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Nemo Model 2000 acevhe plastic pressure hull assembly s deseribed and represents
the Jatest addition to the Nem hull senes tepresented by Nemo Modet 600 and 1000
hull assemblies. Tl o6 inch OD X S8 inch 1) spherical acry lic hull with aluminum
hatehes has successtully withstood 24 hour Jong external by drostatic pressurizations to
450,900, 1350 and 1800 psi. Pressure ey cling and shon term destructive testing of
1S anch OD 2 13 anch 1D scale models hias shown that the crackiree tatigoe lite is in exeess
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20. (Continued)

of 1000 psessure cycles at depths o 3000 feet and the short term implosion pressure is in
the range of 10,000 to 11,000 feet. Stress wave emissions have been found to be a pood
wndicator of incipient failure.

Nemo Model 2000 spherical pressure hulls with panoramic visibility are considercd to
be acceptable for manned submersibles with an operational depth capability to 3000 fect.

The cyelic fatigue life of sucit hulls is conservatively predicted to be at least 12 X 100 feet
hours.
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SUMMARY

Problem

Manned subtnersibles with spherical acry e plastic bulls have been known sinee the
vonception of the Nemo Tl i 196) 1o prosde greater panorannie viston at lower cost than
steeh hustls of the same stape and sze cquipped with sans small portholes, 1o utilize Sis
congept i Fleet design, the Nemo Hull was officially approsed for minimiam depth dives to
600 teet and demonstrated capabilities to 1000 feet in 1971, To further benetit Fleet opera-
tion, design and tabncation techniques were reguired to ameliorate Tatigae Gectors inherent
= : to structural joints between plastic amd metal parts and thiereby achiieve the masimum oper-
atitge depth allowed by the phiyvsical properties ot acryvlic plastic.

Results

Successive technological innovations have viclded three Nemo Hull designs that can
be incorporated into existing ot planned subniersible sy stoms for certificd man-rated operi-
tion to occan depths of 1000, 2000, and 3000 tect. New hateh design details have G crcased
bendine moments at metathe hateh acry bic hulb interface and the use of polvearbosaine gas-
Kets in the acn B plastic hateh scat has eliminated sbeat craching,  Fhe Latest of the Nemo
Hull seres. Mode! 2000, has i 66-inch outside dianeter and o SKR-inch inside diameter thant
vivhds o Bitigae lite of 12,000,000 teet hours over a projected 1Oy ear lite span and is capable
ot operation to the maximum depth allowed by the propertios of acrylic plastic, 3

it Rl f o i

Recomnendations

1 he Model 2000 Nemo Hull s recommended for manned operation at depths to
3000 teet. This Latest dosign cian now provide the Navy with a transparent hall tor a wide 3
variety of applications in undersea wartare, scarch, salvape, surveillance, and recovery missions, ;
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DEFINITION OF TERMS

American Socety tor festing of Materals

eaternal hydrostatis pressare at which catastrophic Bailure of the
pressure hall takes place

feet: equiads 3045 an

principal membrane steess onented at night angles to the longitu-
dinal stress

side diameter of acry e sphere
.

mches; equals 254 contimeters

principal membranc stress whose ditection piasses throagh poles
of the sphere

Naval Cnd Engineering aboratory, Port Hueneime, CA

Avry he plastic hull with one atmosphere interior for manned sab-

mersibles with the tellowainy primary characteristios:

ch o spherical shape

2y modular assembly o bonded pentagons

€5 pokar opemnes closed by inserts, o ateh a! the topaml o
plate ut the bottom

4 Dearing surbaces onactallic hateh torm a spherical angle
whose apen is at the sphere

outside diameter ot acryhic sphere

Pacitic Missile Range, Point Muaea, CA
pounds per square inch: equals 0.0 0 kg cm -
inside dimieter of acey lic sphere

outsde diameter of acry lic sphere
prossurization at 1OO psiominute rate

thicknoess ot aceylic sphere
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INTRODUCTION

The idea oF transparent pressure hudls for siamned submersible operation became o
reality in 196X with the suveesstul Tabrnication of the first full scale Nemo Hull shown in
Figure 1. Since then, acryliv phastic pressure bulls of spherical shape hive demonstrated
vampelitive cost, unsurpassed panoranne visshihity . and o large depth satety margin, which
hus givent the Navy g cost-eltective solution o submersible hulbl design,

Festing and evaluation of modeds and full scale Nemo Hulls continued until in 1970
the Madel 600 Neme Hall was ofticially approved by the UL S, Navy for manned operation
1o GUH) l'cvl.' although it demonstrated capabilitios to TOOO feet, as pictured in operation in
Figure 2. At that time, Nemo™s endurance range beyond the standard 1000-foor minimum
was inhil:md by stress limitations inherent to joints between the acrylic hull and metallic
hatehes. =™ Further design stindies were initiated 1o relieve this fatigue factor and extend
the depth limit of the Nemo Hull to the maximum allowed by physical properties of the
material Tor future work in deep ocean environments,

Subsequent work ettorts during 1971-1972 resubted in the Model 1000 Nemo Hull
with an optimized alumitim hatch and aluminum seating ring assembly, This model has
been designed and stress analy ced tor safe operations to 2000 feet,. Both Models 600 and
1000 Nemo Halls are recommended as cost=eftective tramsparent hulls for submersible oper-
ations to, respectisely, 1000 and 2000 teet.

The apes of deselopment for the Nemo Hubl culminated in 1974 with the Model
2000, the presentation of which s the purpose of this report. The results of experimental
and analy tival stadics are presented Tor this acry lic plastic pressure hull, which is capable of
mannaed submersible operation at depths to 3000 teet for at least 1000 times without fatigue
cricks, The Model 2000 Nemo Hall provides the masimum sate operational depth with
memmum weght to displacement and cost depth ratios for use with manned submersibles
i undersea wartare. search, salvige. sursellimee and recovery missions to 3000 teet.

New desipn techniques amd fabrication proceduares are presentad along with docu-
mented test results, The main body of the report s cancise hat terse to aftord the reader
« sty ol study highhghts, A more detailed description of design studies, Fabrication
procedures, and hydrostatic tests are presented i, respectively. Appendises AL B Coand D,
I he report documents a major break through in technology for submersible hulls with pan-
oramic visibility,

BACKGROUND

T he Tailure of anaceylic plastic spherical Nemo Huall can oceur in three ways, The
hull can implode instantincously because of overpressurization accompanying the cata-
straphic loss of the depth cotitrol system on g subnmiersible: this type of tailure is classitied
as fiort ternt taifre and e pressure at which the faiture ocears as short teem critical pros-
sure, Phe huall can also implode alter it has been subjected tor a long period of time to o




deprow hichac ercatern than the aperational pressare. bat fess than the <hett tenm it al
prossure. Fhis iy pe ot Suduve s chaowatsed as fone teemn creep kadioe, danally, the Laluare ol
the hull can be amtiated by crachs resulting trom repeated dives to operational depth. thas
1y pe of Cailure is classitied as fatigne failure.

Previous expenmental studivs have abready generated the data tor prediction ot short
term and jong tesm creep faiures in Nemo Hulls with t D ratios in the 0.015-0.017 0,03,
0.047-0.03 and 1.003-0.07 ranees.” In conjunction with short term and long term implo-
S0 studies some data was abo gencrated on the initiation ot tatigae crachs i the acryhe
bearm surfaces tor metallic hatches on halls with o Dy, ratios in the (030,033 langee trefer-
ences 23 405, On the basis of that data it was concluded that Tor ald practical applications
i acry hie plastic Nemo Hulls the operational depth imitation is imposed primarily by the
tatipue lite of acrvlic bearing surfaces supporting the metallic hateh, 1s this Fatigoe live that
imposes the FTOOO-foot operationat depth limit on the 2 5«danch thick Model 600 Nemo Hull
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: assembly and the 2000500t limit on the nominally 4-inch thick Modet 1000 Nemo Hald: the 3
3 fatigue lite peing in hoth cases 100G dives ot 3 hour duration cach te the maximum opery- ;
3 tional depth without initiation of fatigue cracks, 3

Since the short term collapse depth of the nominally 2.3-inch thich hull is 4130 teet ]
and of the nominally d-inch thick hull is 10,000 teet, there was no doubt that there existed i
dsttticient reservoir of potential structural strength to warrant rescarch on improving the )
fatigue dite of the haten huldl interface, The effort to improve the fatigue it of Nemo Hull; :
wits focused promarily on the Model 1000 Nemo Hudl with o nominal d-inch walt thickness, E
3 ds the potential opetational depth improvement appeared to be higher here than in the Model
600 Nemo Hull with a nominad 2.5-inch thickness,

DISCUSSION

3 Fhe objective of the study was to paximize the operational depth of the no-inch
] diameter Nemo Hull with a d-inch nominal wall thickness send maintain the minimuam 1004
] cyele tatigne lite requirement speciticed foralbacrylic plastic hulls, >0
] The approach selected was to th redesign the top and bottom aluminum inserts,
t 2) redesign the intertace between the insert and the hulloand ¢3) imprbve the Labrication
process for the hulle Al of the maditications to the Nemo Hull design were 1o Be evaluated
experimentally and analytically.,

I he seope was 1o limit the study to two aervlic hull sizes: the oo-inch diameter,
J-inch thick, tull scale operational hull and the 18-inch diameter, -inch thick model scale H
hull, The cydlic fatigue tests and the short term implosion tests were performed on the
I Seinch diameter moded scile hulls while the experimental determittation of stress distribu-
tion and comparisan with anslytical stress caleakitions were conducted on the o6-inch
dimmeter fall scale operational hult,
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DESIGN OF POLAR INSER IS

; Although the cxasting dosign for polar inserts in the ob-inch dameter, nominally
;_ dainch thich Model 00 Nemo Hull invorporated on the JOHNSON SEASLINK submersitie |
& was satistictorily tested 1o g proottest of 2000 tfeet, withouat yichling wd probably could e
- wsed to greater iteprhs, it contained a lurge namber of pndesirably high stress concentrations :
- and thus was considerad guestionable Tor 2000100t <ervice. For a mininud cost, these
hatches were moditied tor sate operation to 3000 feot. ;
3 Fho redesien of existing gluminum polar inserts for the oo-nch diameter, d-inch :
3 thick hudl dcurrently mosersice with the JOHNSON SEACINK submersible; see Ref, 7) con-
sisted o redistributing the metal i the hateh and penetration plate so that the resultunt of
3 Compressise membrane stresses i the aerylic hull would pass as close as possible te the
centroil of the insert and thus generate only moderiate bending moments in the insert: see
3 Paeure 30 A more detabed description of sy stem design including schematic drawings is pre-
1 sentad in Appendis A,
. Fhe new hull assembly wis stress analy zed atilizing the finite element stress analysis

progrant tor arbitears axsymmetric steuctures, called ZP-13 Navillustrated in Figure 4.

For this program the top hateh was ideadized into 244 podes and 399 ¢lements, as
shown in Figure <, while the bottonm plate was idealized into 228 nodes amd 367 clements,
shoswnin bigure o0 Fhe maxinuom stresses in the aluminam hatch and bottom phite were

caboadated toooccar o the central penctrations and at the junctions between the spherical
alanmnam shells and the circular hanges o see Pags, S and 63 The highest stress in the
: plastic hiadl was predicted to oceur on the interior sarface at the point ot contact between
the uminum thanges and the polyarbonate gasket,
{he magnitude of the peak principal stresses in the top and T ottom aluminum in: orts

when aperating at o depth of 3000 teet was predicted to be 24250 and 25400 psi, respeg-
tively ovitlues derised from estrapolition ot stresses shown in Figs, § and 0), In both cases
the peak principal stresses were Jocated on the inside of the central hatch penetrations,
These peak compressive hoop stresses were not considered dangerous at that location sinee
the steed bulk head penetrators would setve as reinforcements amd carry some of’ the com.
pressive stresses, §he stresses ot the juncture between the spherical surtaces on the hateh and
bottom plate and their flanges were also substantial € 20.000=23,000 psis, bBut they were well
below the vickimg point of atuminum, From an oxtrapolation of the stress vithies shown in
: Figures 7 and 8, the maximum compressive stress in the plastic hull was predicted to be
longitadinal and of TOLO0 psi mapniiude, These stress fevels were considuered aceeptable
for operation of the nnad Model 2000 Nemo Hull subimersible to 3000 feet since the 3
assochited caleubited satety factors, bised on yickding of the aluminum and acrylic plastic,
were approximately 1.8 tor both materials,

it o

A

DESIGN OF INSERT 'HULL INTERFACE

The insert bt interface successtully utilized in existing acrylic plustic submersibles
NEMO, MAKAKAL and JOHUNSON SI‘EA-I.I?‘\’!\' =], consisted of direct contact between the 3
mutallic insert tange and the aeryhic plastic.~* ' 1 Since the orientation of the interfuce !
wits Faidial, shear stresses were minimized, Still, because of difterences in structural rigidity




betwoeen toe mctalhic imserts and the plastie bl somedifterentai sovement bemween the
stiserts and the sorvhe hul, as well as bending of the holl, tabes place which causes shear

racks to appeyt o those areas of the acrylic plastic that come in contact with the motatlic
HINCTLS. '

e

There were two options availible For elimination of the shear cracks. One feasible
approach was to-replace the metalhic inserts with dises made of acey lic plastic with the same
rigicdity and compressibility us the plastic hutl, The other approach was to place a compliant
gush ot between the rigid metatlic insert and the dimber plistic holl, OF these two approaches,
Hlie s of gashets wiseperstiomdy more ipeiting as it allowed the retention of operition-
ally proven metathic inwrts with the desirable bigh beat transtor coetticients, This lett only
the selection o the right type and thickness of gasket,

Fhe gasket finalty wlected for the Model 2000 Nemo Hull asseibly wis one-inch
thivk polycarbonate plistic tsce Fig, 30 Appendix A Polycarbonatye plastic was chosen
bevatise of ils toughness, resiskanee to crack propagition, and modulus of clisticity that
matches that ol acryliv plastic. Because of the Tanch wall thickness, the gashetl possessed
sulTivient inherent structural strengrh (o prevent it frogn being extruded into the hull interioy
by outside hydrostiatic pressure. Also, the ciecimterential flange on the exterior edge of the
gask et serves as i seal retainer, which keeps the water from entering the joint hetween the
polyearbonate gasket and the acrylic plastic hull. The seal consisted of room temperature
vulcanizing silicone rubber dispensed from a tube into the space between the sasket fhnge
ad the acrvlic hull,
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i IMPROVEMENT OF FABRICATION PROCESS
2

Fhe tabrication prm‘cs\“ deselopad tor the tirst acrylic plistic Nemo suhmersil\lv‘
wars i tsed i the Fabrication of the acrylic plastic hutls for MAKAKAL and the JONN.
SON SEA-LINK “and tocused primarily on the attainment o tgit dimensional 1olerances
tar the sphericity of the hull exterior, The variution in thickness ol individual sphericad
pretitagon modules rentnned a function of commercial casting toleranees for individuad

phites, Bevatse of this dependency, the thickness of individuaad sphierical pentagons varied
as much as 10250 o aninch,

P TTRRRIT I PRSP

T he Bree variation in thickness was acceptable so Jong as it was cconomically aceept-

: able to rate the operational depth capability of g Nemo Hull on the basis of minimumn huil

1 thick iess, d the misiateh in thickness between individual spherical pentagons was not

considerad optivally objcctionable, However, when empliasis wis placad an cost elfective-

ness of the acrsdic bt asa structure and as an optical system, it became eeonomically

untenable to tolerate sach a large vanation in vall thickoness, The thicker portions of the

hull would hase constituted additional batkist that detracted from the puyload and added 1

nothing to the depth capability, In addition, the mismatches in thickness between individual

sphivrical pentagons would have created o notiveable optical distortion for the crew of the

vehivhe,

rg Obviowsly, the key 1o unitorntity of wall thickness wis to use thick acrylic plastic
s spherical pentiagons of unitorm thickness in the constraction of the hull, Basically, there

were three teghiniques availuble for attainment of uniformiy thick spherica! pentagons:

t 1y costom casting ol aervlic phates 1o very tight dimensional tolerances, €20 grinding
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ottrhesbiedt acry e plates oo unitonm thick ness,and €3 grmbing spherical sectats 1o unie
form curvature aid thichness after thermotorming of plates, OF these three weehniques the
last ome was found to produce the smatlest thick ness variation at approximately the same or
Jess cost than requited by the other technigues, Phe toleranees on hall thickness attained hy
erinding of Tormed sphetical sectors were 1080 inches,

2

FABRICATION

Full Scale Assembly
Avryhic Hult

Fhe o= O« 3%-inch 11D Model 2000 aerylic phistic Nemo Huoll owe Figs, © and
HO) was fabricated by Swadlow, tne, basically in the siamie manner as the previously built
Nemo Hols =0 Phe only improvements over the previous tabrication techinigue were the
cottour grinding of formaed spherical sectors and placement of adhesive into the joints
Between sphierical penitagons by muans of hydrostatic pressare. FFabrication techniques,
dimensionaldrawmges, iond redesant contract correspondence are presented in Appendix B,

Avryite phites manutacturad by Monsanto served as basiv construetion material,
Fhe strimgent matenad guality contro] provedures dc\glnpc«l by NCEL and PMR tor the pro-
toty pe Model o00 Nemao Hull were applicd here abocs Testing ol material specinens showed
that the 40025 nomunally thick Acrytite neet the physical properties eriteria listed in Tuble 1,
as ustablishied by the Nanvy far acry he plastie windows and pressure hutls in manned seFvice,2=8

Beciuse of improved tabrcation teehnigues, not as many dimensional toleranoes
were reguired inbuilding te Modeld 2000 Nemo Hull as were required for the Madel 1000
Nemo Hull tabrcated tor the JOUNSON SEA-LINK submersible,” Thus, whereis the Model
FOO0D Nemo Hull thivkness saried frony 3,844 to 4,0.4) inches, the Model 2000 Nemo Hull
varivd only from 4,000 to 3,100 invhes, Similarly, whereas the sphericity of Model 1000
Nemo Hull variad from 06,250 o 65,800, the Model 2000 Nemo Hull varied only from
60,098 1o 63,900 imches. Aswably dimensions for the Nemo Model 2000 are disted in
Fabje 2,

The only area that did not cealize o signitivant improvement in the tubrication proc-
s s The bonding of joints between individual pentagons, A comparison ol the 8450 to
T804 pai bomd strength achivved tor the $-inch thick Model 1000 Nemo Hult? with thut of
the ST23 10 916 psi bond strength attained Tor the Model 2000 Nemo Holl indicates that
the strength of bonded joints in both halls is about the same, This hoid. trov also for the
quality of the joint. Both the nuwmber and size of inclusions wis ithout the same as shown
in Figure TEaand b, Dhis indicates that although the technigue of emplacing the adhesive
into the joint and the palymerization reginen baye heen drastically changed since the fubrj-
vation of the first Model 600 Nemo Hull in 1968« the performance ol the bonded joint huas
not, Sinee the entire Nemao Hudl is under compression when submerged to operational depth,
very Ditthe incentive exists to eftect Further improvements in the tensile qualities o the joints,
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Fabic |, Physical Properties of Acryiic Plastic Hull
for 66 Inch 0D < & Inch D) Nemo Model 2000

Mirvimum Average Maximum

.l

(RS ok it e U L

1. Properties of Plastic*
ASTM D-638
Ultimate Tensile Steength, psi 9545 10972 13,331

Elongation, percent 3.0 5.291 7.0
Modulus of klastivity. psi 428,000 465,583 505.000

ASTM D-790 E

Ultimate Flexural, psi 15,238 17,7306 18.6086 1
Modulus of Elasticity, psi 415.000 463,128 457,000 :

ASTM D-732

Ultimate Shear Strength, psi O 8R0 10.088 11.500

ASTM D695 ?
Compressive yield. psi 17,700 18416 19.600 ]
Compressive modulus, psi 500.000 Y0416 570.000 3

ASTM D-021

Detoimution under load: 042 0.55 0.72 : 3
4000 psi, 12271 for 24 hours ‘

3 2. Propertics of honded joints**

ASTM D-3%

N
”

-
tes
‘w

Ultinuate tonsile strength, psi 7018 9116

- ¢
L]
*Total of 120 specimens taken from 12 acrylic plastic plates with 4,125 X 48 X 60 inches
nominal dimensions,
¥+ Fotal of 12 specimens taken from test blocks bonded for guality control purpose.

O
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Lable 2. Dunemsions of the b inch OD % 58 Inch 1D Hull H
for Nemo Model 2000 Assembly
1. halividual Pentagons }
Thickness® Contour Deviation**
Pentagon Maximim Minimum Maximum Minbmum :
A 4.070 4.035 0.075 0.005
B 4.075 4.040 0.070 0.010
( 4.070 4.020 0.070 0.010
D 4.100 4.050 0.100 0.030
k 4.070 4.050 0.070 0.010
F 4110 4.005 0.040 0.020
G 4.060 4.030 0.150 0.050
H 4.065 4.010 0.100 0.020
! 4.000 4.060 0.100 0.010
J 4.070 4.050 0.100 0.020 :
K 4.050 4.000 0.100 0.020 :
L 4.030 4.000 0.0% 0010 i
2. Sphere Assembly
Spherical Deviations Maximum Minimum
Total of § Measurements 0.100 +0.095
*Total of 6 measurcments por pentagon
**Total of 5 measurements per pentagon
Metallic Polar Inserts 3

The top hatch, top hatch ring, and bottom plate for the 6o-inch OD hull were tabri-
vated by machining 6061-Te aluminum forgings, as pictured in Figures 12a.band 134, b
talso see Appendix B, Material quality control of the aluminum forgings indicated a com-
pressive yield strength of 36,300 psi amd ultimate compressive strength of 43.100 psi. Spe-
vial attention was paid to the machining of heveled seal seating surfaces 1o assure positive
sealing and good bearing contact,
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Polvearbonate Bearing Gasket

’; _ The bearing gaskets shown in Figure 14 between the metallic polor inserts and scrylic
£ plastic hull were machined from polycarbonate plastic plates. Matcrial guality control of the
] polyvarbomate plates used as machining stock Jhowed that the material was acceptable for
e this applicution. The physical propuertivs are summarized in Table 3,
= Tuble 3. Physical Propeties of Polycarbonate Plastic Gaskets
] for 66 Inch OB X 58 Inch ID of Nemo Maodel 2000
- Minimum Average Maximum
- ASTM D-63%
3 ==
E Ultimate Tensile Strength. psi 0,640 7.170 7.690)
Flongation, percent 23 20 2N
Modulus of Elasticity. psi 320,000 320.000 320.000
ASTM D190
k Ultimate Flexural, psi 11,700 L1900 12.000
: ASTM D-732
E Ultimate shear strength, psi 10.400 10.400 10,400
ASTM D-695
Compressive Viehd, psi 12.500 12.800 13.000
1 Compressive modujus, psi 360,000 370,000 380,000
: ASTM D621
hf Detormation under Joad, 0.12 013 0.14 :
L pereent JO00 pei. 122 F tor
24 hours
ASTM D-256
fz0d impact strength 0.67 0.76 088 :
:
ASTM D-570 '
Water absorption, percent 0.14 0.18 015 3
24 hours
H]
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Stnee o pobycarbonate phite of daach thickness is currently not tabricined by indus-
iy, severat alf-inch thick plates were bomded together to form o 6-inch thick block.
Althougl the bonding was performed by General Electric, the developer of polycarbonate
plastic, the quatity amd strength of the joints were kess than of the parent niaterial.  Addi-
tioutl eftorts by Southwest Research Enstitute (SWRD were made to improve the bonding
technique, althowugeh these too failed to yickt perfect joints, However, in view of the fact that

R

4]

E the gasket is in compression when incorporated into the Model 2000 Nemo Hull assembly,
§ less than perfect bonded joints were considered as aceeptable for compressive loading service,
I"E,—

£

%‘ Scale Model Assembly

E Acrylic Hull

. The 18-inch OB X 13-inch 1D acrylic plastic hulls were fabricated by *1 ¢ Fechnical
3 Support Department ot the Pacitic Missile Range: Figure 15 pictures one of s hulls. The
F same thermotorming, machining, and bonding techniques were used to tabricate this scale

3 medel as were usegd in the fabrication of prototy pw models developed for the Nemo rescurch
i program in 1965, Quality control of acryvlic plastic and of bonded joints showed that the

4 seale model materials met the sie speciications as did the full scale 660-inch dimmeter hull,
FL Four saibe models have Been Tabricatad,

3

Metallic Pokir Inserts

The polar inserts tor the F5-inch OD model scale hulls were fabricated by machining
aluminum and titanium forgings tsee Appendix Ay The 6061-T6 alaminum inserts were
structural scale moddels of the aluminum polar inserts in the 66-inch diameter hull: see Fig-
ures Foa, bamd 17a. b, Fhe Ti-0ARY titaniam inserts shown in Figure 184, b, ¢, d repre-
sented simplificd scale models of an alternate design for the basinch OD hull polir inserts,
except that titanium was atilized instead of aluminum.

Y

A Polycarbonate Bearing Gaskets

The polycarbonate bearing paskets Gee Appendis A were machined from T-inch
thivk polycarbonate plates chexan CP38), Common machine shop practices were used to
achieve the desired finish and tolerances,
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2 Model Scale Hulls ¥
Static Tests

E One 1 8-inch OD X 13-inch 1D scale model hull, shown in Figure 19, was subjected to

- a weies of hivdrostatic tests which culminated in the implosion of the hull, The objectives

3 of the static tests were 1o (1) establish the validity of aluminum hateh design for occan
: depth operation 1o 3000 feet, (23 measure the stress wave emissions ot the acrylic hull,

. £3) measure the ercep of the hull at depths to 3000 feet, and (4) determine the short tenn
implosion depth of the Maodel 2000 Nemo Hull assembly, To accomplish these objectives
the scule model of the Madel 2000 Nemo Hall was instrumented with 1O electric reststanee
4 strain gages and an avoustiv transducer with a 160 kHz response capability, as shown in
Figure 20.

Static tests were conducted at i room temperature range between 70-75 'Fin the
pressure test facilities of the Southwest Research Institute, San Antonio, Texas.

1. Pressurize the 15-inch OD X 13-inch 1D Nemo Model 34 10 1350 psiant ]
100 psi’miinute rate, hokd tor 4 hours at that pressure, depressurize it 3
100 psi; minate rate to 0 psic allow to relax tor 4 hours prior to next test,
2. Pressurize the 15-inch OD X 13-inch 1D Nemo Model 34 to B00 psiat ]
100 psi;minute rate. hold for 4 hours at that pressure, depressurize at ]
100 psi;minute rate to 0 psi. allow to relax tor 4 hours prior to neat test,

3. Pressurize the 18-inch OD X 1 3-inch 1D Nemo Model 34 to implosion at
100 psi minute rate,

Cyclic Tests

3 idaion

Three $a-inch OB X)) inch 1D Nemo Hull seale models were subjected to o series

of pressure cyaling tests, The objective of the pressure eyvoling tests was to estiblish ¢ 1) the 1
tatigue lite of bearing surtaces inacry Lic plastic hubls that are in direet contaet with metallic
pokat inserts and €23 the fatigue Hie of bearing surtaces inacryliv plastic hulls that are not in
direct contact with the metallic polar inserts but intertace through g polycarbonate hearing
gasket: an assembly drawing of these contiact points is shown in Figure 21, To achieve these
objectives, the bearing surfuces of the acryvlic hulls were 1o be inspected at the conclusion of
the pressure cyele tests,

Pressure cycting of the scale model consisted ol i series of tests conducted st @ room i
tenperature range between 70=75F i the pressure test facilities of the Naval Civid Fngineer-
ing Laboratory INCEL), Port Hueneme, Califoraia, performed as follows.,

i

1. Pressurize the 1S<inch OD X1 3-inch 1D Nemo Model No, 35 1o 500 psi
at 100 psi minute rate: hold at this pressure for 4 hours: depressarize at
YOO psi; minute rate to zeroand relas at that pressure for 4 hours betore
initiating the neat prossure eycle. Repeat the pressure ovele TOOD tintes,

10
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20 Pressurize the 13-inch OD X E3-inch 1D Nemo Model No, 3o 1o FOOD psi
at TOO psi-minute rate: hold at this pressure for 4 hours, depressurize at
100 psiominute rate 1o zero and relax at that pressure for 4 hours before

[ TR

initiating the next pressure ovele, Repeat the pressure eycle 1000 times,
3. Pressurize the 15-inch OD X ) 3-inch 1D Nemao Maodel No, 37 10 1500 psi
at 100 psi. minute rate: hold at this pressure for 4 hours: depressurize at E
10O psi 'minute rate to 2ero and relax at this pressure for 4 hours betfore 3
mitiating the neat pressure eyele. epeat the prossure ey ele 1000 times, 2
Full Scale Hull ;

Static Tests

VRN

The oo-inch O X 8X-inch 1D full scale Model 2000 Nemo Hull assembly was sub-
devtod toa seres ol hydrostatic tests it SWRE which culminated with a 4000-foot depth
proof test: Figure 22 pictures the Model 2000 Nemo Hull with the SWRI pressure vessel,
Fhe objectives of the stativ tests were to (D) establish experimentally the strainy and stresses
imposed o the Model 2000 Nemo Hull assembly at a 3900-fo0t operational depth for com-
parison with the analytically generated dita and (1 2) prove that the full scale Model 2000
Nemo Hulb assembly could withstand pressures to g depth of 2000 teet without perninent
detormation, bo accomplish these objectives, strains were to be recorded during all ol the
tests at 20 lovations: the location ol the strain gages on the Model 2000 Nemo Hull is shown
in Figure 23,

he static test series consisted of the following tests conducted at a room tempera-
ture which runged hetween 65<75 F in the prossure test tacilitios of the Southwest Rescarch
Institute, San Antonio, Fesas:

1. Pressurize to 450 psi at 100 psi minute rate. hold at that pressure for 24
hours, depressarize to O psi at 100 psi minute rate, and relax at that
pressure tor 24 hours prior to beginning of next test,

2. Pressarize 10 900 psi at 100D psi nunute rate, hold at that pressure tor 24
hours, depressurize to O psi at 100 psi minute rates and relax at that
pressure tor 24 hours prior to beginning of nest test,

A Pressunize to 1350 psioat FOO psi-minute rate, hold at that pressure for
24 hours, depressarize 1o O psi at 10O psizminute rate. and relas at that
pressure for 24 hours prior to beginning of neat test,

4. Pressurize 1o 1800 pai at 100 psiminute rate, hold at that pressure for
24 hours, depressurize 1o O psi at 10O psi minute rate, and relas at that
pressure for 24 hours prior to beginning of nest test.

No cvehe tests were pertformed on the full scade Model 2000 Nemo Hull assembly,
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FEST OBSERVALIONS

Madel Scale Tests
Strosas

Fhe 18-inch OD X1 3-nch 1D Nemo Model 34 assembly performed satistactorily it
simulated depths 1o 3000 feet. The highest mcasured principal stress of <S086 psi in the
aer e hudl was on the interior, located at the vdge of the top polar opening €0.500 inches
asay trom aluminum hatehd and orientated along the meridian of the sphere: recorded stress
vithues are listed i Table 4 Giso see Figure 190 1 is worth noting, however. that its nugni-
tude was approsimately only 10 pereent kirger than the inveragye stress of =4642 psi measured
at the equator on the mterior of the sphere, His can be explained by the tact that the
stress riser cltect of the metablic msert decay s rapadiy with distance trom the hateh, Sinee
the strin gave was located approanatedy 3 degrees away from the edge it did not measure
the peak stress but niether the it end of 1,

e maesimum stress of =S 713 paiin the polar aluminum inserts was measared on
the inside sartace. adiaeent 1o the thnge, in the bottom plate. and its orientation was in
the longitadinal direction.

i he tnghest measured stresses, both on the acryvlic hull and the sdummam imserts
durme the simulated -hive to 3000 teet, were well below the vield pomnts ot their respective
nutterabs, Al strains were observed to return to zero apon completion of the relasation
period totlowmyg the simudated dive 1o 3006 1eet esee Lable 300 For both the acry Hic plastic
atnd aliminn, the apparent satety factors, based on the short term yickding of nuderial,
were well i escess ol 20 0On the Basis of these stress measurements it was concludued that
Chy the proposed design of Tatehes was adeguate for dives to 3000 feetand that £ 2 the
w hole tall scale Model 2000 Nemo Hull assembly could be satety tested at least at depths
to 3000 teet,

hoaplosion Resistinee

Fhe T3-inch OB 7 F3anch 1D Model 34 Nemo Hull imploded vider short termy pres-
sure doading at a simulated depth of 1O.600 feet, e assembly failod by general plastic
imstabality - the traemented model is shown in Figuare 240 The highest measured stiesses in
the aluminun hatches, prior to anplosion, were tound to be at locations 24 and 7 isee
Figure 19), and their magnitide was in the 35,000 to =32.000 pai range. as show i §ig-
ure 25, Fhe HL6OU-Toot short tern implosion depth of Model 34 gives the scale maodel o
A8 satety niargin tor catastrophic dives, Dt ceductior of the hydrostatic tests is docu-
muented m Appendis €,

Acoustic Emission

The 1S-inch OD 7 1 3-inch 1D Model 34 was i good souree of acoustic cmission die-
i the Dest pressurization to F330 pai Figure 26 presentaed i histogram of stress wave
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Table 4, Strains in 15 Inch OD X 13 Inch H) Nemo Model #34
during Simulated Dive at Depths to 3000 fFeet

Crages Strain micro inches;inch Stress (psi )
Noo, Location Hoop Longitudinal Hoop Longitudingl
ta Eguator, outside ™ A =5 ,900* -5.700* ~3.345% -3, 284%
B -6700 ~0.300
C 1) -100
Ib Fquator, inside A -8.200* -K8.000* -d.o81* -4,604*
B -958% =%.900
C 410 +28
b Fdge ol top polar - A -6,900* -9.500% ~4. 280 * ~5.080*
apening, inside B -".700 -1.100
v -50 =100
h Lip of flange, A SO00* +150* - 3R0* -1.319*
bottom plate; B -900 +150
inside ¢ 0 0
4 Root of tlange, A =275k =5 =3.I87 ~1.450*
hottom plate: B -275 +10)
outside C 0 4]
4b Root of lange. A =600 ~1250¢ -10.714* -15.714*
bottom plate: B 700 -1.350
inside ¢ 0 0
Su Root{lange, top A =100* maltune- ~1.0v0* =330*
hatoh, outside B -0 tioning
C 0 s. gage (
Sh Root of tlange, A -lL100* -200* ~12.747* -S4
top hatch, B -l =200
inside ¢ 0 0
Oh Pdeceof bottom, A =K 3007 -0, 9(0)* -4.558 -3.127
polar opening, B -9.200 ~7.800)
insidv ¢ 0 +250
Th  Lip of NMange, A -L300* +300* -13.297% ~ORY*
top hatch. B -1.300 +300
inside (8 0 0
Note AT Immediately after pressurization to 3000 toot depth

B. After four ¢4y hours at 3000 foot depth
C. After To hours of rebaxation at O depth
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coriastonts Whos atter tolaevation g 0 pas Modded S swas prressanzod 1o 00 psr o taa i

deeintic eission bursts were recorded which indicated thant the acrsbic ball oxinbitsa verny
marked Kaiset offedt,

During the Pnad prossute test o implosion, Modet 34 cmitted sipniticant numbers of
dcolistic cnnssions, although only atter the pressure passed the 95300000t depth mark.  Thus,
Potween O amd 300 1eet there wete Jess than SO cinssions, as shown i §geure 270 Obviousty
then, the ppetiding: unpdosion ot the aerybic hull could hase been stoppad during the simu-

Lated dise ot about SO0 teet ahove implosion depth on the basis of the acoustic cmission
recondmye tsee b, Jon,

Caelic Fatigue Crving

Obsorvaton oi TSanch O < 1 3anch 1D Models 35 30 and 370 alter 1000 sinu-
Lataesd 4-hoar bong dives, shosw e Digure 28, revealed that ondy Maded 37 swhnch was pressare
G ded todepth o 338 eet had slight indication of oy clic fatigae, w bercas Modeds 35 and
Joowdnchwere prossure avadad toorespectiney L TE20 and 2240 reet showed no signs of
Gvolio fatigtie, Phe ovehe tatigae m Moded 37 eshabited sheght crazing of its conweal bearing
surtace mthe polar opening of the acns lic hall, which was exposed o direct contact with
the anetallee msert, sev bgate 290 Fhe othier polar openme m Model 370 inwhiceh the aery he
Boating sutface was not i direct contact with the mctallic insert did wot craze, §rom this.
ican be conclnded that wta cschic histors ot fess tian TOOO dives the pols carbonate gashelt
P~ osientnoant oot onls when the masaum prossute i a dise is 3300 teet of more, At
fosset depths the polvcarbonate sashet also imcrcases the tatigue hite o the acry hic hull,
althoneh more than TUOO dives ate requiired o show experimentatty the beacticnl eiieet of
the poly carbonate gashet,

1t s important o pomt out here that even o Model 37 which was the only specimen
with seeos ob ool ratigue on the acry he beanmg sartace, the fadigue estubited itselt m the
torns cf bar el notic cable aazing, Based on past u\;wrwncc.N 1t can be conservatively pree
dicted that i waehd tahe at least another TOOO dises to 3360 Fect betore the crazing woulld
Jutenotate e dacks T 2-inch deep anb thus reqane remachining ol the bearing surtace,

Creep

Lo crecp obsenved durime 4 hour sostimed foadhimg to 1330 pa s signsbicantly
Bighor tHen Jarme sastanied loadimg 1o 900 pei, gs shown in Figures 20 and 3. Phe magni-
tade of creep it both cases was about 15 pereent of short term strain, As enpected tngni-
tude of crecp s o bunction nod onls ol e but also of short 5ermn strin), creep Was thorg
substantaabat the cdges of polar opemings than ot the equator, Samdarly . it was Larger on the
mterior of the hudt than onits exterior,
Fhe creep retutned to zero gtter seseral hours of relasation at 2c1o pressare, indicat-
e that the creep obsersad did pot represent permanent Jdetormation ot plastic,
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Full Scule Tests
General Performance

The ot-inch OB X §K-inch 1D Nemo Model 2000 withstood successfully the four
stceessive 2d-hour hydrostatic pressurs loadings to 450, 900, 1350 and 1800 psi without
any appearance of cracks i the acrylic and only minor surface cracking in the polycar-
bonate plistiv bearing surfaces at the polar openings,

Straim

The magnitude of strains observed during the 24-hour pressurization tests is shown
in Fieure 32 recorded stross vatues are listed in Table 5. Stress range was predicted by (1)
the Z1P-13 finite clement compater program and €20 strains generated during the hydro-
static tosting of the FS-inch OD X1 3-nch 1D Mode! 340 The fact that the acryvlic hull of
Mondel 34 was approvimately 10 pereent thicker than required by the 1:4.4 scaling factor
had to be taken into consideration during comparison of strains measured on the 15-inch
and 6o-inch diameter hulls,

The highest strains inacey ic plastic were measured on the interior of the hull at the
wlge of the top polir opening, The strains at the edge of the bottom polar opening were
about 10 pereent fess, retlecting the fact that the bottom aluminum plate is significantly
less sEET thian the top hatch, The ratios between longitudinal and hoop strains at both loca-
vons were in the 3:1-4:1 range,

The interior longitudinal strain ot the top polar opening was 100 pereent greater
than the interior longitudinal strain at the equator, while the interior hoop strain at the top
polar opening was SO percent less than the interior hoop strain at the equator. The exterior
fneitudinal strain at the top polar opening was only 20 percent greater than the exterior
longitwdinagd strain at the cquator, while the exterior hoop stridin at the top polar opening
wis 70 pereent less than the exterior hoop strain at the equator. On the gluminum polar
inserts the highest strain was measured on the interior surtaces of (1) the bottom plate at
location 26 in longitudinal direction and €2y the top plate at location 213 in dngitadinal
direction tsee Fig, 23

Mumnitude ol Creep at the equatotial surtaces of the hull was approximately the
same as that recorded Tor Model 34, Bowas Tor all practical purposes absent during the
24 hour pressurizations to 450 and Y00 paic but it became noticeable (20-25 percent
increase over short teem strain during 1350 psi pressurization and was signiticant 125-30
percent increase) during 1800 psi pressurization, as can by seen in Figure 320 through |1,

Fhe numerical vadue of strains on the interior sartace at the equiator atter 24 hours o stse
tained Joading was in the 2800=3000. S000-6000, 9000=11.000 and 1 3.000-15.000 micro
inches inch range for, respectively . 450, 900, 1330 and 1800 psi prossarizations, (See Figs,
dliand 32i

The numerical values of creep on the interior hull surface at the edges of top and bot-
tom penetrations were higher than at the equator, but in terms of short term strain pereentage
they were not ditferent from those at the equator. Atter 24 hours of sustained Joading the
longtuding strains at penctrations were in the JO00-4500, 8000« 10.000, 15.000-19.000
and 22.000=-27.000 micro inches inch range tor, respectively, 450, 900, 1350 and 1800 psi

ke,
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Fable 5, Stressesan 00 huch OB & 358 Inch 1D Nemo Model 2000 Assembiy

During the 24 Hour Die 1o Depil of 3000 Fect
? Cdges Ntross (pi)
i
-3 Hull
: Location Orientation t pon readhing 000 1eet Atrer 24 hovies
) Hoap -4 980
Inside N -
2| Fongituding) ST
, Hoop 2348
3 Outsidde o N
3 Longitudinal -3X1Y 3
£ ' Hoop -3 470
Inside o P ﬂ
s Fongitudinat -8.290 4
1 ().‘ . Hoop -4.214 )
E Ulside NN ;
£ L ongitudimal =-4.1580 Stresses cannot
| ’ he calculated
baside floop ~4A80 hoviuse of :
: . Longitudinal -6.714 creep inacny liv ;
£ ’ ) Hoop -1.900 3
3 Outside . »
3 Loneitwdinal -3.400
Hiid Hoop =5 3408
Nande . - }
3 3 Longitudinal =5.43N :
= d
] Hoop «4.086
: Outside . .
i Lomeitudinad =404
. Hoop =10, 403 -0.390
3 hside . 3
s Longitudina =1 1.048 «11.319 k
T Hoop -5.000 ~4.838 3
Outside I 2 3
Longitudinal -5.000 ~4.451
‘ Hoop -13.6026 RN ;
fnside ) a e s . |
: ) Longitudinal ] 7 ONK Y ~I N INTH® A
20
) Hoop -0, 204 -5.549 ;
Outside o - N . :
Longitudinal -S87Y =S408
. Hoop ~13.297 -1 2967
Insidy N ,
2 Longituding! =10.984 =V 89
i
Outaid Hoop -0, 29 ~(r. 424
uisnie . .
Longitudinad -n429 ~0r42Y

*Highest stress in acryhic hull (during conversion of strains 1o stresses = 200,000 pai and
# = 0.4 were applied).
¥ Highest stress in polar alusminum inseets tduaring conversion of strains to stresses
b= 10,000,000 psi and p = 0.3 were applicd),
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Labie 5 WContimued).

- L Py U UGN WIS

4 Gruges Stress (psi)
2 Hull
Locatnn Oricntation Upon veaching YOG feet Ater 24 hours
‘ Hoop -13.002 -13.187
Inside o
1 . Longitudinat -3.407 -3.950
) Hoop <3510 ~2.907
Outside .
3 Longitudinal ~58 +110
3 , Hoop -10.549 -9.341
3 Inside .
: =0 Longitudinal ~15.168 -12.802
3 , Hoop -}, 780 =} .780)
Outside o
i Longitudinagd =5.934 -5.034
3 Hoop ~10.544 =) K38
- Insade . .
3 =10 Longitudinal =10.165 -9 451
3 . Hoop ~4.070 =4.670
: Outside . )
3 Longitudinad 3. =3.901
3 ) Hoop ~10.108 =0,066
: Inside o . 3
20 I ongituding) ~-10.549 -10.220 a
, Hoop -3.7306 -3.730 3
Outside I
Longitudinal -3.121 ~4.121
. Hoop 11429 -11.429 :
Inside o 3
212 Longitudina -H1 429 =11.429 -
T Hoop =3.950 ~3.9506
Outside o
Longitudinal ~3.187 -3.1K87 3
‘ Hoop -11.75% ~13.3582 ;
Inside T
213 Longitudinal -12.827 ~14.508 E
o Hoop -3.9%0 0813 '
Outside o |
Longitudinal -3.187 -0,044
, Hoop -12.002 -14.280
Inside . )
214 Longitudinal -1 2308 ~14.2K0
) Hoop -4.070) -7.827
Outside L
Longitudinat 3,901 -6, 75K
S }
17
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prossutizations tsee Fese 320 wd 3200 Strans i aery he returned esseanally to zeroatier
o 2d-hour pertod of rekivation mdicating that the creep inaces lic was not of i permanent
nature even atter the 24 hour sustained loading ta 1800 pai hydrostatic preisure,

Strewes

The saximem seress wicasured on the aervlic hall tsee Table 8) ut the beginning ol
24 hour pressurizations was 2339, =5043, <7904 and 10902 psi at, respectively, 430, 900,
1380 und 1800 psi pressure doadings,  The masimum stress, analyzed as typival tor Nema
halis.”” = s locuted on the interior surfuce of the hudl at the edge of top polar opening and
wits orientad in the longitudinal direction, The stress on the interior equitorial surtace was
measurcd simultativously as 1804, «3610, <3593 and <7787 pai, The magnitade of stres
on the acryhe hull at the conclusion of the 24 hour pressurization periods is not known
since there was copsiderahle creep i the plastic which would make any classical stress vl
vulations inaveurate,

The maximun spress on the shuminum inseris was tcasured on the interior ot the
bottom plate at location No, 6 in the fongitudinal direction, The magnitude ot the stress at
the beginning off 24 hour pressurizations wis =4967, <890, =1 7088 and =21.044 pi at,
respectively 30, V00, 1 350 and 1500 pai toadings. At the conclusion ol the 24-hour prose
surization: periods the pragnitude of the stress had changed to 319K, <U890), =1X, 187 and
=18 840 paisrespectively, Atter the 24-hour rekination periods following pressurizations 1o
450, 900 and 1350 paisall stresses inaluminum retarned essentially to zero, as fisted in
Table o, A ditferent cise presented itsell at the conclusion of the relaxation period tollow-
ing the 24-hour pressurization to 1800 psic Here the stresses at interior location Nos, o, 13
and 14 on aluminum inserts not only failed to return to zero osee Fable 6) but showed resid-
wal positive stresses of significant magnitude, and the reasons For their presenee are not known,
A more detailed listing of stresses is presented in Appendix

The connparison ol stresses caleulited on the basis of experimental data and the
ZIP-1 3 finite clement computer program show good agreemient for all locations on the
acrylic hull, For locations on sluminum inserts the agreement is not as good. 1t appears
that for the locations on the exterior of gluminum inserts the calealited stresses are geners
ally tower than mvasured vidues, whereas tor locations on the interior of the inserts the val-
culited values are generally higher, However, sinee the highest stresses measured on aluminuam
inserts woere on the interior surface, the caleubinted sidues tend to be conservirtive in nature
and, thus. usetul in the design ol pressurized Nemo Hulls, A complete disting of computer

generated strains and stresses for the Model 2000 Nemo Hull assembly is presented in
Appuendix D.
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Fable o0 Residual Stams i Muminwan Phates amd Hatehos
ot the oo bnch OD ™~ 35 Ineh 1D Nemo Maodel 2O ;
atter Repeated 24 Hour Long Prossurizations J
2 Gdse Locatioms §
:- Noy o fside Nes 1y Iside N, [ hiside "
- Ry, Honp Longinadingt — Houp Longhudina Houp Longthdinat -
Bopd A -4 SN0 g -0 250 -140 o
1 B -7 =240 ~120 -140 250 -140 - :
3 ¢y +150 +H00 +io +10 +80)
: D e +180 +1.30 +210 +X0 +00
2 GMpsi A 800 =50 ~450 -5000) ~500) 500
3 1] ~300) -"50 ~45() =500 =500 -500
( 0 +100 +80) +) +50 0
i 1 +30 +]50) 100 +1} +100 0
A PRS0 A <x$0) ~1300 ~H0)() =900 =900 -840
B ~NSH) -1400 ~O(N) -1 050 =100 =1000
¢ 0 0 +) =100 ~100 =180
)] 0 7] +() -150 «00) -0
INOU N A ~l 080 -1400 =10on =150 =1150 =1100
B -l0s0 -t400 ~850) -1080 =1050 =1000
& +30) + 300+ +200* +Hoo* +50" +300*
n 80 +2380% 4 1a80* +H1350% 41350 +1250"

~

A Immediateds arter prossarization

B Arter 24 hours of sintained pressutization
CImmediatels after prossure relega

D ATter 24 hours of relasation

At

LQuuestionable values, probably generated by maltunctioning bulkhoud penetrators
for instrumentation in Model 2000 Nemo Hull, or presstire vessel end closure,
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FEST DATA DISCUSSION

Determination of Safe Operational Depth

I order for the chosen operationat depth to be safe. many opetational as well as
hull performance pasmeters, must be convidered . d caretully calculated.

Hull Performance Parametoss

The shove term critical pressure at which catustrophic implosion of the bull nccurs
in an uncontrolied dive is the best known and casiest ta obtain performance parameter of an
acrylic hull, The short fera critical pressure represents the altimate depth beyvond which a
submersible canpot descend at any time. For the Model 2000 Nemo Hull the shorr term
critical pressure has been experinentaily established at cpproximately 10,000 feet. The
actual short term inplosion test was pertormad on the 15-inch Maodel 34, which imploded
at 4700 pai csternal byvdrostitic pressare. Sioee the scale model is about ten pereent thicker
than required. the extrapolated Short ierm mnlosion pressurce for the full scale Model 2000
Nemo Hull is around 4000 pa ot the same pressurization provedure is tsed as for the scale
model, Howevero smee the prossurnization schedule tor Model 34 did not correspond to the
1y pical 100 psi minute short tonm pressurvation vate Yor aervhic bulls= ¢recording of strain
datiat 4500 90d 4700 pa prossuie lavels delas ad the pressurization by 3 minutesy, the
extrupolated short term celapse pressure tor the Model 2000 Nemo Hult must be inreased
fram 3000 pa to at feast 4300, (Reterence ooandicetes that the effect of delay i nressariza-
tion at pressures above 300 paps o reduce the shoet term implosion pressure of acrylic
hutl by apout TOO psi tor every mmuate of deday o The 10,000-teet Short term iplosion
depth zives the Maodel 2000 Nemo Hall the ahibity to boanee dive once ander extreme cmyr-
oney coidstions probably to at feast S000 foet,

[l o ferm crtticad pressare of aorvlic idfs has been previowsdy established® s o
Function of tres and temperiature. Because 10O hours is considered the maximum length of
T that tre cres o osubimersible couhd survive under entrapment without new air support
supphies this tne <pan wadl be osed 1o establish a ong torm eritical pressure, This prossure
cont he ety det rmined from o plot of evpernnental data generated by implosions ot
PR anch Oy o anch I Medel 2220 24 28 and 34 as idastrated 0 Figare 339 From
the plot o can sec taat the inplosion pressure of a scale model Nemo Hall under 2700 pa
sustnned foadme at TO="3F at ambaent temperatures ocetirs atter 100 houes, Atter appli-
cation the 06 cortechon factor thised on plastic instability . twkes into accom.. the ten
poreent thicker hull of scale madels), the projected 100 hour loag teem eritical pressure of
the Model 2000 Nemo Hull is 2320 psicin the 70=787F ambicnt temperature range. In oorms
ob depthit can then be stated that the Model 2000 Nemo Hull must be trapped for at least
100 hours wt w depth of about SO00 feet boetore catastrophic failure occurs.,

Fhe cvcdic farieue Hite of aceytic iads has been the subicet of several studies since, as
et the determining factor insetting the safe operational depth of an aerylic hull,
Sinee the evelic tatigue bfe is not only a function of maximum pressure in the pressure cycle
but oo of duration and temperature, they sl must be taken into consideration, Sty of
1 pical dive profiles for submersibles has establisiied the taet that o submepsible does not
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; slad ot slasiinn operativnad depih longer than 4 hours,  The rest of the typical dive is
takon up by Liunching, descent, ascent. docking and retrieval, The temperature can vary
widely during a dive bus st operationat depths it s usaally below 530 deprees, Since pressauge
cyoling at 70-75°F is not only more conservative, but atso more cconomical, it was used to
establish the oy cliv futigue Jite of the Model 2000 Nemo Hull,

The testing of §3-4nch Models 35, 3o and 37 has conclusively shown that crazing
appuars in the acrylic hall at the polur openings without the polycarbonate gash et only after
1000 pressure wyeles of 8-hour duriation (4 hours loading tollowsd by 4-hours relaxation) to

1300 psi. No crazing was ohserved in the polar opening of the acrybe hull protected by the
polycarbonate gasket, Judzing by these sesults the miniam crack-free fatigue lite of the
3 13+iich OD X 1 3-inch H) Models is 1000 cyeles to o maximum operational depth of 2280
teet  Bused on the scale model data. the 60-inch OD X $%-inch ) Modcel 2000 Nemo Hull
3 can perform 1000 dives to 3000 feet without initiation ol crucks in the acrylic hull,

T

g i

3 Openational Performance Parameters

In view of the tact that preservation of the crew s the major consideration in the
design of pressure hudls it is comsidered mandatory that the short-term and long-term critical
pressures be bevond the depth to which the submersible moy be accidentally submergad.

4 Furthermore, it is considered reasonable and cuastomars that the implosion depth for a long
1 term (no more than 100 hoursy disabled submersible be at least 3O pereent greater than the
naximum operational depth Gsatety tictor ol 1.5, For g short term loss of control. the
implosion depth should be at least 10O percent greater than the maxintum operational
depths ety fuctor of 2),

In addition to proserving the crew there are idso the cconomios of the hull ite 1o be
consdered. Bthe fatigue Bife was sot at 100 dives it would prove cconomically unsound
since it would allow the submersibles 1o operate onds for a period of tme less than two years,
although at greater depths, Shmdarly L it the fatigae lite was stipudated as 10000 cveles it
would give the submersible unlimited Lite but at the cost of very shallow operational depth,
which would signiticantly lower its operational tselulness, it s the author's opimion that o

sprectied crack-free tatigoe e of FOOG oy Cles represents o sound ccononncal compromise k
hetween the opetationad depthand hte of the subiersible. For the tall scale Model 2000

. ) . . 1
Nento Hall the crach-trec tatisne hic has been experimentitly established as 1000 disves to

nu i operationad depth of 000 fect, Sinee the 2000-toot tatigue Hite depth is based
ot 4-hour jong sinulated dives, there is no need 1o apphy any pressure oy ebe duration dis-
counting tuctor o the experimentaliy estublished Yatigue lite depth of 3000 feet,

Based on the tactors discussed above, the manimum operational depihs should not
exceed FO00 tect 18000 teet 2 for shord term disablement criterion, 3330 teet (3000 fect
F.5 for long ternt disablement criterion, and 2000 teet (3000 Feet D) for the Batpae Hite
criterion, Sinee it s e least permissible operational depth, based on any ol the above three
criteria, that determines the actual depth rating of the hull, tatigue becomes the determining
tactor for establishmy the operation depth rating of the Model 2000 Nemo Hull, Ao resulht

3000 et is considered as the nasimuam operational depth rating for the Model 2000 Nento
Hull.

A s
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FINDINGS

1. The oo-inch OD X S8-inch 1D spherical capsule wssembly, Model 2000 Nemo Huali,
fabricated from commercial grade (Plexighis G or equivalent) acrylic plastic and cquipped
with polycarbonate gaskets between aluminum hatches and the acrylic plastic will withstand
2 a minimum of 1000 dives (4 hours at maximum depth. followed by 4 hours at the surface)

3 from 0 to 3000 teet without initiation of cracks in the acrylic hull,

2. At the safe maximum operational depth of 3000 feet the maximum compressive
stresses in atuminum hatches and acrylic plastic hull are only equal to 49 and 52 percent of |
respectively . aluminum and acrylic plntic yicld strengths,

Y A

3. Model 2000 Nemo capsule assemibly will wiastand accidental disablement at a
depth of 5000 teet for at feast 10U hours before catastrophic failure occurs. At greater
depths the grace period prior to catastrophic failure is significantly shorter. as shown in
Figure 33,

TR PRy

his

4. Mode! 2000 Nemo capsule assembly will withstand a temporary loss of control
to a depth of RO00 teet for about 10 minutes before catastrophic tailure occurs,

Lt

5. Model 2000 Nemo capsule assembly is an getive acoustic stress wave emittey
whose rate of acoustic emissions increases signiticantly just prior to short term implosjon,

DR A a4 R

6. Permanent defurmation of alutminum inserts (op hatch and battom plate) takes
plice in arcas of high stress concentrations when Model 2000 Nemo Hull is subjected to
dives of 3000 teet,

7. Long term submersion ol 24-hour duration. 1o 4000-1oot depth. does not gener-
ate any cracks in the acrylic plastic hull or polycarbonate gaskets at the polar openings and
the strains in acrylic plastic atter a 24 hour relanation period at atmospheric pressure retu .
ewentially to sero.

; CONCLUSION | :

Sphercat acrylic plastic hulls of Nemo Hull design with a Ur, = 0.1 23 thickness can
be man-rated for g minimum of 1000 operational dives 1o a maximum operational depth of 3
3000 teet. 3

{
. OPERATIONAL RECOMMENDATIONS §
]
1. The Model 2000 Nemo capsule assembly should, during its operational lite, never
1 he subjected to depths greater than 3300 feet. The proofl test should preferably utilize o :
test depth of 1300 feet. Under no conditions should the magnitude of proof-test depth §

vaceed 3600 Feet unless stronger polur inserts are substituted for the standard Model 2000
Nemo Hull aluminum inserts,
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Fhe oyehe erack froe fatigue ite of the Maodel 2000 Nemo Hall should be comser-
rativedy cosidered o be o escem o1 2000000t vet-hours 1000 cycles X 3000 oot depth
X 4 howurs duty ). Al the conclusion of cach dive, the recorded feet-hours shoukl be sub-
trscted from the initial 1.2,000.000-feet-hour fatigue Hife. When the sum of feet hour sub-
totah generated by dives equals 12,000,000-{cet-hours, inserts and gaskets should be removed
from the capsitle and the entire hull subjected to o detailed visual examination,

wb

-

it 5 kit

I no cracks are observed at the penetrations in the hull, the capsule should be strain
waged, reassembled, proofiesied 1o 3300 fect and resulting strains compared to those gener-
ated during the first proof test conducted immedistely atter fabrication of the capsule. Sig-
niticant differences in strain behavior will be considered important evidence of hull deterior-
ation and should result in signiticantly reduced depth rating. Cracks in bonded joints
originating at inclusions will be repaired i their kength exceeds 0.8 inches. Cracked poly-
carbonate gaskets should be repliced with new gaskets,

It no signiticant ditference in strain behavior is observed, the capsube assembly will
be returned to serviee with a 3000 foot operational depth rating and an additional
12.000.000-{oot-hour fatigue lite, When the 12,000.000-f00t-hour §ife is used up the cap-
sule assembly will be subjected to the same inspection and prooftesting procedures con-
ducted at conclusion of the first | 2,000,000-fvot-hour period. If the results of the new
inspection and prooftesting are satistactory, the capsule will again return to service with a
2.000-toot depth rating and additional 12.000,000-foot-hour lite,

The recertifivation process will be repeated until either cracks are observed in the
bearing surfaces of acry lic hull during one of the inspections or the strains change significantly.
I¥ cracks are observed they will cither be repaired by routing and recasting with resin prior
to retesting of the hull, or they will be left in place and the hull's depth rating will be
reduced to 600 feet,

Subsequently ., the budl will be inspected without disassembly for signs of crack prop-
agation every 100 dives, When the depth of any crack exceeds |inch. as pictured in
Figure 34, the capsule will be taken out of service immediately and the cracks repaired
cither by enlurging the polar opening or by recasting crucked arcas, I not repaired. such a
hult cun be recertified for service to 120 1eet. I, during periodic inspections conducted
every 100 dives, the depth of the crack at the penctration is found to exceed 2 inches the
acrviic hull will cither be repaired or declured untit for manned operation at any depth,

O

3. Attempts shoubld be made (o ensure that operators be seated inside the Nemo Hull
as close as possibie to the center ol the sphere in order to minimize optical distortion, 15
Camera mounting should be located at the center of the hull it wide angle punning with
the camera is to be performed during the mission,

Objects in by drospace will appear smaller and closer to the hull than they are in
reality. ' Some expericnce on the part of the crew will be required to judge the distances
correctly between the hutt and the objects in hy drospace,

4. Many functions of the equipment mounted externally to the submersible van be
controlicd by modukited light beams projected trom the interior of the hull by the crew, 10
This type of arrangeament will climinate many clectrical penetrators in the bottom plate and
make the control of extermally stored scientitic cquipment an operationally casy matter,
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Figure 11 Typical bonded joint between spherical pentagons,
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figure 17,0 Aluminum hatch tor 15 inch OB X PV inch 1D Model 34
serving as seale model of Model 2000 Nemo Hull assemibly.
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Figare 1R, “Hitanium hateh tor 15 inch OD X 13 inch 1D Models 33, 30and 37,
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APPENDIX A, DESIGN DETAILS OF NEMO MODEL 2000

1&-lnch OD X 13-Inch 1D Seale Madels

Ihe aerylic hall of the F8-inch O X P3-ineh T seale moded 33 was desipned to be o
taithtul copy of the oo-inch OD X 88-inch 11 Model 2000 Nemao Hull bothcin proportions
ad i method of constraction (Fieures TA and 2A0 18 wis to be fabricated in the same
manner s the 6osnch QD X 88-invh D hall by theemotorming sphetical sectors from flat
dises, ntachining pentagons from sectors, and finally asseimbling the spherical pentagons into
asphere by bonding the joints belween adjoining pentagons with PS-30 seli-polyimerizing
adhesive cEigare W\,

Fhe ednminuoy plates oFigures S0 SA and 6. Tor top amd bottom polar openings
i the 13neh O« Pl-inch 1D Model 34 were not Brithiully seided down models of the
Batehies in e oo-inedt O1 & S8<neh 1D dunneter Model 2000 Nemo Hull, Although struges
tarally the 6Ool<To aluminuns plates in the 1a<inch OD > 13-ineh 1D Madel 34 behase idene
Livally 1o the Batehes i the oosineh O % SSanch T hall, some operational fatures of the
L Bateltes have bheen omitted in the seale tmodel plates, Thus, for examples the topadumi-
i phite T8«neh O PRineh HD Modet 34 his the sione vigidity and propartions s thye
top hateh i the oo-ineh OB < Sx-inch 1D Model 2000 Nemo Hull but does not disissemble
it sepserate Tateds and Iateh ring components,

Fhe construction of the TSneh OD % L3-inch 1D Models 35, 3o, and 37 was identi
cith to that af Maded 34, Hhe opldy ditterence between Mode! 34 and the other miodels Ly in
the desien ob the polar plates, The polar plites tor Models 38, 30, 37 were stracturally ideal-
pzed hatehies desiened o titaniung Fi-oA IV OFiure 700, Sinee these miodels waeae to by
veaed iy chie pressare tosts toodetermine the etect of depth on the performanee ot the
poly virhopate sashet betwean the bgteh and dhe acryhiv bearing surtace, vach model was
vauipped waith the poly carbonate sishet only Tor the top plate while the batton plate in
cachi todebwas desirned to operate without a gashet, I this manner vach moded was
designed o operate bothe with and without a gashet around the titminm plates, In this
nnoer, vach tode b wouhd proside the data on the pertornnimee ol aony Jic bearing surbiees
JUaprven pre sure withoand s ithout polycirbomate gaskets thirire S\,

66-lnch OD X S§%-Inch 1) Operationat Model

Lhe bosiech ODY 2 S8-ach D aperationil Moded 2000 Newo Hull wis designed for
ceottotirivth constraction soathin tight dimensionad tolerinees to masunize the operationad
depth of the assombly Fhe aerviiv hudl sos designed to be constraeted Prom 12 spherival
pentagonis boandued fopether with PS I8, PS 30 0r any other seli-pabymerizing adhesive with
OO0 pai vty Coosibe strepeth Cigures DA and O,

Fhe pedar abtosnnant assemiblies were desimred, Tike the polar insect assetnblios in e
prevints Mod o0t and Model Touo Nemo B, tooserve s hatehies Tor personpel entry and
Feed thromgh plices tor clecteabad hydranidic control cables Nhominam was chosen as the
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ot ion iiviial becatise o by tessstaned o corrosion and sttractive stevngth to weishit
ratio, 1 he Bottom Feed through plate was equipped with 9 hodes 1o acconnnodiate Y sepaate
clevtrival or hydranbic Foed throumhs iFigare YIAL I addition, the Teedthirough plate serves
alsoas the formdation Tor any equipment contataed withom the capsude. The diameter of the
ot polar apening wits selected o be ample enough even forscheivy set pilol or observer

ol iure 12000 Beaise corsiderable exertion has boen required ot the erew o the past Nemo
Hluth designs o open the Bivavy iteh, i sel af toesion springs wis incorporiited into the
Modut 2000 Neme hatel assembdy CFirore 1YL Ao Tateh focks e been incarporated
o the hatel bandies to doek then secarely o the open position s hen the hateh is open
thgure 130,

Al the parts of the lateh were nsgde from oDe ) -Fo aliminnm, exeept the Mone!

RSO0 Latdh shafts, thie 17«8 PHE staindess Binpe ping steel connter balanee sprmgs, amd poly -
carbenate phistie gashets thgares I PINCFON A ESAC IO and 200 Materianda
Chosen tor these apphivations nutehed well with the galvanic potential of aluminun, thus
proventing unduly sesere gabvinic corrosion Nsarule afl the beselangle tnleranees on polar
isert compuonents were speatiod te be  ES nimotes, aoreadily atiainable toleranee with
stundapd shop tachining practives. During the subsequent assembly o1 the Maodel 2000
Nemo Hull strocture it was found, howeser, Hut the s T8degiee angle rolerimees resultad in
invomplete surface conbact between it lnng beveled stractural components, As aoresalt

af this Tindime, s recommenddd that the anghe todetanee bedeercasad 1o C 78 degrees in
tutare Maodel 2000 Semo Holl asse miblie,
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Ly ':r-vmrmww'w:lmﬂw

280
,. 5 DIA
_—1 INCH
NOMINAL
'
g 14,970
SPHERICAL
E DIA ]
K ]
: T \  s.28¢ Z
f P————-ﬂ——m DiaA &
E "agtot o8
? . MATERIAL : PLEXIGLAS G, 1.0 INCH PLATE
f 2. ADHESIVE | PS$-30
; 3. POLAR INSERTS : ALUMINUM HATCHES
* PER DWG _701100-I|
POLYCARBONATE GASKETS
PER DWG 701100-11

Friowre 300 Ascmbled b ot the Taaach OB 2 132 meh 1D Model 34
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APPENDIX B, FABRICATION OF 66-INCH OD X §8-INCH 1D
MODEL 2000 NEMO HULL

Lhe oo-inch O X 8x<nch 1D Modet 2000 Nemo Hull assembly was tabricated basi-
cully in the same nranner as the tirst o6-inch OD X S 1-ineh 1D Model 600 Nemo Hull
assembiy built in 1968 by the Technical Services of Pacitic Missile Range, Point Mugu,
Catitornia, e cardinal features of that Tabrication process are ¢ 1) cutting of dises trom
Tt aerylic stock tFigure TR 02 thermotonming these dises into spherical sectors by means
ol metallic vacuum mold cFigure 280, 0.3 cutting of spherical sectors into spherical penty-
gons thigare 3B 04 bonding of 12 sphiericl pentagons into a spherical shell (Figure 4B),
Ay machining of metallic inserts in the torm of top hateh and bottom penetration plate
tFigure 3B and plicenment of those inserts into polar hull openings (Figure 6By,

One phase of the tabrication process that has given trouble oser the years to Nemo
Fabrivc arors is that of the bonding of assembled 12 spherical pentagons, Fhe problems asso-
ertted wari dhis phiase of tabrication stem from the tact that the thickness of spherical penta-
gons bordering on ajoint is not the siome and that the width ol joints between pentagons is
pot anttorm, Becatse of the noncomformity in pentagon thickness and joint width it wis
ditficult to seal the joimnt etffectively so that it woukl contain the selfpolymerizing adhesive
without Jeakage and s et assure o tree tlos of adhesive dow nwirds and ol displaved air
upwaards,

Steps were tken duaring tabrication of the Model 2000 Nemao Hull to eliminate the
prabicny posed by nonunitorm pentagon thicknesses and joint widths, These steps con-

sisted of the tollowing operations:

Loomadchining ol all Yormed sphicrical sectors to unitorm thickness in a lathe,

2. e ol O 25anceh thick 2 0.25-inch diameter acrylic dises as spacers betwoeen
individuad pentagons during finad assembly,

X bonding of acryiiv plastic strips to edges of joints Yor Yorming of pressure tight
foint,

4. placement under prossure of seltpolyimerizing adhesive into the joint casities,

Because of these additional fiubrication processig operations the resulting avreylic
sphere is ore unitorm in thichness, sphericity, and dimeter, Asa resalt of this unitormity,
the tinished aeryhic hulb can be rated to higher operational pressure than was teasibly able
prior to this time, Becatise the improved tabrication process may he ot interest 1o others,

a verhatim reproduction ol shop fabrication instructions is attached as enclosure 18 at the
end of tis Appy adis,

In paratlel with the fabrication of the Model 2000 Nemo Hull, stringent quality con-
trol masures weresdupted to assure a guality product and are attached as enclosures 28
through 9. The quatity control muisures consisted of:

1. performing destructive tests on material coupons cut trom cach sheet of acrylic
plastic to aseertain the material propertios of plastic cenclhsuare 2By,

3-1
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2. petfornung destructine tosts on bonded maternd voupons to aseertan strenpth of

bonded joints tenclosure 38),

3. performing dimensional cheeks on the spherical hull to ascertain its adberence to
speciticed dimensional tolerances, Samples ol dimensionat checks are shiown for thick ness of
dises before anneading cenclosure 4B), thickness of dise after anncaling (enclosure SB). thick-
ness of dise atter torming (enclosure 6B, sphericity of dise atter torming tenclosure 78),
thickness of spherical pentagon atter machining tenclosure 8By and digmeter of bonded
sphiere alter atmealing tenclosure YB),

ol
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thy After forming the spherical sector is ready for remova) from the mold

Figure 2B, Thermotorming of Mat circular dises into spherival sectors.

-4

g b

alihle o Acnbaten oot i e,




ted The sector is picked up with a vacunm suction dise from the mold

i Rt Ay Tt

() Checking ol sphericity on the formed sector

Figure 28, (Continued),
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ta) Bonding of six pentagons to form a hemisphere

() Bonding of two hentispheres 1o form o sphere

suetion dises for holding ol ihividual pentagons,

B-7

Figure 4B, Holding fistare for bonding of sphereical pentagons: note the krge vaeuum
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1) Completed sphere after removal from bonding fixture

Figure 4B, «Continued ),
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Figure 5B. Machining of metallic inserts for polar openings in the hull,
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1 {a) Hateh seat being lowered in place

th) Placement and bolting in plice of hatch seat retaining flange

Figure 6B, Placement of metallic inserts into polar opening,
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(d) The hull being lowered onto the bottom penetration plate

Figure 6B. (Continued ).
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(v) Placement in place of retaining flange for hottom penetration plate

1) Bolting of retaininge fTange for bottom penetriation plate

Figure oB. (Continued),
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SHEDLOW's INSTRUCT IS FuR WORKERS FABRICATING NEMO 1DD 2000
1. Measure thickness of acrylic plate and chart at 12" intervals. Lay out
a 40" Jiameter circle at the thickest part of the blank. Lay out nathing
under 4.050 inches. Scribe SWU # on one cut off.
Bandsaw trim to 1ine. Save one cut off that is scribed and send to C.

Miller in Testing Lab,

FY RO T YOI O T e w0
(%Y

3. Anneal the part at 325° F for 12 hours on a flat aluminum plate.
4. Inspect for thickness and chart at 12" intervals. Do not form plates

under 4.170 inches.

Form per Forming Process Specification
Inspect for tnickness (4.0 - 4.1) and contour.

Anneal 2 175° F for 24 hours.

e N O O,

Place part in machining fixture and align to marks. Drill three each

1/2" dia. holes and counterbore for 1/2" dia. Allen bolt. Bolt part

YR A

dowr in three places.

9. Set up part and tracer tewmplate in Lucas lathe. Machine inside surface.

3 Rer:aining thickness to be 4,050 minimum, Check contour readings to be
sure part is 4.010 mininum at out of contour places. Part should be
machined to 4.100 wherever possible and center section of part should not
be cut as it will be under 4.100 thickness. Blend cut and uncut surfaces
together with 360 grit wet sanapaper. This part nust be polished to an
optical finish after machining so the cut nust be as sinooth as possible.

10. Using vacuum 1ift place part in pentagon rachine fixture and even up the
edge of the pari to the size of the fixture. Vacuum part inte place on
machining fixture. Make sure that hole in part comes out in the center of the

piece to be cut off. Close air tcygle clamps. Start saw and set feed at

25 inches per minute.

11. While cutting off first piece the saw may have a tendency to slow down or

stop. If this happens, immediately press the return button, let the saw

return and start the cut over. After cutting off the first piece, open 1

B-13
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12.
13.
14.
15.
1€.

16.

19,

20.

21.

up the air tovgle clanps and press the lever all the way to the left.  This
will 1ift the rotating part of the fixture slichtly so that the indax pin can
be pulled and the part rotated to the next position. Continue this procedure
until all five cuts have been rade. Attach polar hole machining fixture to
rotary table and place table on the millina machine. Two pentagons only.
Place pentagon into machining fixture and bolt into place. Using a 7/8" dia.
x 5" long end mill, cut a hole thru the part per the dimensions on NEMD Model
2000 "rawing =2003
Inspect for blueprint dimensions.
Anneal at 175°F for 24 hours.
Clean up.
Take to asserbly roori,
Place one (1) Polar Fentagon in center of assembly fixture and using the
large Starrett No. 65€-441 indicator attached to extension, set acainst
172" ball situated in center of ascembly pad.
Making sure indicator is laying flat against holding pad and measure distance
fror: 1/2" ball to the inside of cut out in pentagon.
When pentanon is centered, place "L“ shaned clamps to hold pentagon in place
and bolt tightly to keep pentagon from moving during assembly.
Obtain 1/8" thick x 1,4" diameter acrylic spacers and bond approximately
4" from each corner centered.
MOTE: Two (2) spacers are needed per side only. If one pentagon has these
blocks, then omit blocks to mating side.
Use PS-30 cement - for bonding spacers.
Using the vacuum hand lift, place five (5) pentagons into assembly fixture
and align with polar pentagon.
After alignment obtain large microneter with Brown and Sharpe No. 8241-941
dial indicator from inspection box. Obtain the three rods from box (1) 22"

(2) 23" and (3) 21". Assorble together and set dial indicator to read zero.

B-14
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27.

le.

29.

39.

32.
33.

il Dial indtcator will net set at zervs-2ero didl, bLuat vil] set at 600,
s turn dial indicator to read zero to 600.

Using dial indicator measure the diameter of the hemisphere and shiri where

necessary to read 66" + ,25". Measure hemisphere.

NOTE: Each pentagon rust be measured to one situated directly across from
from one to the other.

Khen herisphere is within spherical tolerance of 66" + .250", obtain Flex G

acrylic strips 3/4" thick or S310 material 0,750" wiae by 3€" longe Take

to Machining and rout a groove down the center length 1/8" wide x 1/2" deep.

Fore these strips to fit both outside and inside surfaces of set pentagons.
Using methylene cloride, boend the strips to the pentagons.

After all strips have been bonded to herwisphere, place a bead of PS-ig
resin arouha all strips to prevent leaks after hemisphere has been filled
vith $-49 casting cerent.

Jrill an "F' size hole at Jowest point of hemrisphere. Place a 1/4" 0D
daluminue tube 3" Yong inty hole and cement fnto place between pentagons.
Obtain 2000 grars of basic $-49 resin from resin mixing room-in-a new,
clean callon can: Mix 4 ¢raus uf benzoin (.2 ) and 10 grams of larurel
peroeide (.5 ). #Place 1id on container. Take resin to the NEMO room
which is a temperature controlled room @ a constant 729F.

Place gallon can on converted edne attachment sander, and set atop the

two [2) rollers, Turn switch or and let roll over nicht.

Place nisea S-49 as resin into pressure pst and attach nitrogen bottle

to fot. Attach fill tube frow pot to 1/4" OD Aluminum tube on sphere.
Apply five (5) pounds pressure.

Fill joints all around Polar Pentagon and allow resin to rise approximately
one {1) inch above the upright joints. (This allows for shrinkage).

Clamp off tube.

Allow to cure in NEMO room until hard (epproximately 24 hours). Room is

B-15
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34.
35.
36.
37.

19.

44.

+1,

43.

44.
4s.
46.
47.

48.
49.

to be bept between 7U9F and 7L9F terperature.

Remove first hemisphere frou cement fixture.

Rout joints on both outside and inside flush with pentagons.

Polish up ali seams on both inner and outer surfaces.

Place six {6) new pentagons into assembly fixture and assemble same as first
pentadon. Follow steps one (1€) throuch twenty-two {36) above.

Place heinisphere Number one (1) on top of Humber two (2) and check spherical
diaveter.

If herispheres measure within tolerance of 66" + .250", cut,fit and cement
Joint strips around eguator o7 sphere leaving a funnel at the top of each
botton pentaqon,

In obtaining and preparing $-49 resin, repeat Steps 27 and 28

To feed 5-49 resin into the eguator secticn of sphere, follow Steps 29 and 30
of Operation 5.

Allow resin to curg in NEMO roorm until hard (approximately 24 hours). Room
is to be kept between 700F and 759F tetperature.

Remove sphere from assembly fixture. Using the cell casting hoist, hcok up
Tifting plate to hoist, fold lifting plate and insert into sphere. Making
sure li1fting plate will not damage sphere, lift sphere from fixture.
Machine, sand and polish all bonded areas.

Anneal sphere in a 1759F oven for 24 hours.

Inspect all cemented joints for voids larger than 1/4" in diameter.

Final clean up.

Final [nspection.

Wrap with Protec 10V,

B-16
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SWEDLDW, INC.

‘ Reference: 45-74-121
£ Date: March 18, 1974

TEST__REPORT

CUSTOMER: Disbursing Officer, DCASR, Los Angeles
3 11099 So. La Cienega Boulevard
4 Los Angeles, California 90045

PURCHASE ORDER 10.: N00123-73-C-1671

MATERIAL TESTED: Remnants from each sheet used in fabrication
of REMO Model 2000 Hull

Test specimens werc cut to rough dimensions using a bandsaw and .o finail
dimensions {with the exception of tensile specimens) by means of a
vertical mill, with a six-flute, carbide-tipped shell end-mill, Tensile
specirens were routed to the configuration of a template which complies
R with dimensfons set forth in A.5.T.M. D-638 for Type [ specimens. Sharp
edges were broken to about .005 inch, Machined surfaces were sanded,
first with 280 grit paper, and finally with 600 grit Wet-or-Dry paper to
3 remove tool marks. A1l soecimens were annealed to remove any residual
} stresses introduced during machining.

ik oc e

Test specimens were conditioned, at a temperature of 73.5 + 2°F and i
1 relative humidity of 50 + 57, for a period of 40 hours prior to testing. %

Tensile, compressive and flexural values were obtzined by means of a
Tinjus-0lsen Elect-0 matic Testing Machine. Deformation under load
values were obtained on a Tinius-Olsen tester desigred for that
particular test,

Respcctfully submitted,
SWEDLOW, INC.

15222f$7;7 (e . )
C. A. Miller, Supervisor
Physical Testing Laboratory
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’ BWEDLOW, INC.

TEST REPORT

Date: March 18, 1974
Purchase Order No.: N00123-73-C-1671
FOR: NEMO Model 2000 Hul)
Sales Order No.: 3-5940
E Page 1
‘ TENSILE: Conditioned 40 hours at 73°F and 50 Percent R. M.
] ASTM _ D-638  tested at 0.05 In/Min
SHEET SPECIMEN SIZE LOAD ULTIMATE ELONGAT[ON MODULUS
NO. {INCH) (LBS) i (PSI) (PERCENT) (PS1)
: 021 1- .236 x .483 1330 11,668 7.0 447,000
3 2- .242 x .478 1365 11,800 6.0 465,000
023 1- .247 x .481 1465 12,331 6.0 467,000
3 2- .25) x .476 1360 11,382 6.0 437,000
3 024 Yo 285 x .479 1400 11,461 5.5 437,000
: 2= .254 x .482 1420 11,600 5.5 485,000
1 025 1- .253 x .48 1425 11,709 5.5 473,000
4 2- 252 x .479 1420 11,764 5.0 490,000
026 1- .251 x .483 1415 11,671 5.5 474,000
' 2- .252 x .431 1355 11,179 5.5 456,000
3 027 1- .252 x .479 1318 10,893 5.5 446,000
3 2- .253 x .477 1275 10,565 5.5 495,000
028 1- .268 x .472 1235 10,551 5.0 498,000
2- .252 x .474 1270 10,632 5.5 492,000
029 1- .253 x 4N 1200 10,070 4.0 446,000
2- .247 x .474 1185 10,121 4.0 449,000
034 1- .254 x .475 1290 10,692 5.5 475,000
2- .247 x .475 1265 10,781 5.0 478,000
035 1- .250 x .479 1250 10,440 5.0 505,000
2- .246 x .477 1120 9,545 3.0 428,000
036 - .250 x .476 1280 10,756 5.5 454,000
2- .25 x .4717 1275 10,649 5.0 465,000
037 1- .249 x .475 1250 10,570 5.5 465,000
2- .248 x .474 1235 10,504 5.5 447,000

TLATTR LA L F ke B feeg sy
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NEMO Model 2000 Hull
3-594n
Test Report, Continued

S. 0. No.
Page 2

FLEXURAL -

ASTM D-790

SHEET
NO.

021
023
024
025
026
027
028
029
034
035
036

037

Conditioned 40 Hours at 73°F and 50 Percent R, H,

4 inch span, test speed 0.11 In/Min

SPECIMEN SIZE

{INCH)
1- .500 x ,258
2- .500 x .258
1- .498 x ,258
2- .491 x .257
1- .5Q00 x .258
2- .494 x .258
1- .50 x .257
2- .502 x .258
1- ,501 x .258
2- .498 x .257
1- .493 x .256
2- .495 x .256
1- .493 x .249
2- 493 x .247
1- .494 x ,246
2- 495 x .249
1- .492 x 247
2- .493 x ,246
1- .495 x ,248
2- .494 x 247
1- 494 x ,247
2- 493 x ,248
1- .492 x .248
2- .495 x ,248

LOAD

(LBS)

95.8
95.5

101.3
82.3

1031
101.3

102.0
103.1

101.1
101.3

96.3
98.0

93.1
93.7

92.4
93.6

88.1
82.5

78.7
90.6

77.0
92.1

91.4
92.2

B-1v

ULTIMATE
_(PST)

17,261
17,207

18,326
15,238

18,577
18,474

18,508
18,503

18,180
18,492

17,883
18,1¢7
18,258
18,686

18,048
18,306

17,588
16,624

15,511
18,047

15,326
18,210

18,113
18,194

f SWEDLOW, INC.

MODULUS
(PS1)

415,000
443,000

444,000
442,000

452,000
457,000

433,000
445,000

460,000
463,000

459,000
477,000

478,000
474,000

479,000
475,000

475,000
480,000

487,000
484,000

473,000
484,000

469,000
467,000
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, SWEDLOW, INC.

lNEMO Mode! 2000 Hull
5. 0, No. 3-5940
Test Report, Continued

Page 3
DEFQRMATION UNDER LOAD

ASTM D 621 ~ Tested as received at 122°F for 24 hours under 4000 psi load
Test Specimens: 1/2 Inch Cube

MICROMETER CALC, ORIG,
SHEET DEFORMATION (INCH)  preppr READING THICKNES®  DEFORM,
No. 10_SEC. 24 HOURS  (IN)  ___(IN) {IN) (%)
021 - 0.0863 0.0889 0.0026 0.4998 0.5024 0.52
2- 0.0822 0.0848 0.0026 0.5025 0.5051 0.51
023 - 0.0857 0.0886 0.0029 0.4985 0.5014 0.58
2- 0.0813 0.0862 0.0029 0.5020 0.5049 0.57
026 1- 0,081% 0.0843 0.0024 0.5013 0.5037 0.48
2- 0,0764 0.0788 0.0022 0.5025 0.5047 0.44
028 1- 0.0755 0.0778 0.0023 0.5036 0.5089 0.45
2- 0.0763 0.0787 0.0024 0.5023 0.5047 0.48
026 - 0.0765 0.079% 0.0030 0.5014 0.5044 0.60
2- 0.0752 0.0774 0.0022 0.5007 0.5029 0.44
027 - 0.0684 0.0708 0.0024 0.5029 0.5053 0,47 3
2- 0.0676 0.0699 0.0023 0.5036 0.503% 0.48 1
028 1« 0.0738 0.0761 0.0023 0.4980 0.5003 0.48 ]
2- 0.0708 0.0735 0.0027 0.5003 0.5030 0.54
029 1- 0,0691 0.0712 0.002 0.5014 0.5035 0.42 »
2- 0.0707 0.0733 0,0026 0.4997 0.5023 0.52 3
034 1. 0.0709 0.0743 6,0034 0.4986 0.5020 0.67 ]
035 1- 0.0714 0.0745 0.0031 0.4990 0.5021 0.6 4
2- 0,07 0.0744 0.0033 0.4980 0.5013 0.65
036 1- 0.0715 0.0747 0.0032 0.4975 0.5007 0.63
2- 0.0698 0.0734 0.0036 0.4996 0.5032 0.72
037 - 0.0708 0.0740  0.0032 0.4991 0.5023 0.84
2- 0.0707 0.0740 0.0033 0.4982 C.5018 0.66
i
[ [T I E ] b
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’ BWEDLOW, INC.

NEMO Model 2000 Hull
S. 0. No. 3-5940
Test Report, Continued

é Page 4
1 SHEAR STRENGTH
] ASTM D-732  Rate of Test: 0,05 In/Min
: Punch Diameter: 0.999 In, (1,000 In, Dia, disc punched out)
MAX IMUM ,
: SHEET THICKNESS LOAD SHEAR STRENGTH
] NO. (IhEn) (LBS) {pS1)
E E——— e s, mav | o a——— — r——
1 021 1. 0.259 8,240 10,100
] 2- 0.253 8,250 10,400
: 023 1 0.255 8,190 10,200
2. 0.254 8,220 10,300
024 1. 0.254 8,190 10,300
2 0.256 8,260 10,300
025 1. 0.257 8,220 10,200
2- 0.258 8,340 10,300
028 1. 0.254 8,830 11,100
2- 0.255 8,210 10,300 ﬁ
027 1 0.250 7,800 9,930 ]
2- 0.245 7,770 10,100
028 1 0.245 8,220 10,700
2- 0.254 8,440 10,600
029 1- 0.250 8,200 10,400 !
2 0.253 8,690 10,900
034 1. 0.253 8,870 11,200 ~
2- 0.254 8,770 11,000 1
035 1- 0.252 9,130 11,500 1
2- 0.253 8,450 10,600 :
036 1. 0.255 9,100 11,400 ]
2- 0.253 8,670 10,900 ;
037 1= 0.254 4,340 10,500 '
2- 0.256 7,950 9,880
s;
:
B-21
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‘1!"’ SWEDLOW, INC.

NEMO Model 2000 Hull
S. 0. No. 3-5940
Test Report, Continued

Page 5

COMPRESSIVE PROPERTIES : Tested at Room Temperature
ASTM D-695 Rate of Test: 0.U5 In/Min

YIELD YIELD
SHEF SPECIMEN SIZE LOAD STRENGTH; HMODULUS
NO. _{INCH) (LBS) _(ps1) (PS1)_
021 1-  ©.503 x 0.502 x 1.504 4,880 19,300 570,000
2- 0.503 x 0.502 x 1.505 4,950 19,600 530,000
023 1+ 0.500 x 0.503 x 1.502 4,630 18,400 520,000
2-  0.501 x 0.503 x 1.502 4,590 18,200 500,000
024 1-  0.503 x 0.503 » 1.499 4,610 18,200 510,000
2- 0.508 x 0.503 x 1.499 4,740 18,700 500,000 ;
025 1= 0.505 x 0.505  1.502 4,660 18,300 510,000 i
2- 0.504 x 0.504 x 1.500 4,780 18,800 £10,000 ;
026 1= 0.503 x 0.503 x 1.500 4,570 18,100 510,000 ;
2-  0.503 x 0.501 x 1.500 4,650 18,500 £20,000
127 1+ 0.508 x 0.506 x 1.502 4,650 18,200 510,000
2- 0.506 x 0.504 x 1.504 4,690 18,400 520,000 ;
028 1~ 0.50) x 0.501 x 1.500 4,650 18,500 540,000 ]
2- 0.502 x 0.502 x 1.507 4.710 18,700 540,000 :
029 1= 0.502 x 0.502 x 1.506 4,810 19,100 530,000 :
2-  0.502 x 0.502 x 1.506 4,610 18,300 500,000
034 1= 0.501 x 0.502 x 1.505 4,520 18,000 510,000 ;
2- 0.501 x 0.500 x 1.505 4,600 18.400 530,000
035 1-  0.502 x 0.501 x 1.506 4,650 18,500 520,000
2. 0.503 x 0.503 x 1.506 4,480 17.700 530,000
036 1-  0.503 x 0.502 x 1.505 4,510 17,900 510,000
2- 0.501 x 0.506 x 1.506 4,49¢ 17,560 510,000
037 1= 0.501 x 0.502 x 1.505 4,640 18,400 530,000
2~ 0.503 x 0.502 x 1.503 4,510 17.900 530,000

B-22
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‘lﬂ" SWEDLOW, INC.

Date: 21 May 1974

TEST REPORT

For: NEMO Model 2000 Hul
Purchase Order No. N00123-72-C-1671

BONDED JOINT TENSILE STRENGTH
(Required : 5000 pst)

Test specimens were machined frem the joint evaluation coupon which had been bonded
and annealedin the same manner as the pressure hull. Specimens were of the dimen-
sional configuration set forth in Sketch No. 2002. The testing speed used was

0.05 inch per mirute.

Ultimate

Widtn Thickness Load Strength lode of

Specimen _{In) (In) {Lbs) {psi) Failure
] 0.744 0.529 3015 7661 Cohesive
2 0.747 0.532 3210 8074 Acrylic
3 0.750 0.485 2825 7766 Cohesive
4 0.746 0.547 3720 9116 Cohesive
5 0.750 0.540 2075 5123 Cohesive
6 0.749 0.534 3550 8876 Cohesive
7 0.747 0.531 2920 7362 Cohesive
8 0.748 0.526 3240 8235 Cohesive
9 0.742 0.519 2365 6141 Cohesive
10 0.748 0.53¢ 3320 8281 Cohesive
1 0.745 0.536 3390 8489 Cohesive
12 3.744 0.534 3440 8659 Cohesive

Average 7815

Joire :
o Froe Loy

6. A. Miller, Supervisor
Testing Laboratory
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APPENDIX C. DATA FROM HYDROSTATIC TESTS

Both the 15-inch OD X 3-inch 1) scale Model 34 and the 66-inch OD X 58-inch 1D
full scale Model 2000 Nemo Hulls were extensively instrumented with straingages (see Figs,
20 and 23 of muin text) so that their structural performance under external hydrostatic
pressure could be acceurately measured and evaluated. Highlights of that data have been
stummuarized (see Tables 4. 5 and o) and discussed in the main body of the report,

Still, other rescarchers in the Field of acrylic plastic pressure hulls may need to refer
to somu specific detail of that data not provided in the main body of the report. For this
reason the data generated during some of the more severe hydrostatic tests hias be :n selected
ror presentation here in Appendic C. For the 18-inch OD X 1 3-inch 1D scale Model 34 the
post severe as well as the most important test was pressurizing to implosion; this data
is proesented in Table 1C, The obeinch O X 8K-inch 1D tull seale Mode! 2000 Nemo Hull
has not been tested to mmplosion therefore this data is not available, Instead, the data irom
the long term pressurization cyeles to 1350 and 1800 psi are shown in Tables 2C and 3C,

Data from 15-inch OD X 13-inch ID Model 34

Data Recording

The strain aata was gencrated by subyecting the 15<inch OD X 1 3-inch 1D Model 34
to external hydrostatic pressure rising at 100 psi minute rate. During recording of strain
Jata twhich took about 2 minutes per recording) the pressure was held constant, The tem-
perature of waler used in pressurizing ol Model 34 was in the 70-757F range.,

Data Interpretation

T he most important observation that can be made of the strain data from Model 34
i that all the strains measured on the acryvhiic plistic as well as on aluminum were lincar to
welb over 1400 psi, indicating that both muterials were stifbin the elastic range when the
simulated depth passed the 3000-toot mark. At simulited depth of 3000 feet most of the
strains became markedly non-fincar, and at 5000 feet the strains became exponential,

The lincar behavior ol strains to depths in the 3000-3300 foot range substantiates
the postulate thit the Model 2000 Nemo Hull design (and its scaled down version Nemo

Model 34y is operationably sate to 3000 feet as all of the materials in the hull respond elasti-
cally in the 0=3000 foot range.

st 2
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Data from 66-lnch OD X S5-liuch 1D Model 2000 Nemo Hull

g
Duta Recording
¢
E The strain data was generited by subjecting the 66-inch OD X 58-inch 1D Moded
£ 2000 Nemo Hull to external hydrostatic pressare rising at 100 psiminute rate. During
? recording of strain Jdata (which took about 2 minutes per recording), the pressure was held
; con tant, ‘l'hc temperature of witer used in pressurizing ol the Model 2000 Nemo Hull was
4 in the 70-75F runge.
5 Once the maximum pressure was regched further pressurization was stopped and the
1 maxinuam pressure maintained tor 24 iours, Readings were taken at 6 hour inrervils, bt
3 only the last reading (taken 23 hours abter initiation of long term loading) is shown on the
: Jata printout,
Rueadings were taken also during the depressurization which took place at 100 psi

- minute rate, Upon reaching O pressare the Model 2000 Nemo Hull assemibly was allowed to

relax for 24 hours while readings were tuken every o hours conly the last relasation reading
; is shown in the data printoun),
.

Data Interpretation

T

The strains are linear to 3000 feet, The creep inacrylic plastic after 24 hours of sus- }
] tained Joading at 3000 feet was Joss than 20 percent of the short (erm strain at that depth,
ﬁ Atter reduction of pressure to O psi and 24 hour relaxation at O psi all strains returned to
ecro, Both the lincarity of strain in the 0=3000 Yoot range and return of strains to 20ro at
conclusion of the pressure eycle indicate that the Maodel 2000 Nemo Hull can be repeated iy

]

! pressurized without permanent detorimation to 3000 teet, ;
; When prossurized to JODU Feet there was some nonlinearity at depths beyond 3500 Q
3 feet, The creep in acrylic plastic atter 24 hours of sustained Joading at 3000 Feet was about ]
r 30 percent of the short term strain ot that depth, After reduction of pressure to O and 24

lours of relixation at O pressure most of the steains in acrylic and aluminum return essen-
tially to 2ero tare within 100 microinches of otiginal zerog, Ondy at some interior fovations

1 on duminum components tlocation 6, 13, T4 were the remaining stresses positive and sig-
niticantly high, No exphlination has been found for thueir tensile churacter, or fange magnitude,
The indications of nonlinearity during pressurizition in the 33001000 foot depth
range, exeessive creep during long teeny prossurization at 4000 feet, and residual strains atter
: reluxation at O depth indicate that pressurization of the Mode! 2000 Nemo Full to 4000 rect
a

subjects the assembly to excessive stresses, It is theretore postatated that the Model 2000

Nemo Hull assembly should not be proottested in excess of 3600 feet tor service at depths
: to 3300 feet,
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APPENDIX 1. DATA FROM FINITE ELEMENT STRESS ANALYSIS
OF 66:INCH OD X SK-INCH 1D MODEL 2000 NEMO HULL ASSEMBLY

Although the resules of the Tinite vlement steess inalysis Tor doeineh OD X 8K-ineh
T Muonded 2000 Nemo Hudl under 200 psi hivdrostativ Joiding have been summarized in the
tend ol the report (Fignres 4 1o 8t swas considered desizable 1o publish this data for the
benelit ol other plastiv hull investigators, The duta detadls the predicted stress and strains
for hoth the top hateh cFigures T and bottam pencteation plate (Figare 200 To vorrelute
Che stresses i strains shosen on Figares 1D amd 21 with physicat locations on the Model
2000 Nemo Hull one has only to focate the corresponding node numbers on finite elememt
meshes for tap hateh cFigere $) wnd bottom penetration plite (Figure 0),

Sinee the finite element stress sty sis was bised on the assuniption thut the stresse
strain reltionship of acrylie plistic is linear under short term loading in the 0=10.000 psi
stress Fingte, the cileudated vadues for 900 pal bydrostatic loading (Figare 1D and 200 can
B extrpobited with resontable vonfidence to 1380 psi hivdrostatic loading representing
the 3000 Toot operational depth of the Model 2000 Nemo Hull, For hydrostatic loadings
ineseess of 1800 pai the extrapolation ol vadues caleulited For Y00 psi is not recommendad
as LI stressastriin relationship foraeryhie plastic becomes nonslineir at the stress vilues
vivotnterad in this foading rang,
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