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* ]20. Continued.
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.
:2 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

Mann~ed SUbmers-ibles with sphierical acrylic plastic hullJS have been known since the
NFMO hull was designed in 1961 to provide greater panloramnic vision at lower cost and
weight-to-displacement ratio than steel hiulls (of the samec shape, size. and depth capability)

equipped with many small viewports. Several su~biersibles with NEN1O-type hutlls have been
built since that timec by the U. S. Navy. After more than 5 years, of service, thle acrylic hulls-
have been found to be virtuallv maintenance free and have shown no sign o1 weatherin~g.
There is. however onie area of uncertainty that currently restricts the choice of missions for
submersibles wvith acrylic hulls- it is not known how resistant thle spherical acrylic hutll is to
hivdr-odynamic implL1se loadinlgs generated b\ explosive-actuated tools like cable cutter's. stud
"itills, explosive anchors, corens. and others. If thel resistance ot N[MO\1-tvpe hulls to under-
water explosions were known acrylic submersibles c:ould tie utilized in missions for which
explosive tools are mandatory for iietin- the mission objective.

RESULITS

Ani c\plor;Itorv lo~t progin li as shown that spherical hulls ol acrylic plastic canl
withstand kl\ naimic impulses of considerable magnitude bcforc fracture oit lthe hull is mit i-tted.
Incvreasinlg, thle depthl of opverations% was found ito increasew~iiat the rc'istanlce of thle

acrylic hutll ito fraicturv initiation by dynamic impulses. Thie NINO( Mtod 2000 hull. xit h a
bt~-n. otsid1dimetr and 4-in, %hllci thic~kness. has been tound ito with.stand exploskonl-

generated pecak- d\ namic ovcrpre,\ure of 4,91 Ivo without iniliation of fiacture.I RECONIVIEI)A TION
Maimicdt \ubmersihlc% with NIý \0-typIe %phecrical h11lls' ol'act Ili' plastic 111;1% IV safely

utilized in search. rvscue. Nahvagc. and work missionlswitcrecspoieatae work- tools
are rotilinely uii/hed fo etw etof mission objeicta ,s pro'idcJ that thec 12:ik dymir-ii
overprcssure im~ping~ing on the act\-lic hull 1% lC%\ thla .5 percenlt oft %tatic implosion promure

of thle hull.
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INTRODUCTION

Underwater visibilitv is extremely important to crewN of submersibles engaged inl
search, salvage, or work missions. Panoramic visibility canl be provided in mi-any wvays. but

lrepherical acrlic plastic windows are considered to provide thle most cost effective and
reliable way ol meeting this operational requirement ( Ref'. I ). Ani even better way is to use
aI transparent acrylic plastic hutll of' sphierical shape (Ref. 2). Not only does it proVide Lin-
limited visibility inl all directions. but it also generate,, a significant amount of, buovanlcN.
Furthermore. such a hutll is tion-nmagnet ic. provides unsurpassed thermal and sound inisula-
tion, and is virtually maintenance free. Because of it-, transparency. it can be Inspected for
incipient cracks visually by its crew at any time. This feature alone makes acrylic pressuire
hutlls inherently -safer than those faibricated from oplaque materials that require expensive and
time-consuming inspect ion pro~cedu res for detection of cracks.

Tfhe performance of spherical acrylic pressure hul1"ls under short-term. long-ternm. and
c~yclic presý-ire loadings has been experimientalký established over the years by U. S. Navy
IRef's. 31-12 so that miubmeribles with spherical acrylic plastic hull. canl be economically
built and opera ted inl thle 0- to 3 300-It depthI range. Several muiniersi lies with acri, lie plastic
hulls have been alreadyv built and are operating inl that depthf range I Rels.. 1 3.14. I D i. lir

perormncereord ieclen, acnd elic plastic hutlls that hlave been xpse to, -u,sea-
water, and hevat for 6' ears s-till shoW noli.n) of' deterioration.

In manym und~ersea- mi1Ssin,11. thle humril a e CN.1po'ed1 t41 lo n g-nerated
illtelltiollafl) by. for exampllle thec firing of aI stud gunl or sabe ctter dutring ;I t\ pical under-
water work sequence. IDuritig smewtl miiolls. the subuiersl ibte ma\ bec subjected 1k. vcvrv
explosionls unintent ltonall> . e.g.. during r%:co\%er% or itoitrali/.I Lto of underm~atcr ordinancte
I cfý I ). The 01fet of- timderw~iter explosions. tinl submeII;rsible hull\ mlade oft steel Is talrl>
well unIde~rsktood alld th1C reitanc to (It namic: v- crresue can rvadtd> calculated. VIIIN
Iicint the, cae~ %%thil Icr\ he pilastic pressuire hutlls or l.arge- spheic.al %kector 55 indowys.

'11i1% tvi'ori summarves t indings tronil thle first exlrtorx stud> condutcwtedb- 111Cth
U. S. \.I\ on%, thcffect of undertuater xlson nacrylic platiC sphe~rical hutlsl tit

* NMAO-type deslgin and coiwtrtlction.ý

M)ISLIUPIIONO0F STUDY

11the Objecnctite fir th tud\ wl's tgb 1ro\ th kiideoprtmov of existing ac:ts It,. pla.isti %A'iliir-
stivil% r\NUM. Maikakai. , no-v.ln I Mnd John'on-Ss-a-Lnk l11 watl olviaton~il guidev.
lIiCNe *'(I missions In which thslsineubmvmilll ins> beep V to utindcru-mterepoin

1,11 appoadi selected (tit meetOing 11hC ob11ectme (it the stnd % ssjs experimentalii
natureW. It was Mel that theC CexperImtIII11;allapproach UX, in thNS ýaw. inors' dirct. tiore rehla-

V Isle111. and les xpnIve than 111n1 *.1 l> .11.eal .i'p11dI. ~Ichsol. uw enl. have to lIV
epnmenalh vislidited before I! could Ie used %%-itl %.onjl.jcncc h%~ opejijo1, ot



The scope of the study wvas limited to spherical hulls of NI.,M1 design and conIstruc-
tion with 1000 and 3000 I't m1aximum11 operational depths. Only two sizes 0 huills were to tic

A Itested: the 06-in.-Ol) full-site and thle I 5-in.-Ol) scale-site spheres. The NE-'MO-type deCSign
uses a sphere with two penetrations located at opposite poles ol the sphere: each penetration
is closed With a1 mletallic closure equlipped with a conical seating surf~ace. In NIMNO-type con-
struction, the sphere is assembled from 12 s'pherical-sector pentagons bonded together withj self-polynicriuing acrylic cement.

EXPERIMENTAL DESIGN

TEST SPECIMENS

Two NFI0M capsulles. one 06-in.-01) futll--site and -.i\ I i-inl.-Ol) scale-site, ser-\ed a"
tet petunsI ig. ad21. Both NI I Md60 it 0004t operational depth and

NlIM() Mod 2000 with 3000-ft operational depth were utilized I~able I and Appendli\ A).
Bioth tile fl-size and scale-site NU MO capsules have been exposed pieviouslh to c\ die:
Itatigue testing- and thus Can be considered to bec equi\ alvt to sumrilswith cee al-\ er

of fildsrvice I Ref. 1 1).
All peciensvi, were f~abricated from Plexoiglas G, . whose p iclproperties met thle

U. S. Nmy and ASMI, requiremmnts. The svpherical hulls were asembled tin %eer\ case I, orn
thermol'ormed spher4cal pentagOns1 that Were bonded~k togethler u ith either I'S- I -S or ''-

selt-pl\ en ingadhesi~ e. The scale-site hltlk hiad po~lar inserts mach vied either Itrom s .Iiin-
les'4 steel Or titaOillil ( hits 3-b I. While thle 1lull-size hull utillived Atillumini. both lor top
h1 * ;4: and bot tom peiielt rat ionl plate IFig. Th.

1151 ARRAN(A.'MENT

Sk*leSin' N'EIO Caxpxude

'Tile ttesll.tit' o sclestl odels took ll~ei a1 '10.-11,0I' tV sure %Cs'el, -`0 it long.
lo-C31te at thel Suthwes\%CýI t eseachC tjInstitute, 11hj test speetmlli \%.I j'laccedI al .Ic test ~111
"hl t;il0xmntI 2111 in elow thc cn~l closure a11% I -0 inl. Alown thle hot ton losur
I 1:g. 8). Ito prvoent 1olint %eonltas bcIet7I-e tile test specitImn .1d the% steeld tesI jig. tile speAO i,

mein wajs %vrtippd in a wire net that1. Ill turn. \%4% lstenedi It, tile threev I(Ititudtilill meitahersf-
*tit thle test lie,

Tile explonmi- ..as suspended ibooiv tile test speclwmneilk by man' ,t two homfiotifl
wires streched between thec lonvitudiuil meIbersI, tit thle test )IV. It ~ssatrddr 5 l
abovte centeilr (it thle test spe1CImen0. 'Mitl thle standvaticsing dleinesl a' the dtH.umo i'--Mt-Cet
th ceniter o(eiltiv and thle omneýr sut~eol tile testI %JeC11en lasinag the %.h~aqp 0.1 '31

Thei instrumentation consisted hesof two toutilatalitupc I'ieometa tatlk: tor
nal'asnirenicil of ihvnimic sepesi.Tile It rIasdus eLr' werce posit 111dCjaen o
modllKO .11nd werl: lie samell Js-inisxii trm~l the V~plosuie dlaqtc x, w%.I tile olfler matttas (it tile

moel Tanduerresponse 'sas Itr.irv-11gttd througph %hIII eivutil t.11 ler 11111nc%.1d displayed

C7n j dual-lX-3am osulocpe lva- it W.Ip.t- rphd It \%Js tvmslderesla% allant.i;g;uils to1



uise twvo tr msdlucer sys! nis so that thle validity of pulise characteristics couild be as'certained
* by noting the similarity in response of thle two independent monitoring systems.

Thle ouptpt of the piezoelectric transduicers was displayed onl anl oscilloscope and re-
corded photographically by a Polaroid camera. The oscilloscope wats triggered by a small
breakwire wrapped around thle charge. The breaking of thle wire by thle explosion generated
a puilse which energiz~ed thle oscilloscope for a single sweep. In initial tests. a time-dlelay
pulse generat(or was niot available, so ' he sweep speed of the oscilloscope had ',L be such that
transducer response to s~hock overpressure was appropriately displayed dutring the single
swveep. 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 NENIO Capsules

Testing ofhle full-size NEAIO Mod 2000 capsuile took place in at 12-1 t-diameter. 100-
fi-deep. water-filled well located onl the premises of Southwest Research Institu te Wig. l0).
The test specimen was securely wrap~ped with Nvlon webbing and slispenided within a1 steel
cage b) means of steel cables ( Fig. II ), Thle cage itself It mas kept sus-pendted at 50 Pt dlepth by
meianls of a cable attached to at large mobile crane.

For tile first three Shots, thle explosive ( Fig. I-2) was hl'd above thle test spe%1lcime.
l'or thle sutib~quent two tes-ts it was placed below thle tes!t specimenci. Changing thle location

of heexlosiv was nide necessary by thw generation of large dow~nward force uponl thle
crane by pr%7vsurv wale-. rakiating from explosive hield abo~v the sptillctic. When tile exploi-
-sive wi pkiced below thle specilllci. thle prcmiurc wa~v would tend to decrvase thle load Onl
the crane. rather than inraeit.

Instrimentation consisted of two electric res-istance %train ga-ges and two piressure-
%4 msitise transducers. 'rthe strain ~gagcs were mounmted onl the interior of thle hull rmkidw4 IV-
twceii tile po~lar insert' and dirvcthý beclow thcexpoie

TilWPC~~e pttor raimiisdce. PCB3 Model I I IAL23 a%;cderat imi -com 1ensatecd ulitra-rigid
qutarit element ptssure proles wiath built-in amplifier'. .,kcrv poiti tied thle sane distance
(mmon thle cxln chiarjge ;s thle apex o tht ie test %Jpe11cimen Fig, I I v Pressurev pate ouitputs
werv displiyed til a Tekttonix Nodt-l 454 % t-emos-cilloscopec. and stramn maie output
wUvi disphqctd tin a Tcktroni Mmodd 502 daiiiKal-haasillso ltiothl ':opesý werew wt to
trigger in a sýinglv- ne uioc. uith d1w trace being tromctiw on Polairx-tl film. A stmall-
diameter ltcrakwire. wrappied around the O.harge. broke %%licii the charge detonated. thercb-,
creating a %oltage changec and Itrm~gge tile ocilloscopes, thle scp weeps1, were delayed ti%
a timec s-lightlly lc-ss thani thle 1ime requiredl forf an1 acouti'1 puiW lit water t. tf;vcI tile dis-tancec
1vbtweeni (lhe charge and tile jjv\ of the inodcl.

TEST PROCEDURE

-' . scalcsif ~%MO capsules

Ijchi of' the Maes~ \I MO alpsules. were tested Intl ,,ilualk Sminc the Ojc~tis

0,of the testing prvogram for scale-site cpulssa% to determine tive effect of the depth and
cap.ule s1hel thickness till the rei tanc of~m1c cap .le to4alt( aue ) 113atilic O'efq~te5

sutv. iunite of the test liaran~timcm like sices tif explosv charges and sýtandoff Umtncs wr

ILS



kent constant. The sizes Ot charges chosen were 1. 1. 8.2 and 14.0 -rums. Standoff distances
were set at 48. 36, 24 and 1 2 in.

The procedure MTibles 2 ai1id 3) followed during testing of any given test -pecimen
was to start with the smallest charge ( 1. 1 graims) placed at the longest standoff' distance (48
in.). If no damage to the test specimen was observed. anl identical charge would be placed at
the next shorter standoff distance (36 in.). The standolT distances chosen for each shot were
progressively shorter Until the shortest standoff( (12 in.) was reached.

4 If the smallest charge did not initiate failure of the test specimen at thle shortest
standoff distance. the next larger charge (8.2 grams) would be placed at the longest standoff.

Th arger charges would be set off following th etpoe earady described for the

-malles-t charge. If the larger charge did not initiate cracks at the shortest standoff. the series
of tests would lie repeated again, utilizing. however, the largest charge (14.6 grains).

'ilhe I -aa1.-OD b 1w 4-in.-II) scale-size NFMNO test p caiions wvere tested at simulated
depths of 10, 100, or 1000 ft. The I10-ft depth represented the typical surface cruisinge depth
of a submersible, while 1000 ft repres nted mnaximum~ operational depth ofNN1:MO capsules
with t/R 0 M 0.067 ratio.

The I S-in.-O1) hw I-in.-ID scale-sii, NUNO test specimiens were tested at depths of
10, 100. or 2000 ft. tiere again. 10 ft represewnted the typical Nurtace cruising depth,. while
1000 and 2000. ft represented depth% of typical deep mubmergence opeiational missions.

FuUl-Siz NEMO Capsuk~s

The test procedure for folI-si/e capsules (fable 4) differied fronm the test procedure
use;d for scale-sise capsules. While for %cale-size capsules both the site of thw charge and the
standoff dfistance were exeietlvariable,,, for the full-Nitc capsule only the charge sitc
wa~s Varied, while t11e %ftandoff was, held C01nstant at 52.Ain This standloff distance wsdtr
mlined 1wt nlultipl% Ing the shlortest Standoff d&stance of 12 iii. by 66f I 5. thw ritio tepTVWentitig
the relationshipl bet:weenl thc Site of teful-ize NIMO and that o(ithe 111C -i NIAMt).

The chutpc weights used agaim.1 the flst NIA10capsuile Wmr 1. 1. 5.6. 14.i.
I wqý).. IV,%, and granl%. The first theecarges. were (if the: same weight aN those used
iin the exlois. esint of sCale-siie NI10M asls Thcý were us~ed prilnaril) to caltbrate

* pressure transdtaer% anld s"ran page re~adout eqluipmuent. The last three dicaq-1: wereC scalvd-
* ~~~up Vers-itns Ulf chre rvoal aehagaint scl-odlNM0.Iusthe flc I gai

*Charge i-. thC -Caled-o, -upsitsin of the 1. 1 'gura OlargC. 11hC 3,8'7.Sgraill Charge I% thc scalesl-ul
vvmiott of 4.6-gr-am charge, and thec (Ak.6-grain charge Is the %ka~lc'lup version of X.25-gtam
chlarg.the '171Caled-11p charges- were iupposed tok genera lte t amc sinw ak press--ures- on the

ful-scle V()frn a1111.10A standolt as %ets' -Vileratei 11resII-sl) 'I' the %CAl-mtev NM N,
40stI~r~1" a 0.8 %tantiftf by 1 A-. 4.6"-. 311d 8-rmeag

* .Oil.
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TEST OBSERVATIONS

Scale-Size N EW Capsules

The testing of the scale-size NEWO capsules was very destructive to the 30-in. pres-
sure vessel im which the testino wvas conducted. Seals in the vessel end closures as well as
hydraulic piping were repeatedly damiaged. Because of it. seals and hydraulic fittings had to
be- replacedi every second or third shot.

Pres.sure transducers were also damaged repeatedly. After several days of testing. the
project ran out at transducers, and futliter shots were conducted without any instrunienta-
tion. *hius. for some oftheli shots during- which the capsules failed, both the peak overpres-
sure and the implulse intensity had to be calculated. ihere is. however. a very high confidence
in) thle calculated valuies, since it was fo'und that duriiw, the shotsý in wvhich instrumentation
functioned. the correlation between c:alculated and exp-erimlental values was quite good
lFig. 14, 15. l0. and 17).

Failure ofinmodel-sitze NL,%IO capsules was manifested by formation of either tensile-
or liexure-type cracks. As a nile. the flcmir;e cracks were present on the interior surface of'
the equator irclainthe chartge, onl the opposite side. or on !)Ltli Sides, whjile the ten-
sile crack\ extended radially fromt the %ediges 01 penetrationN. It- the underwater explosion
was severe. there: would Iv several lo~iii fllexre-tvpc cracks iomeine 'i'tliehr in a form of a
star, v-T\ si~iar in appearance ito the pattern of cracksbere in pichrical sector winidows

* Iunder pomnt Implact loading Ref. 16 h. Severe eCl\ in Would .1lso "olerale tenlsile mieridio-

nald crack at~ the1101 Jenerat11k
Lig~lt klamnaiv was obserse onts l'ikis I ndZ I~is. anld 114 In both

c.asec. there were: onl% o~ne or two --mall ferecracks atteeut.n ekaeo ae

took plake an1d the: capsu-le was consideýred to have i,%itlistoodthe exloio without Cendan-
geigit% patenitlal caio heecpulscud aecmpee hir missionl successully.

methum %0 C iic wasUM noted~k onI test spe1cI imlen 11' \nd 2jjk4 (F~ig. 20 and( 21),. In
both cae.therr 'am:e esetal short tiexure\ Crack% p~rcsent ait the equator and at leas~t one
lonep tensile c.rack, at thec penetrantion. Onl> oew kivop\ of watrt leaIkAd into the intcriors of
theo capsules%. but not in %oflicient quatm t 'nagct 11W potenitia l crvo. Still. thle mis-
siolls of the cipsulvs Would hlav to IV terminatcd minicitdatclt ito avoid codanpiring tile

wj t r-ved on tWst -specmiens N and -25 IFig. 22 nd 2-1). In

both aw~. Lovestar'hapd fk~re arack at thec equoalto And wxvtad Itenileii ciack% radialing
(ton peletatiUs 'ser prod~uced. Hotcatits of th man) %rks siwt lct-al- into the minte-

o" 0 thesc twvo casls hIx-l wouldi hxtc IVen seVere jeopjtIrsl for aivs cargo. 1t i% Very,
prfohlatle th1At Capskles% In suich iondiilonl %mild niot rctuli troni their minWon& '-ince thcy
would (Wl wtith waive poior to veaching the niothe. Ship.

* **.. u11-Siie NLA110 Capwsk-

* n th full-mi'e M' MIO capsule ssith'ttod .1ll the: C~plosaoll svithoiut inlitiation of crack-,
in thec acrmlic plastic lloucvcr. ditring the las.t Iiret- %hots, thecasuc CjV0:W3% torm bom. (min
it, famctenuigs. On the last %hot, the capsule broke tree ofw it- 2-oil. %tee cabie netting andi



Ze-

rose rapidly to the surl'ace ol'the well shiaft. where it struck a protruding steel beam. Thue
point impact broke oil' a large chip I'rom the capsule surface. thus ermninating any f'urther
tests onl this capsule WFig. 24).

Dynamic strains measured onl the interior of* fihe capsule f'acing the 387.8-gram charge
indicated considerable tension immediately f'ollowed by compression of approximately the
Salel agite -(i.2) tltesrins were not of* Such magnitude as to suggest f-ailure
during thle lol1lowazin 088.t6-gml Shot.

Dynamic pressure readings were obtained only with the initial two small clutruts
(Fgs 6 and 27). No experimental pressure readings were obtained with the tollowing four

larger charges because the breaking loose of thet capsuLle dcsryd i vr cste rr
pickuips and associated wiring. However, Such a good correlation was obtained between the
experimental and calculated peak overp,-.,ssure values during the initial. shots that peak over-
pressures lor the last three shots icouid be culculated with confidence.

DISCUSSION OF~ TEST RESULTS

Although theý data generated during the testing program are t'ar ftron complete.
several definite relationships be:tween the force of explosion and capsule's resistance to fail-
ure can bx- formnulated.

EFFECT' OF SHELL THICKNESS

It Ltptars that the resistance to 1racturv ol'acryhec plastcsherssbjce to uinder-
water explosions is directly rMated to shell thickness, provided that the method of :onstruc.-
tion and outside radius remain the s-ame. Thlis postu"Ate is base JOnl the obsersatioii that to
initiate cracking inli.tiksaesiteI NE'M( capsules required a unit impulse and! peak-
dyniamic overpirvssure tw-ice a% large as those reqired to prodluce imlilar "I'llt% InI 0.5-inl.-
thik capsules. Bloth tests were condulcted at the salle depth. F or exkamlei. tcst tsdevllcim.
No- 6 with a 0S-.in.-tIiek waill failed at 1000. ft lunder 1. 1 psi.-sec untiltimpulse and 'Mt, psI
peak dynuamnic oserilesmurc. while tes't speciloen No. K with i 1.0 ~n1-tlick ssAl ricquird 021A
ps*i-sec unit 1111inupu and ( I 76 psi IVAk dynamic' (1serpressujrCe Imi tmate Cracking at (thc sameli
dicpth. A siijnlit relations-hip can be seen. Althourli k-ss cdeatly. btwetuen %tpemciie No. .
and No. M.

E I+1 Of PH

Pic data show quite clearl). that the muesist ne to traieturv of ac) liw plasti11 spherv.s
suj'tdto undcrwvater explt~otios increse '.agilfcanllwth u11 depthl. This. 'ýlcnusiuai v.

mase finlte iibwt% atiol that it trequircd a 3to 5 tie large: pev Iak m cqrpresItrv and u111t fill-
pulse ito fracture anl ,tIC-tical WO'tvCst~ pc ime t 1000 ft depith t11111 .t did .11to 11 0 Vt r exa-m.
pie. test %Pe~zunil NO. SI falikd at 10 ft depth under 0045 psi-wee muit imulse. .And 14.14 pms
tvak dy~namiuc overpressure. c while tes vt spe ile No. K at 1000 It icpthl required 0._0'W1s,
s-c 111111t unPulse andii 61 76t p~ii peA dyllailli oveTpressi:re to gene, ate a fracturv. Sa'milat rc--
tationqhil call IV sell etweenci .pecImCIn No. '5 and No. -'(I.



EFFECT OF SCALING

4: There ate insufficient experimental data to establish the validity of using scale-size
models for determining the resistance of full-size NEMO capsules to underwater 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 0.8R. stand-
off, while the same peak dynamic overpressure generated by a scaled-down charge of 8.2 gm
with 0.8 ro standoff would, without a doubt, have cracked the I 5-in.-OD by 13-in.-ID scale-
size NEMO capsule.

EFFECT OF MOUNTING

During the testing of model-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 fastened 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

S"higher than what the cables could withstand As a result, the capsule was torn loose from its
; imounting during the firing of shots No. 4, 5, and 6. (Table 4)

The beneficial effect 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, e.g., glass,
ceramics, and concrete,. The beneficial effeLt of depth derives its action from the compres-
sive membrane prestrcssing 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 ,"(plosion before the brittle material can fail in tension oni the interior surface of the
hull.

Needless to say, imposing compressive prestress on the liull by static external pressure
has its limits for all brittle materials. The limit for the beneficial depth effect is reached when
the material in the pressure hull begins to fail during dynamic pressure loading in compression
rather than in tension. T"his happens when the sum •f the dynamic, cm vressil'r stress (equtal

in magnitude to, and following immediately after, the tensile flexure stress phaseI and static
V wcompressive stress exceeds either the yield or ultimate compressive strength (depending on

J which one is the smaller value) of the brittle material.
-For acrylic plastic hulls designed to fail by general plastic instability, the maximum

allowable depth tbr static prc•'omipression purposes is approximately 25 to 30 percent ol
their short-term critical pressure (based on compressike strains generated in the hull after X
hours of sustained loading at nmaximumn operational depth). Since the maxinmum operational
depth of acrylic hulls is, as a rule. set at 25 to 30 percent of their short-term critical pre.,sure,
"tile beneficial depth effect is active through the whole depth range 01' operations for acrylic
submersibles.
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The breaking loose of the full-size NEMO from its mounting as a result of under-
water explosion points uIp to a very serious practical problem fot 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 f|'om a weak mounting,
or by excessive dynamic stresses generated by very strong, but rigid mounting. Since the
NEMO capsules are gener.lly 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 thL penetrations because of unacceptably high bearing stresses.
For this reasoaI, 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

,. ic plastic spherical pressure hulls will fracture when exposed to undeiwater
explosions whose pý:ak dynamic overpressure may be less than the static critical pressure of
[-the hull.

2. Underwatkr explosions generate cracks primarily on the interior surface of the
sphere at locations drectly facing and opposite the charge.

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

4. Dynamic strains measured on the interior shell surface facing 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 unik impulse and
peak dynamic overpressure required for crack initiation.

.. 6. Increasing the depth of ooeration also increases the resistance of the acrylicplastic sphere to underwater explosions: increasing the depth by 1000 feet appears to at

least triple the unit impulse and peak dynamic overpressu-, required for crack initiation.

7. Mountings for acrylic plastic spheres tend to fail sooner than the spheres thein-
selves when subjected to underwater explosions.

CONCLUSIONS

Submersibles with NF.MO-type acrylic plastic spheral hulls cin successfully with-
stand undenvater explosions of considerable magnitudc. Increasing the depth of operation
s•gnificantly increases the resistance of spherical acrylic plastic hull to underwrater exphksions.

t0

•2



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 st.-uzture. Thi's merins that (a)
the explosive charges in cable cutters or stud drivers carried routinely by an acrylic plastic
submersible should no! 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 undenvatei ordnance whose warhead exceeds a critical size for given under-
water visibility (i.e., good visibility allows discovery of' an unexploded item of' o-rdnance with-
out getting close to it, while poor visibility requires the submersible to be almost in physical
contact with the itemi ot'ordnaince before it is recognizQJ as such).

The nia.ximnln sizes of permnissible Qxpl~osive charg~es for work tools or devices carried
routinely by a work submersible have been calculated (Ref. 19) onl the basis of thle largest
charge used in the testing progtram against full-size NEWO Mod 2000 at 50 ft depth that did

k d~o damage to the hull or its mounting (Shot No. 3 ol'Table 4). Charges eqwil to. or less tharn
those shown in Fig. 28 can b,- used repeatedly in performance of' work missions in the 10- to
3000-ft depth range b) a submersible equipped with NE-MO Mod 2000 (Ref. 11) or 20008
h11ll1 (Retf. 12) (tR 0 ;;ý0. i 21)

The n~inmsaf'e standoft'Idistance t'or missions involving search and/or disposal of'
underwater ordnance have been calculated (Ref. I1Q) onl the basis of'the largest charge used
in "thc testing program against full-size NF'MO Mod 2Q00 at 50 f't depth that did no daniage
to the hull but considerable damnage to the capsule mountinig I(Shot No. ti o1 Table 4).
Standoffl distance-, equal to or largi'r than those shown in Fig. 29 must be maintained be-
tween themsbinversble with NliMO Mod 2000 or 20000 hutll and the unexploded underwa-
ter ordnance in the SO- ito 3000-l't depth ranlge it' ,;,z-ctlrc of tile acrylic hull due ito explo-
sion is to be avoided. The standoff distanicvs shown in IFig. 29 ar;; very conservative i'or
depth% in excess of' 1000 ft.

It is understood, however. that unlessa niounting is provided thtat is capable of rc-
;tann the NEI-O Mod 2Q00 hull against a thrust of'at latI~l.tehl a etr

loose from its mouinting %k hetn subjected it) the explosions and standoff' distances shown in
Fig. 29).

Typical mountittits f'or work suhibneriibles with NEM() Itod 2000 or 200011 acrylic
hulls are generally tonfipuired (Fig. 30) to tvitbh4tand force% gencraied only by vertical buoy-
ancy. or dead weight and horitontal haydrodynamic drag of the sphere. T'he magnitudes of

'ths forces are low. approximately 3000 lb, vertical static torcte mnd IW0O Ilb horavontal drag.
Since, however. the suibmersibile is also %tibjectedito dynamnic forces during docking and re-1.Iriev~al. a well-desigtied mountirg "'ill, asl 111*1nianlui. remtrainl al, jct' hei hull against 100.000

A lb of downward thnist. !00.000 lb lioriiotital thrust. and !G.000 lb, vertical pull (for sonic
typecs of inowitings the vertical pull is ils, alniut 100.000 lhLj



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
'1 2000B acrylic plastic hulls, they are also applicable to other acrylic spheres with t/Ro >

0.12. There is sufficient structural similarity between spheres and spherical sectors with
I included angle a > 1200 to make Figs. 28 and 29 applicable also to spherical acrylic plastic
I:• ]sector bow wind,- As in submersibles. Some experimental data exist which confirm this

•. ! ~bel'.•
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TABLE 2. RESISTANCE OF 15-in.-O.D. BY 14-in.-I.D. NEMO SCALE
MODELS TO DYNAMIC PRESSURE IMPULSES

SieModel 25 Model 2 .4 Model 26
of 10 ft Depth 100 ft Depth 1000 ft Depth

Charge, grams Standoff. in.

1.1 48 48 48

36 36 36
24 24 24

1212 12

8.2 48.t 48 48
1035. psi peak 36 36
overpressure

0.033 psi-sec 24**2
unit impadse

Severe crack-ing of 2250. psi peak
hull at equator overpressUre
facing and opposite 0.067 psi-sec
charge. also, evere unit Impulse

radil crcksMinor mcridional
around the pene- rcsna ee

tititions trations facing and
(Fig. 23)opposite charge.

(Fig. 2!)

24*
2616 psi peak overprv~sure

0, 1 rpsi-sec unit impiplse
Small crack on equator

Opoieclarpt.

thenfl sutf.ftJ4 is me.jManI Aortttres Ike ftp ri the +'ý r 4ct j ~the iwA? EVa/ tAr Vfma OM.~~

t ~x~tMdurer is vi ý*prrv oa ,*r,

*WarMurs igt *J 4 rd Atpwr~o-t Ftc

17 _
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* TABLE 3. RESISTANCE OF 15-in.-O.I). BY 13-in.-I.D.. Nt[MO', SCALL
MODE'LS TO DYNAM IC PRESSURE IMIPUL.SES

Model MI Model K iModel j
SiI o0ft D~epth 1000 ft Depth 21-000 I't Dc-phil

Charge. grams Standoff, in.

1.1 4848 48

3630 30

24 24 24

12 12 12

8.2 48 48 48

*36 *36) 36

1434 psi peak 24 24
overpressaire

0.045 psi-Ncc
kimit imlpuk'.

C'racks on equator
4 hfainig ehlirge:

also raial'
at thle penetration.
(1:4g. 20 i

14j, 484S

j 1 0 p-, Ieak (W7'0 p~i peak merpromire

* I ~unait inpolw.
Star %haip.. J vrac k' Smiall m~-_ spient ' 1%:L-.
~'11 ekillato facing~ on equ.It iautug .mu

crack at Imictraiitu. t Fi. I ~I
I tWis,. 2,21

* iW Ir 4tJ4 IY VO I I--
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% < TABLE 4. RESISTANCE OF 66-in.-O.D. BY 57.90-in.-l.D. FULL-SIZE
NEMO MOD 2000 TO DYNAMIC PRESSURE IMPULSES

I Peak Unit
Shot Size of Overpressure. Impulse
No. Charge, grams Standoff, in. psi psi-sec Comments

1 1.10* 52.9 435 0.0074 No damage

2 5.62" 52.9 805 0.0228 No damage

3 14.50* 52.9 1.150 0.0436 No damage
4 169.87* 52.9 2.906 0.2347 No damage;

capsule broke loose
from test jig.

5 387.77** 52.9 3A967 0.412 No damage,
capsule broke loose
from test jig.

6 688.56** 52.9 4.)27 0.611 No damage.
* capsule broke looste

from test iig.

Nime: * The• fltJvffh .lt•s ytured ht %wtiu the op of thr k*tii uu.nd the .Tufaor of1 ther \EAO 'allwur.
* /•tprnui. utlill call rx.l"It. *%-npoiSJ of PT% aui ,IWV* T\T
* &iv tis inJdirld by pyivt of rnrkt7•. ' i~~ ,•ork w•-¢ f •.ram.¢l¢n li c¢keu n4~iJ ti
* A wr t¢ iv rtv uwrud It depikh,

A*kcroiyt iowghed cki the' wpude.
**KXPkt4v tuir0 Q1eJ A tkth (Upk.

I

* ~ ;iI
!I

*. . . . • . . . . . : t • < - ;•• ,: ,-+ . • :, ,' . • '.1. ' . •, . •2 •:- " ' 2
...- t ." ' " ' " ". ... .." ' : ' ] .=L.-: : --.. =• :;t? { : '.• :]:< - = ..' " "" . . . - - : .- - •L = . i,, • : < = - I, " - , ':•, •1 . . .
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5.150 IN. DIA MODELS 25 AND 26
4.793 IN. DIA MODEL 24

0.5 IN. NOMINAL

I =30 MODELS 25 AND 26

15.030 IN.
8 =400 MODEL 24 1.7 N

5.150 IN DIA MODEL 25

1. MATERIAL: PLEXIGLAS G. 0.5 IN. PLATE
2. ADHESIVE: PS. 18
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gage 1 2.090 psi/div

gage 2 2,040 psi/div

time 50 Jpsecidiv--

Model: NEMO 26 (15*' X 14-)

Charge. 14.6 grams

Standof f 24" (gage 1). 26" (gage 2). 24- (model)

Hydrostatic Pressure. 450 pit

Calculated
IGag9e 1 .1-9 02 92$ 01 G-age

Peak Sho4~k Ovetpire~svite psi 2.820 2250 2.810 .58IUnit Impulse. V~i.w< '11l OCsi 101 .094

uut~at on. jiec

NOte MNOdel fad'ed 2wa% fattlies ftou. model ar4 iQharqt tthan gage 1tx and gta lowot

Il



gage 1 1 2,090 pst/div

gage 2 1!2.040 psi/div

titme 50 pse/ld iv--

Model! NE MO J(15$'X 13")

Chitgo: 14.6 giant

St~sdot; I' (ageI).12- (gageQ 2). It Zmoe

Hydtostattc PliexwseI:O 1-.00

Ov~fp#C akjtl.tpd

uea'Slon.w fri 4

Note Model URa eaW 2~ q tvt's% I~-r 1hatr ant'~intod value

I-uptv lb, K-A- pewaer "ttjcc at tow %tA--tart 4;g4"k \'%' I ,bnx tbhe nVtttacc that atA "tuird qth 14a4-i4"
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gage1 2.90 pi/d-

gage 12 2.090 psi/div

time 50 psec/div -b

Model: NEMOK(15"2( 13

Cte:14.6 giann

9AvdtbOtt Psnwro: 4w0 pti

}Not@ Moadgi tailed Gaqoen tgMý ~ wot than ahwic.'.fltt

I I wueae, 17 W.A ptvi'aae rac4t~nJ at ,Nc ,aw ~)~ kt them £wbw ae f uts u.%tt& JVE ucs t kb1
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upper 4

400justrain

lower 2

time 50 giAsec jd -

NOTES.

a) 114 inch %traan gage was posit toned in, -maklty on apex of sph"-e clnoset to point of
detonation

b) Gage output was ocorced at two volt jqe clef lect lo evl on scopesince strain level wa
was not known

c) 7/8 pound of pltntolite was detonated 53 inches f tomn outer surf ace of sphere

j (d) Maxtrt'um s~tain was mitaioilly 930 microinches in tension followed by an e~luat stran in
compteIlion

-~0) SiWPe trigge Was delayVa 10 M14:roCLcnDW$ Aft deto0nAt~in
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Charge:. .. 0 12 2
Stndff 4.4 Fee

I

•.0.

'*1

~j . 20 microseconds/div -

• 1Charge: .01242 lbs

Standoff: 4.41 Feet

Depth: 50 Feet
Peak Measured Pressure: Upper Trace 975 Psi

Lower Trace 1.012 Psi
Measured Unit Impulse: Not Readable
Calculated Peak Pressure: 805 Psi

U Calculated Unit Impulse: 0.0228 Psi.Spc
4 Comments: Nos Damage

" 1

S I€ ~ ~~~Figure 27. |I¢,ak pw-teLl m a.•tluwda,1 thc tltl.,vc' 110 %|( •• Mod (|( 2000,3pU
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HATCH

PENETRATION NORN
PLT GASKET

BEARING PAD,TYP.
(3 REQUIRED)

RIGID LEGS, TYP.

,.FRAME OF
A SUBMERSIBLE

CABLE
/ACO

/ PENETRATION

1 ~PRETENSION ED

IEXPLOSIVECAL
ACTUATED sFRAME OF

CABL SUBMERSIBLE

CABLE TENSIONING
SCREW

I (~) SINGLL-K)LE MOUNT ING

sJttc a ttuoc '4%utv Alahia w~t~t I.-~ ~tJc!flu f%bcm I
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r- AtFRAME OF'1 PiN -~SUBME RSIBLE

~1 RING

(b) TWIN-POLE MOUNTING

I 1 *~~~huto MI. T)ikAl uuIm ln Shi~tmo ?IYWl~~p huflt the f*nkpo msu"Im pfr'i14k twit"C upwatd
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SHOCK
ABSORBERS
10 REQUIRED

SUBMERSIBLE

SOFT ELASTOME RIC
BEARING GASKET

I -. GRP BEARING PAD

COMPRESSED SPRING
1000 LBS-INCH I RAVEL

TO COMMON. AMBIENT
j ~PRESSU RE COMPE NSATED] OIL ACCUMULATOR
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MODELJ

Outside diameter: 15 inl.

Inside diameter: 13 in.,

*Shell thickness: 0.040 0.980 in.

Material: Plexiglas G

Construction: Assembly of 12 thermolormied pentagons bonded with PS-3()
adhesive (Fig. 3).

Penetrations: top 5.285 inl. mlinior diameter with 48" included angle

bottom 4.445 in. minor diameter with 40' incIluded angle

Inserts: top Type B~ (fig. 4), (A 1 4V titanium

bottom Type A (F~ig. 4). (A I14V titanium

Insert gasket: top polyc~arbonate gasket (Fig. 4)

bottom none

[if~e histor% Pressu re cy cle d 1000 t imeitts t o 1000 psi in t ap1 wa tekr at I~ -74 1:
ambient temperature. Typical pressure cycle consisted of pres-suril-
ing to 1000 psi. holding ait l10t) psi for 4 hours,. depreýsturizing- to
0 psi, and relaxing for 4 hours at 0) psi.
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[ MODEL K

Outside diameter: 15 in.

Inside diameter: 13 in.

Shell thickness: 0.935 - 0.975 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 48' included angle

bottom -. 4.445 in. minor diameter with 400 included angle

Inserts: top - Type B (Fig. 4) 6A14V titanium

bottom -Type A (Fig. 4) 6A 14V titanium

Insert gasket: top - polycarbonate gasket (Fig. 4)

bottom - none

Life history: -Pressure cycled 1000 times to I SO0 psi in tap water at 61-74* F
ambient temperature. Typical pressure cycle con:;isted of press~uriz-
ing to 1500 psi. holding at 1500 psi for 4 hours. depressurizing to
0 psi. and relaxing for 4 hours at 0 psi.

-19



MODEL MI

Outside diameter: 1I inl.

Insidte diameter:1i.

Shell thickness: 0.9130 0.1)90

Miaterial: Hle\ igas G

Contructionl: Assembly of I- thrmnotormned pcntag'ons bonded with S-SO0
a~dhI,>i~e i Fig. N)

Pctnctrutiolls: top 28in.. minor diameter m ith 4-S included angle
b ottom 4.44i In.. minor diameter %%ith 40' included anle-I

In.ei': op V\ pe B IFtg. 4). toA 1 4V titaniumtl

bottom F\ Iv A IFig. 4) v At 14V 1tiiianw

In'.~t gakct: top ol, arbonate ga!.ket Fig 41

bottom11 nonle

1ife hitktor\ : lre'..Lrv oc~ ld I 05o itine' to 500 p'i in tap ý ater at t, 1 -4 I
aimbion teinivra hire. I ý ;sieal ;'re'.urv ek etc :on'i'.ted oi

~ toS~t. r'.. hodingat -500 pm. It~r 4 houtJIr. t"U-
III,- to 0)p'~ and 1eain or 4 hour\ at1 0 IN

A9

4I

711
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MODEL 24

Outside diameter: 15 in.

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).

IPenetrations: top - 4.793 in., minor diameter with 40 included angle

bottom - 4.793 in., minor diameter with 400 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 500 psi for 4 hours. depressurizing to
0 psi, and relaxing for 4 hours at 0 psi.

K
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MODEL 25

Outside diameter: 15 in.

Inside diameter: 14 in.

Shell thickness: 0.460 - 0.490 in.

Material: Plexiglas G

Construction: Assembly of 12 therniofornmed pentagons bonded with PS-I 8
adhesive (Fig. 5).

Penetrations: top 5.150 in.. minor diameter with 430 included angle

bottom .5. 150 in., minor diameter with 43" included angle

Inserts: top l'ype C (Fig. W). 3 16 stainless steel

bottom Spherical shell sector. 0.5 in. thick with 43' included angle. acrylic
plastic

Insert gasket: top polycarbonate gasket. (Fig. to

bottom none

Life history: Pressure cycled 1056 times to 500 psi in tap water at fil 74" F
ambient temperature. Typical pressure cycle consisted of
pre,,suriiing to 500 psi. holding at 500 psi for 4 hours, depre.suri-
ing to 0 pm. and relaxing for 4 hours at 0 psi.

i.



MODEL 26

Outside diameter: 15 in.

Inside diameter: 14 in.

Shell thickness: 0.460 - 0.500 in.

Material: Plexiglas G

Construction: Assembly of 12 thermoformied pentagons bonded with PS- 18
adhesive (Fig. 5)

Penetrations: top - 5.150 in., minor diameter with 430 included angle
bottom -none

Inserts: top - Spherical shell sector. 0.5 in. thick with 43' included angle. acrylic
plastic

bottom - none

Insert gasket: top - none
bottom -none

Life history: -. Was not subjeted to any hydrostatic tests prior to exploskVe
testing,
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MODEL NEMO 2000

Outside diameter: 66 in.

Inside diameter: 57.900 in.

Shell thickntw: 4.050 in.

Material: Plexiglass G

I (Construction: Assembly of 12 thertnoformed pentagons bonded with PS-30
adhesive (Fig. 7).

Penetrations: top 23.822 in.. minor diameter with 48030, included angle
I -bottom 21.727 in.. minor diameter with 440 included a,*

Inserts: top - Working hatch, 00 1 !"06 alt,minum f Appendix A)

bottom - pene .atiot- plate. 606•1 -'Tb aluminum (Appendix A)

Insert gasket: top polycarbonate gasket tAppendix A)

bottom polycarbonate gasket (Appcndtx A)

Life history: Prexsure cycled one time each to 450 psi. 4-)00 psi. i 350 psi. "d

1800 psi. Vabl pre.,ure -ycle consiisted of pressuriwing to maxi-
mum prxe.-sure. holding at that pressure for 24 hours depressuriting
to 0 psi. and relaxing for 24 hours a! 0 psi.

'1i6

• .

• f,4



*• '1 -.1 .

i--,, .i . s 3 . - " . . ' ! I

- ' ( - • •,

.JL* I .

) '5. t 313'

•. I•[• ,[ . . . . ~ . ,, .. . .-. I .

V:.•, . I . - " *., t - ,

-•z• !\ / •j

p., 5' •

l~i5-*.

/ 7

.m/I,. k



O .D S II 4

r
.4 ,�4'.'44'' �i � 4

- * 't �41 44 � � eY) -

**4 �4�'44 �4�'"4
4'."

'4 * 4'� 4 '4:. � �M
- * '4 �'. '4 4'4 �

'44 '4 4:.� � . -
4 **� '4� 'a '4 *¾�� f�

z.''.41 � 2
* 1 .�'. �j '4 "'b

* I *1� **�"*'�'� p9.4 . �

4 ''� �'4

I '44'.-'

,' � �j �t * 4 �4.I

'4 �4 � a
O'tl � � � 4 4

'4� * 14111
"4� jjf*�4I

*�..�44Y4
4 4  

�i'4 � 4.4

4.'. '4'

04 44
iO 4� i

'IL
.4 "4

4. 4'''
4 -4

'4' .4.4' -. .4.4 4
4 '4 4

A $

S' '� ,

14 4

'4; -. �..

�i1
N

- .4 444 44

'44 - '4. - - -. *4%
'.4 44

4 4
I"

-� 4'. 4.

' . N

\4*a,

ti� 4. -

I . . .

4- 4 4. 0

* 4

* _________________________________________________________________J
C 'I * 4

4"

66



1e..flt�e�gumm.u.. * *�a4. -i * - ** -. q

� �, �?
�L. '� U*

I
4

'C' *''�' v��S'� � t'4fl�5)N� �' S

� �ft4$. t
4

:Jo 4'VN'4N4%4'4' IP4 hi �

0

.7.

- C

(-N 0
C.)
�-

0 C

Q� (�K� (JN� V;) 'a $
o '----< ' / �
Q\ �•> /

.\'�0;CN �'
\N' II'N�

C N

C 0

-, 0 . ¼ 0
* -' 1�

0
7'

�

*4

p
$ .

f 0 4 .. . . '� t

* 
I

'�KA24W . N
* *,. I.1

9 .� II� A [¾-' *\
.4 ,j% A' � .. a.t **

4.. � ± r�

67



p4

ii
4.4

4.

4

N

�l.
V. 4.'

;� ¶.� . 4.

.4. Ho
-t r

4%� .. ,

4) d "
* I 91>

N�\ o .

S. u'U )

M K>:
I .4-' 1N 4 I.&�

'2' '0 � y
I fl�

I I�
/

V

I vA �--'�

½ *0 *�

a '1
'.4

#4... - -.

.4

0
-� Ti "4

4.

I, .4

'I

4., - I..

4 :4 Ž. >.

I V *�' �

4'
�.

¾

( I
I
'I
£ I'- -y

i 4 I

4 - .* '

I £ S.....- -. I p4

V 1 68
0

.. t.�.§$ 9 A&�.2t vV.44-•.N.....SW"'C.'>4.S'>..S-.. USA .. 4.4Ut.> - 4 . �4�4 5>'�'�



f'-

i ti\ t..-

S-(
•,: 1 " -. : "C

,. i.. ..-

- •

t '. $ Do•

. ... 4 -tC. . . . ...3. . . . . . .t• ..

,V 5 :.N?..*f '- ... . ... -.... . ....:• ;bJ~<:
S....... .. . . ., .. •,.......... .... ... " A, ..

- " i < • -,l .7 " .. " ,•,, • "J O. "

-'-
: . ' .. .: "-. "• '. ." . ,- " -;'>--d•;.... . .. •.•.>.. ;..-£ . . - ,....-.:>,•.•-:•...•D>:•..--,•;•,..:- •.'•k.,-€.-':, ' '-. ••"'.<'X:'5".";•:':;-',-:-'•:.."-L•" ':4"4: -,':



a u ai I;oc�I I

I a.,�

�

�

� � �2
� .1

I *�'� � *�

�) U ..

o -�

0 -

* 1)

.9 P .9

____________________________________ '� ''� �

I
* .9

1
I

<I I

t a

II
* U

C U a 4

70



1Ž6

a04

* q4

ZZ0

71 ~



a - _-_ -

-." ..'I

• • •'• \ ..- . .
C;•. ,, -- ,• --4

, v ..-- . I• '. . - '

-, - " ~;

5'-' -, .- ..- "

.,q -. -''

I I I .. .e I

: : - ', . _ " _ : v . . ,: . : . : • ¢ , : : • -o -• -, • . • - -. • . -- : ,• : . = := ° .. • " " . i i i , ; • , '" , , . , . . . . . . .-: I'



*I T

4 14

Ile

- 18

73~



I

0 U iI6QO�iI 4

K

-

- - .-. j '-, 0 0 �
-.1 0I .- -.

�

4. I I �.' �

L 1'
--I I .- :. I 0'

Il F 1*. t ..

�I-i �* - 114 [2
�01 fIg

1  (3\� �.'

I 1 - j �

� I - -

I US

.1/ --- I

., ., I' ti

t-.
4.

- S 'F

Ii .. I

- . - 'I (� .
- I S -

4� -I
*1

II & i I
4 , .5;.S 4

44* j I

I - I

'F I
1.

V.' ��II�

I �1 I, j [I.

I 1/�

4.1. 1

J I1L��I. I,

I

0 U a

74

� -- ____



4e4,

ski

75



a I u 4 *i iua�'i I
-� -

I � -

1 "o�

n',.K.' I �
�

� 5. I � -

.� -. ., .. 4I � ,

i�1
. II F��I �j 71J.1

I .,

*

�1
.4

I
* 9..

/-.

/
* L��._______________

0

* I u *


