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The tests have shown that an acrylic sphere will fracture in the 0- to 50-ft depth range under
dynamic peak overpressures that are smaller in magnitude than static pressures required for
general implosion of the sphere. At the depth that is equal to 0.2 of static implosion pressure,
the magnitude of dynamic peak overpressures must be in excess of the static implosion pressure
before fracture of the acrylic sphere is initiated.
1} » Fractures were generally initiated on the internal surface of the sphere at two locations: (a)

at a point closest to the explosive and (b) at a point farthest from the explosive. The fractures
were generally in the shape of a star.
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SUMMARY

PROBLEM

Manned submersibles with spherical acrylic plastic hulls have been known since the
NEMO hull was designed in 1961 to provide greater panoramic vision at lower cost and
weight-to-displacement ratio than stecl hulls (of the same shape, size. and depth capability)
equipped with many small viewports. Several submersibles with NEMO-type hulls have been
built since that time by the U, S, Navy. After more than S years of service, the acrylic hulls
have been found to be virtually maintenance free and have shown no sign ol weathering.
There is. however one arca of uncertainty that currently restricts the choice of missions for
submersibles with acrylic hulls; it is not known how resistant the spherical acrylic hull is to
hydrodynamic timpulse loadings generated by explosive-actuated tools like cable cutters, stud
guns, explosive anchors, corers, and others. It the resistance of NEMO-type hulls to under-
water explosions were known acryvlic submensibles could be utilized in missions for which
explosive tools are mandatory for mecting the mission objective.

RESULTS

An eaploratory test progran has shown that spherical hulls ot acrvhic plastic can
withstand Jdyoamic impubes of considerable magnitude betore fracture of the hull is iitisted.
Increasing the depth of operations was found to increase sigmticanthy the resistance o the
acrylic hull o fracture inttiation by dymamic impuolses. The NFMO Mod 2000 hull. with a
ot-in. outside diameter and d-n. shedl thivkness, has been found te withatand explosion-

-

penerated peak dy namic overpressure of 4,927 pa wathout mtiation ot fracture.,
RECOMMENDATION

Manned submersibles with NEMO-type sphencal hulis of acny e plastic may be safely
utihized in search, rescue, salvage, and work missions where explose-actuated work tools
are rottinely utibized for achicvement ef mission objectives, provided that the .0ak dynamic
overpressure impingimg on te acevhic ball s less than 23 perceat of static uuplosion pressure
of the hull.
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INTRODUCTION

Underwater visibility is extremely important to crews of submensibles engaged in
seirch, salvage. or work missions. Panoramic visibility can be provided in many ways, but
large spherical acrylic plastic windows are considered to provide the most cost effective and
reliable way of meeting this operational requirement (Ref, 1), An even better way is 1o Use
a transparent acryvlic plastic hull of spherical shape (Ret. 2). Not only does it provide un-
limited visibility in all directions. but it also generates a significant amount of buovancy.
Furthermore, such a hull is non-magnetic. provides unsurpassed thermal and sound insula-
tion, and is virtualy maintenance free. Because ol its transparency. it can be inspected tor
incipient cracks visually by its crew at any time. This feature alone makes acrylic pressure
hulls inherently safer than those tabricated from opague materials that require expensive and
time-consuming inspection procedures tor detection of cracks.

The performance of spherical acrylic pressure hudls under short-term, long-term., and
cyvelic pressure loadings has been experimentally established over the years by U S0 Navy
tRers 34120 s0 that submersibles with spherical aerylic plastic hulls can be economically
built and operated in the 0- to 3300-1t depth range. Several submenibles with aen e plastic
hulls bave been abready butlt amld are operiting in that depth range (Reis 13014, 130 Their
performance record s exvellent, and acry lic phistic hulis that have been exposed to sun, s
water, and heat Tor 6 years still show no signs ol deterioration.

In muny undersea missions, the submentble ray be exposed to oy Jostons generated
intentionatly by, tor example the tiring of a stud gun or cable cutter during gt pical under-
witter work sequence. Duning some missions, the submerable may be subjected o severe
explosions unintentionally | c.g.. dunng recoveny or peutralizanon ol anderwater opdnancye
LRt 1) The eftect of underwater explosions on sabmersible hulls made of steel s karly
well understowmd and the resistance to dy namic overpresures van be readily caleulated, This
s not the vise with acn lie plastic pressure hulls or large splicncal sector windows,

This report summarizes findings from the Hint exploraton study conducted by the
LS. Navy on the effect of underwater explosions on acryhe plastic spheneal bulls of
NEMO-type design and construction,

DESCRIPTION OF STUDY

The objectine of the study was to provide vperaton of exasting aen e plastic sibiner-
sables A(NEMO. Makakai, Johnson-Sea-Link [ and Johnwon-Sea-Luk 1 with operational gunde-
hines Jor mssons an wingit the submerable may be exposed to anderwater explosiens

The approach selected for mecting the abjectine of the study was expenmental in
nature. 10 was felt that the expenmental approach was, ain this case. more direct, more reha-
ble. and less expensive than an analy tical approach. wlisch would, subsequently . have (o be
experunentally vahidated hefore 2 could be used with conlidence y opetatos of
subersables.
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: The scope of the study was limited to spherical hulls of NEMO destgn and construe-

' tion with 1000 and 3000 1t maximum operational depths. Only two sizes of hulls were to be
tested:  the 66-in.-0D tullsize and the 15-in.-0D scalessize spheres. The NEMO-type design
uses a sphere with two penetrations located at opposite poles of the sphere: cach penetration
is closed with a metallic closure cquipped with a conical seating surtace. In NEMO-type con-
struction, the sphere is assembled from 12 spherical-sector pentagons bonded together with
selt-polymerizing acryvlic cement.

EXPERIMENTAL DESIGN

© etrme e e s M e ot e e e

TEST SPECIMENS

Two NEMO capsules. one 66-in.-0D tullsize and sin 135-in-0D scale-size, senved as
test specimens (Figs. Land 2). Both NEMO Mod 600 with 1600-t operational depth and
NEMO Mod 2000 wath 3000-t1 operational depth were utilized (Table 1 and Appendin A
Both the fullsize and scalesize NEMO capsules have been exposed previoush to oy clic
fatigue testing and thus can be considered to be equivalent to submensibles with several yean
ol fickd service (Ref T

Al specimens were tabricated from Plevighs Gowhose physical propertios et the
UL SONmy and ASME requirements. The spherical hubls were asembled th eveny vine rom
thermolormed spherical pentagons that were bonded together with aither PS-18 or PS-30
sell-polymening adhesive. The scalesize hulls had polar nserts machimed either trom stam-
lese steed or titaninny (Figs. 3=-01, while the fullssize hull ubilized alumum. both for top
b -tch amd bottom penctration plate tFig. 7).

TEST ARRANGEMENT
Scale- Size NEMO Capailes

The testing of scalessize models took place i a 304a 0D prossure vessel, 20 8 long,
located at the Southwest Rescarch Institete, The test spevimen was placed i a tost ng that
frekd ot apprasamately 1200 below the end desare and 120 1m0 sbove the bottom chesre
thi 81 To prevent pomt contact between the test specimen and the steel test ng, the speae
men was wrapped 1 a wire net that, m tum, was Lastened (o the thee longitudimal members
o the tesf ng.

The explosive was suspended above the test speamien by mcans ©f two hogizon il
wires sfrctched between the longiiudmal members of the test g, Bwas conterad directly
above the conter of the test speamen, with the standotf bong detinad as the dinancg e-tween
the conter of exploasive and the orter surfrce of the test specunien Lacang the Jarpe tag 9y

The instramentation consisted soleh of two tounmaline picrociectng transducers b
e asurement of dyname overpresaares. The fransducens were posbioned sdiaoent ta the
madel and were “he same divvance trom the evplosve dhamge aswas the ouler suttase of the
madel. Transducer tesponse was tragramitied theough ditferential amplaticrs and display od
an 3 deal-beam osalloscope. where it was photographed. 1t was conadored advantageous to
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use two transducer syst . ms so that the validity of pulse characteristics could be ascertained
by noting the similarity in response ol the two independent monitoring systems.

The output ol the piczoclectric transducers was displayed on an oscilloscope and re-
corded photographically by a Polaroid camera. The oscilloscope was triggered by a small
breakwire wrapped around the charge. The breaking of the wire by the explosion generated
a pulse witich energized the oscilloscope for a single sweep. In initial tests, a time-delay
pulse generator was not available, so the sweep speed ol the oscilloscope had (o be such that
transducer response to shock overpressure was appropriately displayed during the single
sweep. In later tests. by using a delayed trigger pulse. it was possible to eliminate the initial
straight-line portion of the display and obtain greater detail of shock-pulse characteristics.

Full-Size NEMO Capsules

Testing of she fullsize NEMO Mod 2000 capsule took plice in a 1 2-t-diameter. 100-
fi-deep. water-filled well located on the premises of Southwest Rescarch Institute ¢Fig. 1O
The test specimen was securely wrapped with Nylon webbing and suspended within asteel
cage by means of steel cables tFig. 1D The cage ibselt was KeptUsuspended at 530 1t depth by
mcans of 4 cable attached to a large mobile crane.

For the first three shots, the explosive (Fig. 12y was held above the test specimen.
For the subsequent two tests it was placed below the test specimen. Changing the location
of the explosive wis made necessary by the generation of large downward toree upon the
crane by presure waves radiating Trom explosive held abose the spevimien. When the eyvplo-
sive wins plaved below the specimen, the pressure wave would tend to decrease the foad on
the crane, rather thin mcnease it

Instrumentation consisted of two electriv resistance strain gages and (wo presurss
seimsiive trapsducers. The strain gages were mounted on the intersor of the hull nadway be-
tween the polar inerts and directhy below the eaplosve.

« The pressure transducers, POB Model 1E3A 23 acvelerabioncompensgted ultra-ngid
quarty clement pressure probes wath hnltan amphficrs, were postioned the same distange
from the explosne change as the apey o the test speamen g, 13} Pressure gage outpuis
were displayed on a Tektronix Model 434 sphit-beam oscilloscope. and stram gage ouiputs
wete displayved on 2 Tektromx Model 302 dual-beam oscillowcops. Both svopes were set to
tngger i a single sweep mode, with ihe frace bang recnnded on Polaraad Gilm. A small-
diameter breakwire, wrapped around the charge, broke when the charge detonated, thereby
vreating a valtage change and thggering the osailloscopes: the scope sweeps were delayed by
a Lirpae shightly less than the tune requitred for an acoustt pulse wn water ta tiavel the distance
between the charge and the apex of the nodel.

TEST PROCEDURE
Scale-Size NEMO Capsules

Fach of the scalesaze NEMO capsules were tested indnaduaily - Sinee the odbyective
of the testimg program for scaic-size capsties was 1o determune tiw cffect of the depth and

capsule shell thickness an the reastanee of capsales to damuage caused by dynanmic overpres:
sure, some of the test parametens, ke szes of eaplosive charges and standof! distances. were




kept constant. The sizes of charges chosen were 1.1, 8.2 and 14,6 grams. Standol! distances
were sel at 48, 36, 24 and 12 in,

The procedure (Tables 2 uad 3) followed during testing of any given test ~“pecimen
was to start with the smallest charge (1.1 grams) placed at the longest standof? distance (48
in.). I no damage to the test specimen was observed. an identical charge would be placed at
the next shorter standof? distance (36 in.). The standolT distances chosen tor cach shot were
progressively shorter until the shortest standofl (12 in.) was reached.

If the smallest charge did not initiate failure of the test specimen at the shortest
standoft distance, the next larger charge (8.2 grims) would be placed at the longest standott.
The larger charges would be set ol following the test procedure already described for the
smallest charge. It the Farger charge did not initiate cracks at the shortest standot?, the series
ol tests would be repeated again, utilizing, however, the targest charge (14.6 grams).

The 15-in.-0D by 1d-in-1D scale-size NEMO tesi spocitaens were tested at simulated
depths of 10, 100, or 1000 1. The 10-11 depth represented the typical surface cruising depth
of a submersible. while 1000 1t represented maximum operational depth of NEMO capsules
with t/R = 0.067 ratio.

The 15-in.-0D by 13-in-1D scale-size NEMO test specimens were tested at depths of
10, 100, or 2000 f1. Here again. 10 £t represented the typical surtace cruising depth, while
1000 and 2000 1t represented depths ol typical deep submergence operational missions.

Full-Size NEMO Capsules

The test procedure for fullsize capsules ETable 43 ditfered from the test procediire
wsed Tor scalessize capsules. While for scalessige capsitles both the size of the charge and the
standol! distance were experimental vartables, tor the fullsize capsitle only the charge size
was virted, while the standef? was held constant at 32.8 in. This standoff distance s deters
mined by multiply ing the shortest stendoff distance of 12 in. by 66 15, the ratio representing
the relationship between the size of the fulbaize NEMO and that off the scalesize NEMO,

The charge weights used against the Tullsize NEMO capsule were 11, 8.6, 1405,
1699, 387 8, ami 68K.6 grams. The first thiee charges were of the same weight as those used
in the explosive testing ot scale-size NEMO capsules. They were used primanly to cahibrate
pressure transdovers amd siram gage readout cquiptsent. The last tiree changes were scaled-
up versions of charges previeasly used against scale-model NEMOs. Thus, the 169 Sgram
charge s the scaled-up version of the T gram charge. the 387 S-gram chatge is the scated-up
version of 4.6-gram charge, and the 688 6-gram chaige s the saaled-up version of 823 21am
charge. The scaled-up charges were supposed to generate the same peak uverpressures on the
full-scale NEMO from a 0.8R | standoff as were generated previously on the salesize NEV
vapsuies froim a O0.8r ) standotf by 1.1-. 4.6 and 8 Z-gram charges*

R, caterngd wadias of the §ul wie NEMO
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TEST OBSERVATIONS
Scale-Size NEMO Capsules

The testing ot the scale-size NEMO capsules was very destructive to the 30-in. pres-
sure vessel in which the testing was conducted. Scals in the vessel end closures as well as
hydraulic piping were repeatedly damaged. Because of it seals and hydraulic fittings had to
be replaced every second or third shot.

Pressure transducers were also damaged repeatedly. After several days of testing, the
project ran out of transducers, and further shots were conducted without any instrumenta-
tion. Thus. tor some of the shots during which the capsules tailed, both the peak overpres-
sure and the impulse intensity had to be calculated. There is, however, a very high confidence
i the calculated values, sinee it was found that during the shots in which instrumentation
tunctioned. the correlition between calculated and experimental values was quite good
(Figs. 14,15, 16.and 1 7).

Fatlure of modelsize NEMO capsules was manitested by tormation of either tensile-
or Hexure-ly pe cricks. As g rule, the flesure cracks were present on the interior surface of
tiw cquator directly Taving the charge, on the opposite side, or on hoth sides, while the ten-
sile cracks extended ruadially from the edges of penctrations, I the underwater explosion
was severy, there would be several long flexure-type cracks Jomed {cocther ina form of a
star, very suailar i appearance to the pattern o vracks obsenved i spherncal sector windows
under pomt mmpact loading tRef. 16k Severe explosions would abw conerate tensile meridio-
wal cracks at the penctrations,

Light damage was obsenved on testspecimens Jand 26 thes 18 and 19). [n both
Gves, there were anly one or two simall evare cracks at the ¢qquator, no leakage of water
took plave and the capsule wis conmdered te have withatood the explosion without endan-
genng s potennal vargo, These capmules could have completad ther mission successfully.

Medum severe damage was noted on testspecimens Moamd 24 (Figs. 20 and 21). In
both caves, there were several short flevurne cracks prosent at the cquator and at least one
long tensile crack at the penctestion. Only . fow drops of water leaked into the interiors of
the capsules, but ot mn safficient quantity 1o endanger ibe potental cargo. Still, the mis-
sions of the capsules would have 1o be epmmated anmediately to avoud endangenng the
CTeW.

Very wrgie damage was obiserved on test speaimens Koand 23 Figs. 22 and 23). In
bath cases, o darge star<haped Nevare crack at the equator and savera) ensile Gacks radiating
from penetrations were prodduced. Because of the many cracks, water feak- - into the inten-

ars of these two capsiles. Theye woukd have been severe jeopandy {or any cargo. 1t is very
prabable that capsules 1 such condition could not return from therr missions sinee they
would il with water prior to seaching the motiic, shap.

Full-Size NEMO Capsule
The full-wize NEMO capsule withatood all the explosons without inittation of cracks

m the acnhie plastic However, duning the last three dhota, the capaizle was torn loose {fom
118 fantenings. On the last <hot. the capsute broke frec of i1« 02540 «deel cable nelting and
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rose rapidly 1o the surface ot the well shalt, where it struck a protruding steel beam. The
point impact broke off a large chip from the capsule surlace. thus terminating any turther
tests on this capsule (Fig. 24).

Dynamic strains measured on the interior of the capsule facing the 387.8¢ram charge
indicated considerable tension immediately followed by compression of approximately the
same magnitude (Fig. 25). Still, the strains were not of such magnitude as to suggest tailure
during the following 688.6-gm shot,

Dynamic pressure readings were obtiained only with the initial two small cherges
(Figs. 26 and 27). No experimental pressure readings were obtamed with the following four
larger charges because the breaking loose of the capsule destroyed. tn every case. the pressure
pickups and associated wiring. However. such 2 good correlation was abtained between the
experimental and caleulated peak overp.ossure vatues during the initial shots that peak over-
pressures for the last three shots couid be caleulated with contidence.

DISCUSSION OF TEST RESULTS

Although the data generated during the testing program are tar from complete,
several definite relationships between the force of explosion and capsule’s resistance to fail-
ure can be formulated.

EFFECT OF SHELL THICKNESS

It appeans that the resistanve to fracture of acrylic plastic spheres subjected to under-
water explosions is directly selated to shell thickness, provided that the method of construc-
tion and ovtside radius remain the same. This postubate is bised on the observation tiat to
initiate cracking i ldan-thick scalessize NEMO capsules sequired a unit impulse and peak
dynamic overpressure Twiee as large as thos: required to prosduce similar results i 0.3-in-
thick capsules. Both tests were vonducted at the same depth. For example. test specimen
No. 26 with a 0.54n -thick wall Failed at 1000 ftunder 0.1 psicsec unit unpulse and 2816 pss
peak dynamic everpressure. while test spevimen No. K with 1.0 mthick wall required 0.2%6
pst=sec unit impuise and 6176 psi peak dynamie overpressure B intiate cracking at the samg
depth. A sinular relationslup can be seen, although bess cleatty, between spevumen No, 28
and No. M,

EFFECT OF DEPTH

The data show quite clearly that the resstance to fracture of aon bic plastic sphicnes
subyected to underwater explossons increasws apmificanthy, with depth. This conchison s
based on the observation that it requared 2 3 to 8 tmes lagger peak overpressare and umit im-
puise to fracture an wentical test speontien at 1000 11 depth than st di? a3 10 £ For enam:
ple. test specimen No. M farked at 10 11 depth undes 0045 parace umt anpulee. and 1434 oo
peak dynamic overpressure. while test specunen No. K at TG0 £t depth requared 0206 pa-
ol impulse and 6176 pss peak dy nanuie overprosacre to gene.ate a fractuee. Silae re-
lationship can be «woen between speamen No. 28 and Na. 26
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EFFECT OF SCALING

There are insutficient experimental data to establish the validity of using scale-size
models for determining the resistance of full-size NEMO capsules to unde rwater explosions.
The few data points generated during the study seem to indicate, however, that extrapolating
data from scale-size models is on the conservative side and. thus, acceptable. This conclusion
is based on the observation that the full-size NEMO capsule did not crack when subjected to
peak dynamic overpressure of 4927 psi generated by a 688.56-gm charge with 0.8RO stand-
off, while the same peak dynamic overpressure generated by a scaled-down charge of 8.2 gm
with 0.8 r; standoff would. without a doubt, have cracked the 15-in.-OD by 13-in.-1D scale-
size NEMO capsule.

EFFECT OF MOUNTING

During the testing of modcl-size capsules, there was no problem with retaining the
capsules inside the test jig to which they were mounted. The mounting, which consisted of
chicken wire mesh wrapped around the capsule and tastened securely with wires to the jig
frame, was substantial and capable of withstanding the thrust exerted upon the capsule by
dynamic pressure. This was not the case with the full-size NEMO capsule. Although the
nylon netting was substantial, and the net was fastened to the frame with 0.25-in. steel
cables, the thrust exerted by dynamic pressure upon the 66-in.-diameter capsule was much
higher than what the cables could withstand  As a result, the capsule was torn loose from its
mounting during the firing of shots No. 4, 5, and 6. (Table 4)

The beneficial eftect of depth on the resistance of pressure hulls to dynamic over-
pressure has been previously observed in other brittle materials besides acrylic plastic, mate-
rials whose tensile strength is significantly less than their compressive strength, o.g., glass,
ceramics, and concrete, The beneficial effect of depth derives its action from the compres-
sive membrane prestressing imposed on the hull by the static external pressure loading. The
compressive prestress must be overcome by the tensile flexure stress generated by the under-
water ~xplosion before the brittle material can fail in tension on the interior surface of the
hull.

Needless to say, imposing compressive prestress on the hull by static external pressure
has its limits for all brittle materials. The limit for the beneficial depth eftect is reached when
the material in the pressure hull begins to fail during dynamic pressure loading in compression
rather than in tension. This happens when the st of the dvnamic compressive stress (equal
in magnitude to, and following immediately after, the tensite tlexure stress phase) and statie
compressive stress exceeds either the yield or ultimate compressive strength (depending on
which one is the smaller value) of the brittle material.

For acrylic plastic hulls designed to tail by general plastic instability, the maximum
allowable depth for static precompression purposes is approximately 25 to 30 pereent ol
their short-term critical pressure (based on compressive strains generated in the hull atter 8
hours of sustained loading at maximum operationat depth). Since the maximum operational
depth of acrylic hulls is, as a rule. setat 25 to 30 percent of their short-term critical pressure,
the beneficial depth effect is active through the whole depth range ol operations tor acrylic
submersibles.
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The breaking loose of the full-size NEMO trom its mounting as a result of nnder-
water explosion points up to a very serious practical problem for a submersible containing a
NEMO capsule. It appears that unless the NEMO capsule is restrained in some very ingenious .
manner, the primary damage to the acrylic capsule will be caused either by impact against
the framework of the submersible after the capsule has broken loose from a weak mounting,
or by excessive dynamic stresses generated by very strong. but rigid mounting. Since the
NEMO capsules are generally attached to the submersible framework by their metallic end
closures, it is highly probable that when subjected to a severe underwater explosion, the
capsule will crack around the penetrations because of unacceptably high bearing stresses.
For this reasou, it is desirable that the capsule also be supported at other locations by large
elastomeric pads that would tend to distribute and absorb some of the capsule’s thrust
caused by impulse loading.

FINDINGS

! s e plastic spherical pressure hulls will fracture when exposzd to undeiwater
explosions whose peak dynamic overpressure may be less than the static critical pressure of
the hull.

2. Underwater explosions generate cracks primarily on the interior surtace of the
sphere at locations directly facing and opposite the charge.

3. Cracks on the interior surface of the sphere indicate localized external dynamic
pressure lozding, very similar to a mechanical point-impact loading (Ref. 16).

4. Dynamic strains measured on the interior shell surface tucing the charge alternate
rapidly from tension to compression.

5. Increasing the thickness of the acrylic plastic sphere also increases its resistance
to underwater explosions: doubling the thickness appears to double the unit impulse and
peak dynamic overpressure required for crack initiation.

6. Increasing the depth of operation also increases the resistance of the acrylic
plastic sphere to underwater explosions: increasing the depth by 1000 feet appears to at
least triple the univ impulse and peak dynsmic overpressure required tor crack initiation.

7. Mountings for acrylic plastic spheres tend to fuil sooner than the spheres them-
selves when subjected to underwater explosions,

CONCLUSIONS
Submersibles with NEMO-type acrylic plastic sphencal hulls can suceessfully with-

stand undenwater explosions of considerable magnitude. Increasing the depth of operation
significantly increases the resistance of spherical acrylic plastic hull to underwater explosions.

10
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RECOMMENDATIONS

Operational

Submersibles with spherical acrylic plastic pressure hulls should not be exposed to
underwater explosions of such magnitude that cracks will be initiated in the hull, or the
whole hull torn away from its mounting in the submersible stzucture. This means that (a)
the explosive charges in cable cutters or stud drivers carried routinely by an acrylic plastic
submersible should not exceed a certain size if the tools are to be activated in the immediate
vicinity of the submersible, and (b) the submersible should not be involved in search missions
for unexploded underwater ordnance whose warhead exceeds a critical size for given under-
water visibility (i.e.. good visibility allows discovery of an unexpleded item of ordnance with-
out getting close toat, while poor visibility requires the submersible to be almost in physical
contact with the item of ordaance before it is recognized as such).

The maximun sizes of permissible explosive charges for work ools or devices curried
routinely by a work submersible have been calculiated (Ref. 19) on the basis of the largest
charge used in the testing program against full-size NEMO Mod 2000 at 50 ft depth that did
10 damage to the hull or its mounting (Shot No. 3 of Table 4). Charges equul to, or less than
those shown in Fig. 28 can be used repeatedly in performance of work missions in the 10- to
3000-1t depth range by & submersible equipped with NEMO Mod 2000 (Ref. 11) or 2000B
hull (Ref. 12) (1/Ry 2 0.1 21).

The minimun safe standolt distance for missions involving search and/or disposal of
underwater ordnance have been caleulated (Ret. 19) on the basis of the Lirgest charge used
in ‘he testing program against full-size NEMO Mod 2000 at 50 {1 depth that did no damage
to the hull but considerable damage to the capsule mounting (Shot No. 6 of Table 4).
Standoft distances equal to or larger than those shown in Fig. 29 must be maintained be-
tween the submersible with NEMO Mod 2000 or 20008 hull and the unexploded underwa-
ter ordnance in the 50- to 3000-ft depth range it fractare of the acryhe hull due to explo-
sion is to be avoided. The standoft distances shown in Fig. 29 are very conservative jor
denths in excess ol 1000 ft.

It is understood, however, that unless a mounting ix provided that is capable of re-
straining the NEMO Mod 2000 holl against a thrust of at least 100 1b, the hull may be tom

loose from its mounting w hien subjected to the explosions and standoil distances shown in
Fig. 29.

Design

Typical mountings for work submersibles with NEMO Mod 2000 or 20008 acrylic
hulls are generally configured (Fig. 30) to withstand Jorces generated only by vertical buoy-
ancy or dead weight and horizantal hydrody namic drag of the sphere. The magnitudes ol
these Torees are low, approximately 3000 ib vertical static 1oree and 1000 Ib honizontal drag.
Since, however, the submersible is also subjected to dynamiv forees dunng docking and -
trieval, a well-designed mountieg will, as @ manimuy, resaain an ac dic hail aganst 100,000
Ib of downward thrust. 100,000 Ib hovizontal thrust, and 16,000 b vertical pall (for some
types of mountings the vertical pull is alse about 106,000 1.

1
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Unfortunately, even well-designed mountings for typical work missions do not pro-
vide adequate restraint against severe underwater explosions at the standoffs plotted in Fig.
29. To withstand the thrust of severe explosions, the mountings must be designed with this
specific objective in mind. Unfortunately, proven mounting designs do not exist at the
present time for submersibles with acrylic spheres routinely engaged in missions in which
severe underwater explosions may be encountered. A conceptual design for such service has
been prepared, however, and is shown in Fig. 31,

Although Figs. 28 and 29 have been developed specifically for NEMO Mod 2000 and
2000B acrylic plastic hulls, they are also applicable to other acrylic spheres with t/Ry 2
0.12. There is sufficient structural similarity between spheres and spherical sectors with
included angle & > 120° to make Figs. 28 and 29 applicable also to spherical acrylic plastic
sector bow wind. ws in submersibles. Some experimental data exist which confirm this
bel™*.
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TABLE 2. RESISTANCE OF 15-in.-0.D. BY 14-in.-1.D. NEMO SCALE
MODELS TO DYNAMIC PRESSURE IMPULSES

'

Size Model 25 Model 24 Model 26
of 10 ft Depth 100 ft Depth 1000 ft Depth
Charge, grams Standoft. in.
1.1 48 48 48
36 36 36
24 24 4
12 12 12
8.2 48+ 48 48
1035. psi peak 36 36
overpressure
0.033 psi-sec 24 *+ 24
unit impulse
Severe cracking ot | 2250, psi peak
hull at equator OvVerpressure
facing and opposite 0.067 psi-sed
charge; also severe umt impulw
radial cracks Minor meridional
around the pene- cracks near pene-
trations trations facing and
(Fig. 23) opposite change.
tFig. 2
4.0 458
36
24
2816 psi peak overpressure
0.1 paissev unic impulse
Small crack on equator
opposite charge.
(Fig. 19)
Noter.  ®  Thestendafl i messured Mbetween the tip of the cherge end the wrfore of the VEMO madel
o Fyplovive ated is qett explosive compoted of 3% PETY end 3 INT
o Filure it indiceted M preseseec of enscks.
o Sinwk wire pemeicry ere velvulsied 1olucs

*Deniotes light demecr

**Denates modium tereve domege

f Denotes vory sovere desage

17




it

TABLE 3. RESISTANCE OF 15-in.-0.D. BY 13-in.-1.D. NEMO SCALL
MODELS TO DYNAMIC PRESSURE IMPULSES

Size of
Charge. grams

Model M
10 ft Depth

Model K
1000 ft Depth

Model d
2000 ft NDaptn

Standoft. in.

1.1 48 48 48
36 36 36
24 24 24
12 12 12
8.2 48 48 48
36 ** 36 RIS
1434 psi peak 24 24
overpressure
0.045 psi-ee
unit impulse
Cracks on equator
facing charge:
also radial oruck
aHt the penetration.
tFig. 20)
Id.6 I8 RES
3(‘ A
M 24
12 ¥ 12

6170 e peak

ORCTPTesure
{208 (LR

unit impuine

P8tar shapa d vracke

on ¢gudtor facimg
Jharge. alao rndyal
crack af pencetration,
tFg. 2

6170 pai peak imerpressure

0.20% paiesey unil

Small wroapient cravks
on equates fagvtig and
apposie Uk viange.
g 1%

Nofet

Ihe signdoty 8 geecisitved By iwooss thy fips of e 1 Sergy gead the stise o the \ B WEF waaded

Faptonaay awnd ot sgdd caploans vomiposed oF S PETN end 300 AT

.
.
®  Fodute v indiigtod b prervice of ook
.

Nhoschuery peremcion ot ogldeted velae
“denoles light demage  PPdenotin mednems wwrvee domape demetes t0n wTory dowmsge
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TABLE 4. RESISTANCE OF 66-in.-0.D. BY 57.90-in.-1.D. FULL-SIZE
NEMO MOD 2000 TO DYNAMIC PRESSURE IMPULSES

Peak Unit
Shot Size of Overpressure, | Impulse
No. | Charge, grams | Standoft, in. Dsi psi-sec Comments

1 1.10* 529 435 0.0074 No damage

2 5.02* 529 805 0.0228 No damage

3 14.50* 529 1.150 0.0436 | No damage

4 169.87* 529 2.906 0.2347 | No damage;
capsule broke loose
from test jig.

5 387.77%* 529 3967 0412 No damage,
capsule broke loose
from test jig.

6 688.56%* 529 4,927 .01 No damage.
capsule broke foose
trom test iig.

Notes: o The standoff is measured between the 1ip of the charge ond the swrfece of the NEMO cgpsnle.
& Explntive uted is cust explasive campased of 30% PETN ewd 30% TNT
o Demage s indicaied by presence of erecks
o  Skock wove (wrameiers ere coleuleted velues.
& Al tests were comducted o 50 ft depth,

*Explative located ebowe the copule.
el xplasive located below the capsule.
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APPLICATION REVISIONS
NEXT ASSY USED ON ZONE JLTR DESCRIPTION DATE APPROVED
4820’05’
/ 5.280
DiA
r / 5.280
!
I INCH
NOMINAL
15,030
14,970
SPHERICAL
DIA
\
/ \ 4,440
: }t 1 - .
/ -~ T 3.450 P'A
4020+ 05’
¢ SECTION
NOTES.
I. MATERIAL: PLEXIGLAS G, 1,0 INCH PLATE
2. ADMESIVE ;. PS-30 ‘
JINSERTS : TOP OPENING-TYPE B TIiTANIUM HATCH
WITH POLYCARBONATE GASKET
BOTTOM OPENING -TYPE A TITANIUM HWATCH
WITHOUT GASKET
i el "-,‘...'_;.,: ATt Y OEPARTHENT OF THE NAVY
RSt T2 25 WASHINGTON, D.C. 20360
e MEMO MOD 2000 ACRYLIC HWULL
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-« »| 5.150 IN. DIA MODELS 25 AND 26
-« - 4.793 IN. DIA MODEL 24

B = 40° MODEL 24 __:i-ggg ::
B =43° MODEL 25 ‘ ‘
| SPHERICAL
DIAMETER
- —»{ 5.150 IN DIA MODEL 25
: —>{ 4.793 IN. DIA MODEL 24

SECTION

NOTES:
1. MATERIAL: PLEXIGLAS G, 0.5 IN. PLATE
2. ADHESIVE: PS- 18

Figure & Typreal danenvons of 154000 by 141D swalessize NEMO-1 pe hulls,
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OSCILLOSCOPE

TRIGGER PULSE
LEADS

° ]

PULSE CIRCUIT .
TO TRIGGER _|“

OSCILLOSCOPE TIME DELAY
PULSE
GENERATOR
o
BREAKWIRE \ - ——
TO OSCILLOSCOPE
DIFFERENTIAL INPUT
EXPLOSIVE AMPLIFIER
CHARGE
PRESSURE
TRANSDUCERS
STANDOFF
DISTANCE
PRESSURE TEST
SPECIMEN
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Frgure 13 Typacal vire and diape of enplovive charge used against full-ise Nt MO Mag 2000 capake
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gage 1 1 254 psi/div
gage 2 l 519 psi/div
time <= 0.5 usec/div
Model: 25 NEMO (15" X 14™)
Charge: 8.2 grams
Standoft: 48 inches
Hydrastatic Pressure: 10 pa
Gage | Gage 2 Caiculated
Peak “hock Overpressute, py 1,020 1.035 1.035
Uit Impulie, gnsed 0.17% 0.8 0325
Outateon, psec 1.350 1,350 =
Note - Modet faled.

Faure 14, Peak peevaute meantted 31 the waleawre capuake Na. 28 duting the evplouan that fractuted the capask
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gage 1

2,090 psi/div
gage 2 2,040 psi/div
time 50 psec/div emm—
Model: NEMO 26 (15 X 14"}
Charge: 14.6 grams
Standott: 24" (gage 1). 26" (gage 2). 24" (model)
Hydrostatic Pressure: 450 pu
Calcutated
Gage | Gage 2 Gage i Gage 2
Peak Shock Overpreswute, pu 2520 2.25%0 23510 25380
Unit tmpuba, piased REH 0652 1014 094

Dutatwon, prec a0 15

Note  Model (aed Lotz 2 was farthe: from model and ¢harge than gage | and govas 3 lowdt
than antx i g vilue

tyure 15 Poakl proswise measiie ¢ wadsure s2pmude Ve J6 dutsy the evjdogon that fractaned the wagaie

M




S KRR U S

B G T e e

gage 1 1 2,090 psisdiv

gage 2 1 2,040 ps/dw

time 50 psec/div

Model: NEMO J (15" X 13}
Charge: 14.6 grams
Standott: 13" (gage 1), 12™ (gege 2). 12" {mogel)

Hydroastatic Peensyre: 1,000 pa

C aictated
Gage | Guge 2 Gage | Gage ?
Pask Shock Dvtptevauee, pu 9660 4,430 5.660 6.200
Uit impuie, paese izie 1ios P 218

Oueatson, gux 5Q 47y

Note Motel faded Gage 2 qeven lower That antspated vatue

Feeure B, Poak porvate measared at the woabeare capals Mo 1 duting the ejloasn fhat St tored the apaale
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1 2.050 psi/dw
1 2.040 psi/dwv

gage 1
gage 2

time 50 gsec/dw =i~

Model: NEMO K (15" X 137)
Charge: 14.6 grams
Standott: 12" (gage 1), 137 (gege 2. 127 (mooel)

Hygeontatx Prevyure: 450 pu

€ siculated
Gage | Gagn 2 Gage | Gago 2
Peak Shock Ovetpranute, pw ©.230 4,030 6200 5660
Unst imguing, prous 1896 035 215 1ol

Duratron, psex - 50

Note Mode! taled Gage 2 ready lowot than andiiipated.

Fypwer 17 Poall provaure macaauned ot the o sdegre peoie N & Jwitmg thir ¢ ajdonaom that $5a fated e oaqrnis
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Firwee 11 1 oactuee 1n s gpsule Nov 26 pites beine sulvected (at 10001 depth) 1o 14.6-gram charge at 24 in. stundoft.

ook v faang the eaphang
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c

o

A

1 2

upper b
400 ustrain

lower t §

v

c

3

time 50 usec/d’™ n—e
NOTES:
a) 174 wngh strain gage was positioned in? 2rn2ity on agex of sph-re ¢losest tu pont ot

detonation

Gage output was  ecordhad gt two voltage deflectic”  cvels On SCOPE wnce strain tevel way
wWas not krown

1/8 pound of pentolite was detonrated 5J mches from outer syrtace of sphere

Mazunum steain was ity 930 microinches i teason tollowed by an equal strawn e
compression

Scope trigger was delayes 5, 10 microsezonds attet detonation

Figuse 28, Dynattiic straths meawred oa e intetior sutface of the NEMO Mad 2000 ¢ apuule dutes vy
bodow the chatpe of 3878 grams at $2.9 ia. standall.
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20 microteconds/div =t
Chatge: £31 Efectry Binting Cap
Standott: 4.4] Eoet
St Depth: 50 Feet
. Peak Maawreed Provsre:  Upper Teacg 504 Pa
' Lowet Trage 402 Py
L Kiegwred Uit impuiiy Mol Readabin
H Cateulated Poak Provssze 439 P
; Catculated Und Lanpuhe. 070734 PySeg
2 ) Commenty: No Qamage
4
=
o

Frouse M6 Bk pacsenas togaatsd et SeBiaare NE VD Mo Jskut sl
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20 microseconds/div =

Charge: 01242 tbs
Standoff: 4.41 Feet
Depth: 50 Feet

Peak Measured Pressure:  Upper Trace 975 Psi
Lower Trace 1,012 P

Measured Unit Impulse:  Not Readable

Calculated Peak Pressure: 805 Pai

Calculated Unit tmpulse: 0.0228 Psi-Se¢

Comments: Nos Damage

Figure 27, Peak pressure measured at the tutlase NEMO Maod 20008 capaale
when the §.62-pram chatge was Tired ot 829 standofy
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. DETAILA

o et - - o

2 3 4 5
STAND OFF, teet
CETAIL A

P, - 22,500 (K) 113

173
WHERE K = 0.072 =(2—)
Pc = 1150 psi

00— .

0 5 10 15 20

STAND OFF, feet

Vroute 28 Woaghin of shatpe- thot s an B v otedin cyploded widvtm aies 1 i asesnann o NE O Mo 1o
vapsule withent gm dotage to shy sl vall s Boaneunimye i W G due o3 e bt adde
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2 F STANDOFF, feet
< a0f- DETAIL A
o ¥
s
-
- P, = 22,500 (K) 113
p L]
- ; W13
: f WHERE K = 0.260 =(*-—)
- ; R
b
| - ; P = 4910 psi
F {
T r- i
i: 0}, PV S S D U WHENE SE UHEEY SR N TN Y W ¥
0 5 10 15 20
N STANDOFF, feet
? -
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a B IR Maviem woight of chargee that can e wit ul‘ru;ldct*alﬂ i the vty
L of KEMU Mod 2000 wiidesat fractuiin, e bull. Such chatges may, hawgver, teat the
f ' capule froin st mouniing W the sttecluse of e wivweralde




NEOPRENE
GASKET

BEARING PAD.TYP.
“ (3 REQUIRED)

RIGID LEGS, TYP.

_FRAME OF
£_  SUBMERSIBLE
)

|
RN

CABLE
, ANCHOR
/ PENETRATION
2o : -« PLATE

i PRETENSIONED
EXPLOS|VE e g,',,'." 4/‘::, ’:‘:’g CABLE
ACTUATEDf&fﬁﬁ ases o4 14 _ FRAME OF
CABLE -~ ‘ SUBMERSIBLE
CUTTER T

CABLE TENSIONING
SCREW

(2) SINGLE-POLE MOUNTING

Eirate 30 Tapral svcustings Bt MOMO Dy hudhe The singlepele monning provides Betiv? upwasd
veadiny and s osery antabie fe? emerperoy relcass of the dapante. whle the twan poele maonnting
P tdes a e wute atiachment 1o the ttamme (Sheet 1 ot Ny
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¢
EARING
g Aszer FRAME OF
E -~ SUBMERSIBLE

MOUNTING
PIN

MOUNTING
RING

(b) TWIN-POLE MOUNTING

Figute M. Typal mountings for NEMO ixpe hulls The unglepole muuniing phowides bettet upwatd
viutulity and 1o very antabie for emegency telcaw of the caprale, while she twainpole Tountuy
Movides 2 mare wours attachiment te the learte. (Shoet 2ol )

¥l
M

.‘l}



SHOCK .,// \\\\\\\\\\\\\\\\\\ \

ABSORBERS 4}\\.\\%//
Y 18,

10 REQUIRED —

FRAME OF
L.~ SUBMERSIBLE

SOFT ELASTOMERIC
-~ BEARING GASKET

-~ GRP BEARING PAD

COMPRESSED SPRING
-7 1000 LBS INCH TRAVEL

TO COMMON, AMBIENT
PRESSURE COMPENSATED
Oit. ACCUMULATOR

[

Vegute 3 Conantt of > moeuntimg proanding 3 woout. bat du bomitizating 212 keaest so the fonw
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MODEL J

Outside diameter: 15 in.

Inside diameter: 13 in. :
Shell thickness: 0.040 - 0.980 in.

Material: Plexiglas G

Construction: Assembly of 12 thermoformed pentagons bonded with PS-30

adhesive (Fig. 3).

Penetrations: top  5.285 in. minor diameter with 487 included angle

bottom  4.445 in. minor diameter with 407 included angle

Inserts: top  Type B (Fig. 4), 6A 14V titanium
bottom  Type A (Fig. ), 6A 14V titanium

Insert gasket: top  polycarbonate gasket (Fig. 4)

bottom  none

Lite history Pressure cyeled 1000 times 1o 1000 psi in tap water at 61-74 F
ambient temperature, Ty pical pressure evele consisted of pressuriz-
ing to 1000 psi, holding at 1000 psi for 4 houn, Jdepressurizing to
O i, and relaxing tor 4 hours at O pai.
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MODEL K

Outside diameter:

Inside diameter:
Shell thickness:
Material:
Construction:
Penetrations: top
bottom
Inserts: top
bottom
Insert gasket: top
bottom
Life history:

1§ in.

13in.

0.935 - 0975 in.
Plexiglas G

Assembly of 12 thermoformed pentagons bonded with PS-30
adhesive (Fig. 3)

— 5.285 in. minor diameter with 48° included angle
— 4.445 in. minor diameter with 40° included angle

- Type B (Fig. 4) 6A14V titanium
~ Type A (Fig. 4) 6A14V titanium

— polycarbonate gasket (Fig. 4)
- none

~ Pressure cycled 1000 times to 1500 psi in tap water at 61-74°F
ambient temperature. Typical pressure cycle consisted of pressuriz-
ing to 1500 psi, holding at 1500 psi for 4 hours, depressurizing to
0 psi. and relaxing for 4 hours at 0 psi.
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_ MODEL M
g Outside diameter: 15in.
b
\; - . .
i Inside diameter: 13in.
Shell thickness: 0930 099
Material: Pleviglas G
Construction: Assenibly of 12 thermotormed pentagons bonded with PS-30
adhosive (Fig. 3)
Penctrations: top  3.235 in. minor diameter with 48 inciuded angle
bottom 4443 in.. minor diameter with 407 included angle
lnserts: top Uype Bebig. 4 oA 1V titinium
bottom  Type A tFig D) oA TV ttamum
bisert gushets top  polycarbonate gasket (Fig. $
bottom none
Pite hintony . Pressere cvcled TO3 0 tnres 1o 300 papm tap water at o174 F

ambient temperature. Ty pread prossure avole consasted
prosanang to SU0 pai, hoblding at 30U pa tor 4 houns, deprosuns
e o O paad retanang for 4 houns at B p
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MODEL 24

Outside diameter: 15in.

Inside diameter:. 14 in.

Shell thickness: 0.460 — 0.490 in.

Material: Plexiglas G

Construction: Assembly of 12 thermoformed pentagons bonded with PS-18

adhesive (Fig. 5).

Penetrations: top ~ 4.793 in., minor diameter with 40° included angle
bottom — 4.793 in., minor diameter with 40° included angle

Inserts: top - Type C (Fig. 6). 316 stainless steel
bottom —~ Type C (Fig. 6). 316 stainless steel

Insert gasket: top — none
bottom ~ none

Life history: ~ Pressure cycled 1056 times to 500 psi in tap water at 61-74°F
ambient temperature, Typical pressure cycle consisted of pressuriz-
ing to 500 psi. holding at 300 psi for 4 hours, depressurizing to
0 psi, and relaxing for 4 hounrs at 0 psi.

6!
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MODEL 25

Outside diameter:

Inside diameter:

Shell thickness:

Material:
Construction:
Penetrations: top

bottom
Inserts: top

bottom
Innert gasket: top

botlom
Lite history:

'}iﬂ*&n: b et i D WD s e T

15 in.

14 in.

0.460 - 0490 in.
Plexiglas G

Assembly of 12 thermoformed pentagons bonded with PS-18
adhesive (Fig. 5).

5.150 in.. minor diameter with 43° included angle
5.150 in.. minor diameter with 43° included angle

Type C (Fig. 6), 316 stainless steel
Spherical shell sector, 0.5 . thick with 437 included angle, aerylic
plastic

polycarbonate gasket. (Fig. 6)

none

Pressure cycled 1056 times to 300 pi in tap water at 61-74°F
ambient temperature. Typical pressure cycle conisted of
pressurizing to SO0 pai. holding at S00 psi tor 4 hour, depressuriz-
ing to 0 psi, and relaxing for 4 hours at 0 psi.
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MODEL 26
Outside diameter: 15in.
Inside diameter: 14 in.
Shell thickness: 0.460 - 0.500 in.
Material: Plexiglas G
Construction: Assembly of 12 thermoformed pentagons bonded with PS-18
adhesive (Fig. 5)
Penetrations: top — 5.150 in., minor diameter with 43° included angle
bottom - none
Inserts: top — Spherical shell sector. 0.5 in. thick with 43° included angle, acrylic
plastic
' bottom - none
Insert gasiket: top - none
bottom — none
Life history: ~ Was not subjected to any hydrostatic tests prior to explesive

testing.
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MODEL NEMO 2000
Outside diameter:
Inside diameter:

Shell thickness:

Material:

Construction:

Penetrations: top -
bottom -

Inserts:  top -
bottom -

Inxert gasket: top
battom

Lite lustory:

66 in.
57.900 in.
4.050 in.
Plexiglass G

Assembly of 12 thermoformied pentagons bonded with PS-30
adhesive (Fig. 7).

23.822 in.. minor diameter with 48° 30" included angle
21.727 i, minor diameter with 44° included an<le

Working hatch, 6061-T6 aluminum (Appendix A)
pene’ catior plate. 606 1-T6 aluminum (Appendix A)

polycarbonate gashet tAppendix A)

- polycarbonate gasket (Appendix A)

- Pressure eveled one time each to 430 pai, 900 psi, 1350 psic 2l

1800 psic Each pressure vy cle consisted of pressurizing to maxi-
‘mum pressure, holdmg at that pressure for 24 hours, depressurizing
to O psi, and relaxing tor 24 hours at O pu,
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