tal data would only make the report unwieldly as in most cases the
strains generated by the many rosettes in the cyclic and long-term tests
were eimilar, if not identical, and thus most of the data would have been
repetitive,

12
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FINDINGS
Short~Term Loading

Acrylic Plastic. The stresses measured on the acrylic plastic
hull (Figures 15 and 19) varied from one strain gage rosette to
another depending on their location. For all rosettes on the acrylic
plastic stresses were higher on the interior of the hull. At the
equator of the hull maximum and minimum principal stresses in the plane
of the hull's surface were approximately the same. As one progressed,
however, from the equatorial rosettes to those located near the polar
penetrations in the hull, the difference between maximum and minimum
principal stresses in the plane of the hull's surface increased. At
the edge of the penetration the highest principal stress was in the
meridional direction and its magnitude on the exterior of the hull was
approximately the same as the maximum principal stress at the equator,
while the least principal stress was in the hoop direction and its
magnitude was approximately 45 percent less. -

The relationship between the hydrostatic pressure and stresses on
the acrylic was linear and approximately the same for the short-term
portions of all Phase I tests. This indicates that no yielding of the
acrylic occurred under short-term loading at any of the locations
where the strain gage rosettes were located even when the NEMO hull was
hydrostatically loaded to 800 psi (Figure 19). At 500 psi the maximum
principal stress recorded on the external surface in equatorial region
was -3008 psi while on the interior it was -3423 psi. No higher
stresses than 3423 psi were recorded at any other rosette location on
the acrylic hull at 500 psi loading.

It is interesting to note that considerable shifting of principal
stress directions occurred during short-term pressurization of the
acrylic hull. The magnitude of direction shift varied from rosette
to rosette, and from one pressure level to another, The major shifts
occurred in the equatorial region while in the vicinity of the polar
opening there was almost no change in direction of principal stress
axis from one pressure level to another. This indicetes that the steel
plate presents such a major structural discontinuity with associated
well defined stress field in the spherical hull that small changes
in acrylic hull deflections are not able to change the orientation of
the stress field significantly. This substantiates the findings made
previously on 15-inch NEMO models that at the very edge of the penetra-
tion in acrylic the meridional stresses ars substantially higher than
hoop stresses and thus constitute a well defined stress pattern that
minor readjustments in hull deflections cannot shife. The presence of
major shifts in the principal stress axis orientation on the equatorisl
region indicates on the other hand that the magnitudes ¢f both meridiona)
and hoop stresses are so well matched that even a minor local chauge in
hull deflections can radically change the direction of principal skress
axis. It also shows that because the sphere is made up of 12 arn~

13




identical structural modules the stresses will redistribute themselves
in a stepwise manner as each increment in pressure will differently
affect each pen:agon and the interrelationship between them.

Steel. The stresses measured on steel surfaces of the NEMO hull
were considerably higher than on acrylic surfaces. The highest stresses
measured at 500 psi were on the interior of the steel plate at rosette
locations #4 an. #3. The direction of the -26,700 psi maximum princi-
pal stress at location #3 was in the meridional direction, while at
location #4 the -24,050 psi maxi{mum principal stress was in hoop direc-
tion. Although for rosettes #3 and #4 the relationships between hydro-
static pressure and stress were quasi-linear (Figure 20) for each of the
individual short-term portions of Phase I hydrostatic tests, they were
not identical. Thus, for example, in the Phase I-1 (0 to 100 psi) test
the maximum principal stress at rosette #3 at 100 psi hydrostatic
pressure was -11,790 psi, in the Phase I-5 (0 to 500 psi) test the same
principal stress at 100 psi pressure was -8240 psi, while in the
Phase I-8 (0 o 800 pei) test it became at 100 psi pressure -2580 psi.
It thus appears that the stress magnitude for a given hydrostatic
pressure level like 100 psi at rosette locations #3 and #4 progressively
decreased from one hydrostatic test to another. After seven long-term
tests the stress magnitude under 100 psi hydrostatic loading at rosette
#3 was less than 25 percent of its value measured during the first test.

The reasons for this behavior are many and their inter-relationship
not well understood. Three major factors are at work here that cause
the stress-strain relationship of the steel bottom plate at locations
#3 and #4 t. change from one test to another.

Factor A is the change in relative position between the stcel plate
and the penetration in acrylic. During pressurization, the plate is
forced deeper into the opening. Upon depressuriszation the surface
friction betwesn steel and acrylic does not often permit the steel
plate to riturn to its original location in the opening. Because of
this, the steel remains under compressive preload whose magnitude
increases from test to test by approximately 100 microinches. Since
in the calculation of stresses the strain reading at the beginning of
each test is taken as the zero datum the determination of residual
stresses After each test was not accomplished by comparing stresses
from different tests but by comparing the magnitude of residual strains
after completion of relaxation periods at the end of all Phase I tests
(Figures 21 and 22) with the magnitude of residual strain at the com-
pletion of relaxation period following the long-term loading at 100 psi.

Factor B is plastic deformation of the acrylic at the very edge
of the penetration. Its magnitude, and the pressure level at which
it occurs, has not been accurately determined as no strain gages were
located on the acrylic at the vaery edge of the penetration. Extrapolat-
ing the readings taken at rosette #18, the closest one to the edge,
indicates that the first permanant set occurred at the adge of the
penetration only after the Phase I-4 (0 to 600 psi) test.
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the viscoelastic yield point at any of rosette locations so long as the
duration of the individual loading cycle was equal to, or less than,
6 hours.

Steel. The strains measured on the steel plate did not change
signifmcantly from one pressure cycle to another, or from one cycling
program to another. It is interesting to note, however, that the mag-
nitud: of strains in steel generated during the pressure cycling to
500 psi is noticeably less than the strains generated previously during
the first short-term loading to 500 psi (Phase I-5). It 1s surmised
that this has been caused by cold working the steel plate past its
yield point, as well as plastically deforming the acrylic plastic hull
adjacent to the steel plate during the long-term loading to 800 psi
(Phase I-8).

Miscellaneous Loadings

After completing the test Phaser, I through ¥ the NEMO hull was
subjected to an assorted group of miscellaneous tests whose objectives
i were the determination of (1) displacement change during various kinds
. of hydrostatic loading, and (2) the rate of heat transfer from the
3 interior of the hull when diving in waters with widely varying ambient

_ temperatures. Since the findings of these tests were thioroughly discussed

in another tnportl and since these tests have little bearing on the
evaluation of the hull's structural adequacy, they will not be further
discussed.

Destructive Testing

The final test in the structural evaluation program of NEMO hull #0
was the short-term implosion testing in which by the observation of

! fragments and magnitude of loading at which the failure took place some

% of the postulates formed during previous non-destructive testing could

é be confirmed or modified.

i The implosion that occurred at 1850 psi under 50 psi/minute loading
rate was of general, rather than local nature indicating that the ulti-
mate strengths of the acrylic hull and the steel penetration closures
were fairly well matched. This finding is supported by the fact that
not only was the acrylic hull broken into several orange peel shaped
fragments, but also that the metallic chosures were severely dished
in (Figure 33). 1f only the hull had failed, there would not have been
any signs of concave dishing in on the initially convex closures as
fragmentation of the sphere is incapable of producing such deformations
in the metallic end-closures. If on the other hand the metallic end-

; closures alone had failed, general fragmentation of the hull would not

N have taken place but just some fracturing and spalling around the edges

' of the penetration in acrylic.
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Since the hull was filled with water, that was vented to atmosphere
during the implosion testing, a failed metal plate could not serve as
a high-speed prcjectile that by impacting the interior of the acrylic
hull would fracture it into many fragments.

The acrylic fragments resulting from the implosion were in the
shape of orange peels with the fracture lines cutting in all cases
across bonded joint lines. The ends of fragments that butted previously
against the bottom steel plate (Figure 34) were severely spalled
indicating serious deformation of the steel bearing surface at the time
that the spher imploded. The ends of fragments that butted against
the top hatch ring did not show severe spalling but only radial in
plane of hull racking (Figure 35). When one observes the deformed
steel end-closures of the hull it becomes immediately very clear why
only the acrylic bearing surface in contact with the bottom plate
showed such e tensive damage while the top one did not.

The deformation of the bottom plate was of such nature (complete
reversal of spherical curvature) that the beveled bearing flange
rotated (Figure 36) about its line of attachment to the dished head.

The rotation of the flange caused it to bear extra hard on the inner
half of the acrylic bearing surface while almost completely relieving
the bearing stress against the outer half of the acrylic plastic bearing
surface. The rotation of the flange was so large that the resulting
bearing pressure on the inner half of the acrylic hull caused it to
shear off at the bearing surface. The shearing plane formed approxi-
mately a 45° angle with the inner surface of the hull.

This was not the case with the upper steel closure. Although the
hatch deformed severely like the bottom plate by completely reversing
the curvar-re of the hatch the effect of this buckling process on the
acrylic be -ring surface was minimal. The reason for this difference is
that the h.tch ring between the deforaing hatch and the acrylic bearing
surface formed a rigid barrier which the buckled hatch could not deform.
Thus, the acrylic bearing surface in contact with the hatch ring did not
experiencs at any time the uneven pearing pressure that would be exerted
by a rotating hatch flange if it was in contact with the acrylic bearing
surface without the intervening hatch ring barrier.

The .ailure mode of the bottom plate also illuminates quite well
the strain readings on it during the Phase I tests. The reason that
rosette /3B recorded the highest strains on the plate becomes quite
obvious. The rosette was mountaed at the location where the plastic
hinge for the dishing of the plate was located. Since the rosette #3B
was on the compression side of the plastic hinge, the compressive
flexure strains would be superimposed on the compressive membrane
strains in the meridional direction to exceed the strains recorded at
rcsette 1A and B, 2A and B, and 4B. This is the location where probably
yielding also took place first on the bottom plate, and only after
formation of the plastic hinge did the plate flange rotate bringing
uneve: pressure to bear upon the acrylic bearing surfaca.
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Tensile specimens were cut from the acrylic plastic hull fragments
to establish the tensile strength of joints after the hull was subjected
to the extensive hydrostatic testing program. The tensile strength of
the PS-18 bonded joints was found to be in the same range (9220-7350 psi)
as the strength of the PS-18 joints in test blocks (8280-5150 psi) tested
immediately after fabrication of the NEMO hull #0. This substantiates
the claim of the adhesive supplier that long-term submersion in seawater,
as well as repeated compressive straining of joints bonded with PS-18,
does not decrease its mechanical strength.

No evidence was found of cracks initiating at the many bubbles and
discontinuities present in the bonded joints (Figure 37). This substan-
tiates the postulatel made at the beginning of the program by the
designers of NEMO hull that bubbles and other similar discontinuities
in the jeoints will not act as sources of incipient cracks so long as
the bonded joints have not been subjected to (1) tensile stresses, or
(2) compressive stresses of such magnitude that plastic deformation of
the joint filler material takes place (at approximatcly 15,000 psi
compressive stress). Elimination of the bubbles and discontinuities
in the joints is, however, a desirable objective for future NEMO hulls
because (1) their presence is unsightly, (2) they may constitute a
source of leakage, and (3) they restrict the use of NEMO hulls solely
to external pressure loadings.

CONCLUSIONS

The hydrostatic testing program as well as the subsequent experi-
mental stress analysis have conclusively shown that the prototype
66-inch OD x 61-inch ID Plexiglas G plaetic NEMO hull #0 bonded with
PS~18 adhesive and equipped with 316 Type stainless steel penetration
closures has met the design objectives of (1) collapse depth in
excess of 3000 feet, (2) design depth of 1000 feet, and (3) operational
depth of 600 feet for manned dives.

RECOMMENDATIONS

1. Further experimentation should be conducted on bonding of spherical
pentagons to obtain an adhesive system and bonding technique superior to
the PS-18 bonding system so that less bubbles and discontinuities are
present in the hull joints.

2. For diving operations in excess of 600 feet the Type 316 stainless
steel should be replaced in penetration closures with Inconel 625 that
has superior corrosion resistance and mechanical strength, If the cost
of Inconel 625 end-closures proves to be excessive, SAE 4130 cadmium
plated steel may be substituted for it providing the projected life

of the system is short.
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Figure 1.

Prototype 66-inch OD x 6l-inch ID acrylic plastic NEMO capsule,
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Figure 2. NEMO capsule in tethered self-winching diver control center.
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Figure 3. NEMO Hull Cross Section.
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Figure 4.

NEMO capsule being lowered into the Deep Ocean Simulation
Facility pressure vessel; note the protective cage and
support pedestal.
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Typical rosette formed
by three strain gages
aligned in the wye
fashion with respect
to each other.

Notes

0 Node ~~ Node Numbers
(1 Node = 29)

1. Rosettes on hull exterior have the Suffix A following the number. Likewise,
interior rosettes have B for the Suffix. (e.g. 10A and 10B)

2. Node locations have been determined by dividing the sphere intc 2 degree

increments. Numbering of nodes began on the bottom just
of the rosettes and continues to the top.

as the numbering

Figure 6. Rosette locations on the acrylic portion of the capsule.
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Figure 7.
steel plate portion of the capsule.
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Figure 7a.
NEMO fabricated from 316 Type stainless steel,
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Figure 8. Typical installation of strain gage rosettes on the interior
and exterior surfaces of the acrylic hull,

| ot

Figure 9. Typical installation of strain gage rosettes on the interio:
surface of the bottom steel plate.
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1.5" Approx.

Exterior view showing numbering
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Bottom Polar
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2 .
Bogstte Mo, Ihickness of Acrylic (Inches)  Spherjcity Devistion*

5 2.995 +.010
6 2,458 +.0%0
7 2,400 +,080
) 2,493 +.040
9 2.470 +.0%0
10 2,408 +,026
1 2,400 +.08)
12 2,428 +.044
13 2.300 +.010
1 2,500 +,013
13 2.500 +.048
16 2,920 +.042
18 2.460 +,007

® Denotes longer vediuws ef curvature
than the nominal 13,000 tach redtius

Tigure 10. Thickmess amd curvature of the acrylic hull uader straia
§290 resettes.
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Figure 11. An exterior view of the bottom steel plate showing the support
pedestal as well as the penetrators and cables for strain
gages located on the interior of the capsule.

Figure 12. Pressure vessel head plug for accommodating electrical and
hydraulic penetrators during hydrostatic testing of NEMO,
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Figure 13a. Disiribution of Hoop Stresses on the NEMO acrylic hull.
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Figure 15b, Distribution of Meridional Stresses on the NEMD acrylic hull.

45



" “
[+ B B SRS b A uA WK A T AOR 3T
p ,4;/
k|
" 0 A SR L T T forranm sy P Y
)
Y
[ 2]
%
oy
(Y PR 4 = = = o
q
N e 3@_‘,:..41..“- amu
N 2 4  Nodea & ] 10
Flgure “a. Hoop strosses on bottow uteel plate under 100 pat hvdroatatio
luading.
b Y Ferrrr — e maran 3 vy

A

“ 7

Y S - - X

\
)
1

*® 6 8 10
0 2 4 Nodes
Figure loh, Meridional Streseen on Bottom Steel Plate Under 1u0 pai

Hydvroatatic Loading,




-

(1]

s il mm o S501v0 S4a) plate madny WIB pot Watvertetie PP IR

r
i

E 2
b 8
i

<ol wvegrugy |

A T

P

aliad Siae talle

L .

S -

L X

1

4

i

m L UL RO IRTIT BT T 7Y

[ T VN W

-

Teetes om the dalism sWeel Plate wader BN pet

ikt and

10

Hegere L Mortidieusi aivessss In dattee 0100l plale uadel M0 pat
‘wiresconie losding.




oW

E
,E

s
- g
-
- S r——

Ptewas

n"ﬁ"
j’/i
J'{'
5
L 1
F
/v' b '
i
v i
E
. . .
o Lo o R
st
IS T Vo
P TR S SRR [ T YT P
A |
i
i
i
el
i
3
AL}

1 l I * v }""" Y -

i : ' '

! ! l

i SN - Q fr———— - R

|

! “— t 4
! T ' |

l Ao b
m Sy W it W e g K00}

ressure ipai)

Figute 94, thange o ootlontatiom o

wttace ol the aviyl

Moprlacipdl ateding oa Live @rteelor
hull (a ecudterial tegloai Resetts 172

unde £ slert term boading to ROD pat,

i
1
i
!
l [
]
'
[ B
4 e
H X
-
A5n1
L i
T
L] . e
taahw LR SR b
ELvesy §

tragiv 18k avpeoal sViwases wn
eanatobial fugheng b
o MR e

it KA R -

Figure Weo  vhange In orfentatton
surt4w of rhe acrylt
undor short -term tosd




; / :
; Hw / ,/ f 3 '(

! 4

/ /
EEE TR TRy

+ n
{ ) *~ VoA s

W e e ! i

N e abeay wbine

3 T - 1] ] + + * Y P o " 0
B ESAN ipadt 1 oAl
PP I0h ppt. el sbtvasta v bhw baiwid b 0 acinbio hadd g by [T s v [ Pl oot g A h b
At s 1Al dwgde Ry Beandin 10 de b b b hebe daaui E R T R 1 L A N S [ TUF S SN
LR AN L)
|
3 f
: ! i | }
{ ; i H
: i i l l
| i ! ;
: . i :
i ; i
1 i | [}
i ~ :’ ‘ !
: i ‘
i i
! : ! i
! ! ! i '
L t 1 . 4
: 1 : '
i | | !
} *"“\ j
; ' P
- { - i .
i ! i i
i l |
I i
! !
i 3 i i
X i
| ! |
; ! i :
: ! |
L ! 4 + B ] o
§ i ! .
t | | | |
| | |
. : l i
! i
! , ! ! ‘ | | 1 ! |
‘ ‘ : ! ! .
l e \ \ 1 !
- i i i \ | !
v 1 : | H i !
{ i 1 ! | :
I R il , R D S I T PSSO - ' S R NSO —
100 3 WY o v i 1ou #0 Tivs R o A [ e e
Pevssare ypntt
We A0 Thanes 1R ar teniatioh ol prime (pal stratue on the interier Fugore 191, change i coientatban of prtnospal wiba.bm on bhe e sglog

vt tave of the ol g neadb o padat penet Uioy; Komagte Lo

v e ol the acrylte nall e squatorial vegien: Keaette 104
codet whead tedw doslig U MM by

e ahory berm Toaiing Lo Bbu pe

49

i editicin . N ANt T RO T’ Ty L g . " e ! !
N ooty - s A aiinid ek i M SR b dal, L ; Y s ALt e . A




L B O L B

A I YR Bt

. [ i - 4 -
o Ve R [ P S EAVIRONY
[ETRTRTI
PR O i [ T T e O LA AECI LI I TR R ST P )
oL Yo B T T N T B P E TR O R A N I R

/

; : !
ty ' !
i

, X |

. \ / i ' : '

B I

—

—
§
i
i

[ Wil N 00 (0L L
:“.v)\ NN (\‘4(‘ I
LTS RO NN Cogeom o endv e bae ol bEefpal stealng on rhe wteviar
e e b tie bbb stee ) plated Roactia W ynde? shorteeern
[RAYINEE T LS

Snait Zh kv stk Lix i

L - N AR IS ”) al

ok sk e ke



ya s .

/ B n \
/ |
i
i
A Bk L0
4
h
.
Prins il mbasoen . h \I
By aba 41wy I /
! / IRV S T TS R SO
/ RY S Y ST F RN
4 (f
fb Loni
Y ' — | WY WRRSTRING /RSN TN - i i -
bt S BT Rt IRTITRY N why [RYEAH Y 19 W Soeouy R

Mbns

C U, Mlreawta s ointeEfor A el bt tom plate

e e bt T l;':\‘:ll [ :‘:ll“ wlr:':n'\‘! [ :;:, :I‘ ‘t.w‘ ;“‘1:.‘ :. ‘:n. e
il Nowette A - e e b Lo B oy

waded dhart eve WK v v g el

- i e R O ! -

| |

l ;

ye - .- - 2 .- * - !
I ' !

H i (

3
I
| J N
]
| - |
o
| - ‘
(Y] 100 Hon Jony o W o W oo ey
i Views e (pnty
the {nterim Fugure e, vhme (0 Lele ar S Gl 10 i pet st abng ol Dttt er
§ under shovtrteim whace o TUE S OTEe et pigte; Rewerte 9B undet niiot
Lot load g ba B et

24 sns LA YL vy

- e 1 Lt kit s sk g



B | DLk ey

3

A




“gZT 233380% 11823 M15I-FUOT YO®S jO UOFEN[IUCI I I® uotBau
T*13039nba u1 TINY Y1 10 1071338Y 243 w0 SUTEAIE TeNPIeN  "qI7 AnBY3
Isag Iinesdag

(4-13 {3-1) G-1n (@-1) *»-1) -1 {e-1)
0040 0040 009-0 005-0 007-0 00£-0 0070

001+
\1\\
*VB1 2339808 \ \
£3891 m193-8007 PWF Jo uoysHTOUCH IY3I 3¢ UoTIRIIIuad 1wyod \ \ “
3 3% TINY >31AI0%® ayl JO 10JI9IXP IYI GO SUFRIIS [enpYsay *O[Z »andiy A oor- §
383, amssaig \\ \\ M,
1) ¢1 G- - (E-D. C-1) (+D \ \ ]
008-C 00L-0 009-0 00S-0 00%-0  00E-0 00Z-0 e z
001+ \ 4 o0z m.
z z
“ERIUP HBq O 24133 %93 wi-Suoy
\ A ud 001 Smoga) pousd vourreg
\ — \ 70 wcaans ap e sumns rapuay oy~ 00—
> 0 W\
1, oor-
¥I1 *yaecy
Sﬁl w 3993 WINI-3N0T P O WFMTIND 3 v sojia [Pia
n 0 Wp [TM M3 JO 0TINEF W WO T o1z axsbis ~
u IBEL WTRESBAL wn
- (%1) @1 -1) (*-1) *-1) -1 (+D
-] 0080 oM -6 009-6 0050 000 00€-0 003-0 .
—~ oot
00z- =
: \ —
4 y
5 y
00t 2 \
.g ﬁ SR JALSS 150 gg— - 001 .
Tonexes \ -
3 Je sarens [zupsay noN ——{ 00Y- 2
A or. €
\ \ URIED 207q TE 34228 337 wLag-Jwo]
wd go1 Smamogoj porad sonTwps
€, ‘ JO wonap w3 3¢ RreIs popmay xoN T 100%-
1, o

G i
PP At At inbi b e SRS R



-1200
] /
-1000 b— Note  Residual serains at the completion of

relaxation period following 100 psi
long-term test serve as base datum.

-800

-600

/
-400 / / N

=200 \3

Strain (i inches/inch)
™

+200

+400

)

+600

0-200  0-300  0-400 0-500  0-600  0-700  g_ggo
(1-b) (I-¢) (-d) (1-e) (1-£) (1-g) (1-h)

Pressure Test

Figure 22a. Residual strains on the interior of bottom stesl plate at
the conclusion of each long~term test; Rosette 3h.
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Pigure 22b. Residual strains on the interior surface of steel bottom
plate flange; Rosette 4B under short-term loading to 800 psati.
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. Mgurs 32s. Disgridbution of hoop snd meridional streins on the exterior

surfacs of acrylic hull et the midpoint of tha second
2-iimute pressure cycle at 500 pei.
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Figure 32b. Distribution of hoop and meridional etvaine on the interfor
: . surface of acrylic hull at the midpoint of the second
' 2-sinute pressure cycle at 300 pei.
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Fgure 34b,

Tragnent from the polar pentagon in contact with the bottom
atesl penetration plate; exterior surface.

AR

Fragmant from the polar pu.cagon in contact with the bottom
steel penetration plate; intarior surface. Note extensive
spalling on the acrylic bearing surface in contact with steel

plate,
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Hgure M.

Hgure 3%b.

Traguent from the polav pentagon in contact with the top
hateh vingi interior surface. Note only minor cracking on
the acrylic bearing surface.

Section through tha top polar pentagon in contact with the
top hatch ring. Note that the crack is in the plane of
hull and approximately at middle of its thickness.
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Figure 3a. Plastically deformed steel parts from the imploded NEMO hull,
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Figure 36b. Mechanism of spalling in the bottom polar acrylic pentagon
reconstructed from observation of deformation in the bottom
steel plate and fracture in the bottom polar acrylic pentagon.
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Figure 37a. Typical air cavitias in the NEMO joints bonded with P8-18
self-polynerising adhesive.

BRI

Figure 37b. Typical joint discontinuity at the interface ot tvo
successive adhesive pours.

Figure 37¢. Typical joint diocontinulty‘that has been routed out and
refilled with new adhesive. Note the presence of fine
 incipient cracks at the edges of the refilled cavity.
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The prototype 66~inch diameter spherical hull of NEMO®* with
2.3 inch wall thickness has been subjected to a series of hydrostatic
tests under simulsted hydrospace environment to determine its struc-
tural integrity. After repeated long term and cyclic tests in the
220 to 2400 foot depth range, the hull was tested to implosion at
4150 feet. The msgnitude of strains measured on the hull during
cyclic and long term loadings, as well as the short term implosion
epth of 4150 feet indicate that the hull satisfies the 1000 foot
esign depth requirement and can be without any further tests incor-
orated into any man-rated system approved for operation in the 0 to
600 foot depth range.
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