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Nemo %I .el 2000 aacryic plastic pressure hull assctnll is described and repteseilts
tile latest ;tdditimiti t) tile Nellttuc. ill seiCs It r0It'sttd b). N01i0 MOdlC hMX)and 0(XX)
h11ll aneti blies. iThe tOt inch 01) x 58 I nchi I) sphte;teal act\i lie hulnl With atumiiinutm
hatches hIs suecess1l11 wit hstinrd 24 howt l''ii externat lIndrosiatic ~InCisuitlatiofls it)

45(0. 9(N). 1350 an3 ISM(X psi. PrtentrCe> cclitir and short termn deslrttictis'e tt'stitw. of
I5 11c10(0t) 13 Inchi 11) scale models has ulomuit that tlhe cruck-free fatigue iffe is iii excess
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M0. Motianuied)

~ oo 100 Im w cycl sa s detii t 3000 rtt intia Owa suht term amp~kmon preabure is in
the taupe Wl 10.11 to, I I - feet. Sirens waw eminwiusis have been found ito k- a Immud
uuuhl.~tof of suIt.1pent failure.

Norm) %tidcl 2=0 spheric~al presumte bulks with pano'amic vitsibility arcutwimsilecd to
he iaceptabler for mmnneJ submuersibir?5 with an aperwt'.nal depth "cajbdit) to 3000 feet.
The evdk- tGtigtue life of such huls is cmiewicvaely predicted to bv at least 12 X lot' feet
hours.
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lialm %i~ltlicrO¶lk% til "ilth 4)trwA~ jt Bk: p'Iaslk litlmlI have bilen. knoi~wi saitux lte~
:t 1,xIII it jill ot tI !'*VmIo I11441111 II 1D 1#( 1~ jlt% Id' glrJter pIm evofanick vilimin att lower Io%1I tltan
-. 'vcI hulki 4 il th lilliv Nimt lic.111d %wk eqj uipped willi itumý llnitil porthlesk. I o utith,,v ''iks

4100 tq'M~ ang~d guogi0.1atild caipabtilities to I(1W0feet ill 1971. 111 lurtlivir hc-neit Fleett (IiVia-
I ol eig~n arld .1 ~to rý:m ere rcquirvl it) amndicoratl, Iatirtclnk os lhevl

Iosrcurljit between plogall1% .uu~~t11)1d hlicia .Iv1 a~id lheral'. dliew til lull ,%iI lmilu 'dtilr

a mii deptalo wet d bti I~ het upu, %w pld icrued % tiiim~bt avr It%: plastic. 'taw ~JIrtdO~'.

hil t ~cc~ i ~t 1% h 0(M. MM. ilmaL1 on haw(M lcd. c htchr NtlLim I ctaild%Iia~n- tha cla

hcndaniw muomeints ~il liviaict:i~ haidi ;wr% lit: hull antvrl'.,cv mid the ~ tis of' pokcarhulioj ikc J',%-
ke:% litO iw ur% tic pla%t i; hatch wat Ili-. chli~nnatd slicit crack mlr. I'll lidest ol, like Neciot
Ilitll series. %lodcl 1000. hlas (1 E-inct, uuIsitc d i~ameter atid a 514-inch ins~ide d iameter that
% ivdd% a 1"litivu lite of' I l2,0M.(M) lcde ltimiur over a prqiected I (k'car lii'c spa and is cap.lvabl

of (yr.it ioll to fil 1hc uu 11imi LkIclth :mlloued by tle proporl ie% 411 acry lic 1)1;%t ic.

Rea~ael 111eria li ill1%

I lc~ie Model '0(M) Ncm 11 Is ~rc'iia~c lot- luanuid olicraimi ill kt Lhcptl% lIo
3000X leet. I his lates~t illip'jll ca .l114ml.' pro%' We tile \A%. witll it traullsiareicnltihll lor a %%ite
V.11Ilct oia ;'"I~ikicati'hIlis ill kilnlcrsmc %'arttarc. '.carci. sI'a~.ur% effl,,ii~c. andL iVC0N''cr' I~li%.iill%..
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INrRaIDUUr:N

I h~lie . o f i rIt.insparc pri%%LurclitilalN lot nwijnne submelrsible sivrictaionbeit i ;I~f~

I igtire 1. Since then. aj:rN li% plait:i fprc%%&tre huilk 4%pllrcal NI spt: have demntuateIait
cI;4u11tpc It 1%e I~of it%L t I isit 1%%ct I', p i'raminc i% ihiiIt I N andl a large depth jfe NIcty uargiii . whicht
h1.1% vi v It I lit! Nat. N .1 %:1 )% -C I f'c% i~v-A tititt Bolt Io' IhlttcrIfile hult deipt~.

I et~ingt Ind m'iltiatioll of, mut'dc% mnd kiall m~ale Niant MLilk conlititttt.d utitfl lit 1970
tu1Icc. ile ltougI' fcimI tlti%-.1 l'lItrit 4l approvetd by thet~ 1. S. %Mivy fuor manneud toptration

FiguLre 2. AtfIt tlwlttk. NctNcmiutlr~antc range Iwyornd lteh.indaltrd 14(-i m minimum
w.%j. inhibitecd hy %trvs,% hlmtatio~itns tinliirewiti I'oilt% betweeni tftc acrylic h11ll JId fltCtalfitc

haIllL%. *" ' uthrll deigcin Ntuid i i~Lt.'muialvid it relieve this la.-tiluic tailor and exicind
tie deptlt linlt IIof file %vilit 1till to lit mtax~im um alfloweid by physical prollerfic% ilf [ieft
imitcrial IM fti ult re wo rk in declo 'L'ca i nvit tct

Stihictlucnt i %ork ecto~rt% ituring 11)"11-1 07 2 resultd Iin thile dc IWO11( Netn,m ltll
it 1h an oitpi~il~i'/t. alutinuitin hjialc and alumitinumit scal~ing riiip at%semblhy. Thlis model has~

liven des~tigne anid stress anlaly/ed fI*r %afe olictrtims it) 201M) Icc:. Both ModICl% b(m) and
I IM1)O %inio flt~ilNs .ig rccominnndctl ;is oist-Oflectiic tr;'nsivarent hulls For %uahrncredhlc oper-
at iow, ito. rc-,peo i~cl. I(1041 mid 200014 lcd

' 1 lk pI- tit' dew lc'pnicti Ior thel'icnco I lull co ilninaicd tin 1974 with tileh Mtxdcl
21000,1 the prcvcsut:iaion iit ii I ch IN.th :1w puirFiow of' this report. *11i results ill exper~imental
and anai.i I i:a I %itittdi% ;11T litcw lcd I'O it his avr% lit plast ic flrcN%utc itihll, which is capahk~ of
ii mAnc subhmersible o peratrion at tlept h% In 10(g) fee~t fo r at least I 1001 little% w ithout talit ivu
tr;ackk %. I Il. I Ot 'dc 20001( VinttII I till proi ides I hc Inam mn nti %al't opcvrat ieial dept 1h w ith
I11ttft1IlttIt wecl'Iif Ito dIINI1~id~niiti'I anid Cliot depth ralt )t% hit usec wiflh mantled submettrsibles
it mtllifr-wa wvarf are. wat ri. sa ikap.'c. Nttimviilanict anid rvc'm ncimsio n% ito 30004 t'ect.

\e%% tlc~ig1t VI.c Iialutic st a 114 (A icar Ii ion pit Cift uresN arc presented a Iflong w it h douti-
ittcnt t'd test ,ci~ .I lit, 111.t11 inIod% ol [iftf reporittI- e~~ tmic Nc11till Icr,% hit aIhrd l it re~ader
a1N~ timmarv of s.t ni h tt ighlights f.A mote it-t'dai lcildesicription hilt) designi stutd ies. fAlii icatt olt
pri %Vdicclrc%. and hlirotin aItIicICI are frcnt-sitd itt. re~pcdiicliwl. Apipciud xe A. R. C . and 1).
I lie report dofmictnentl i m.1ttir it rvaktlt'uirmig int lkfmologuýi~ I'ir st~itll cr~ihlIc hiuI, %% illi pan-

BACKGROUND)

I lie t'Alire of'm an ary IiC fula1t ic %plltctik~al \'cno I utli cati n tictr in t hree W.IVN. The
h111 ull annimplotlc il~atatlt~vhkcatise od crpresmiri/.ttion accomtpanying! ftc ca Ia-
stmi i'liic loss of' the dep th omi trid syste cntot a %uhmersi hlc , this IN . li of' laifiurcis c laN~i cd
as \/IfID/ ter rw hiaiIi mi d i tic presStre at Muc til ic, '1 ai luirt miccuirN J% shoriti cit crit icalI pre-,

I 1).- 1111 hull Cn ASfI) intpliitl alfcer it hias ee hscti NhcCicd lot a littmi period of' timeicto a



lirv%%tirv. I hi.t% 1%le 411 lagittei jg '. I, sed as Iifot ,g I ,,, It/ n talp 1110c. 1 iii.111) . III%, 1.11m k 4a -1
I lie h ill IciuU b ticII I atcd i1 cracks~ re% II tli pt I ra ' repeated tIit%: to tyc''~rat it) Ili I ticept I I. I Iha%,

I111,1% itll eraauenllilal .sItild ac lilaw alr-c~at golivirmacd I lie% dala~ It it' p1 dCil I& lotll iIt N10Il
term .altt ill) teirmt e:rvcp tIJitlurv.lit aN etn I ltll., with I D),, ratu i, in tilie 0I.0 3 1-4)I.M -P 0,0lE1,
0.04'-0I.0,; ,and I~Iw4i~.ruauiev." lit conjitteict itmtjh shortr term and long term imuplo-
..00i1 .tdAc. .a tkll:,Ml it: J1 wa. Js JISgeneral ed oin tilie mit hatioti titt I atiglie %rack. Iat I liv acry'like
bearmL! siirlacvlo. t a iaIliv ial el.-1 ice.. ont liaU.. %%iti 1 1 )(1 ra Iitis Ill tile 0P.03S-0I03i a augc Ireter-
vincvs . .3 4,i. (i t th 'i.ic it' that datai it ua.. et-on~dudi that for all protct ial *iplihi.atiam..
Iln iacr het%:I....ic Netimi II nil- the operat ion~al depith limt at ion is. Imnptosed prima ril% by thle
tat igute tile tit' yi hearing! surfaces. ..uppritoting t hu itctillfie hitch. It i.IN Ilis ~ig.I ~LIe fife I hat
ivi;..t..c, the 14141m-toot o'perational depth1 limit o'n thle 2,5.,aaeh t hack Model film) Nt-mo hutll
av....enihl 'Indt the 2(1(41-fot limit onlIi the o inia~lh 4-ielt thit-k Mlodel I100l0 Neniat lutll: thle

laigeife living ill 11411l cas.es.1(( dv. houir dLrat ion euk tv It le main mum opera-
tionaldepthwitho tmi iation iiifatigue cracks..

Since the s.hort term cftipse dept It 't thle itiauinalIk 2.5 -inch thick hull k% 4150 feel
and titl the nomitiallyv 4-inch thick hutll i.. I WOO4( f'eet. there Nias no doiltitii that there e-i..te
a -m Ttlla Ien ri.!servoir vllt pot entt taa I trtet utar It sre ng! I ito %Warraniit re..earehI t it imlpro% it i thle

- atiguek life '4 theV hateat 111111 inteorlae-.'I hie etlort ito nuprmv the atiguol''igtc of Neultai lu11l.%
%%its loctt.ed primarik ton thle Model 100(0 Neono lutll withI a nominal 4-inch wall hack ne~s..
as. thle paucutlliiioeal oiatonal depthI impilrtwemlent appeiared to lie higher herek 111han ilt tile Model
WO1( Neimo hutll %%itia a nominal .- nhticn~.

1)18(1. SSION

Ilii. atbieti i-e of the s.tld '~ a..t, to mtaxinfle thle operatilonual depth of thle mii-iticl
diamineter Nemo huhil with It 4-inch ntominal wall tilicklies%. !nd tmainttaint thle Illillialtuilt I()()()

ycklv fat igiii life requ Liremtent s.pecified for all acry lie plasiv. ic tiulk.5 1

Ihle approach w.leetcd %kits to aI I rede..ign thle top ý;atd bottom aluminum ill t tll)
a 2) rede..-igl tlie interlace between tile inw.rt and the hull. anld 0 i imapr~tn the tabtic~atuuai
protc... ftr (hec hutll. All tit th Iicudtciin to thle Nemlo HIMllde..igni 14) eve cibe alluated
experiacnenalty aid aiialytically.

I hie S.olpe 't a. to limitl thev Sttud tot io at:r- lit. hull1 m./e..: the 66-inlch ti ianaetcr.
4-inch thlick . full ..calv operational hutll and the% I 5-inchdi taintet . I -inch Ithick amotdel ..cale
hu~ll. T11w cyclicat I'iglu tc-.ti. and the %h.lot term implaa..iatn te..i. %%vrc perfloritted oil I te
I ;,iildh diameter amo del s.cale liull.. whike t he cexperinicutal ltraiaa tiot'o ..ire...t di.tribu-
tionl and %eoanparisotta with aiatlytical ..irev. t-alculat ionl %%ere caLoduactetl on the tia-jitltk
diameter lull ..calc operational hutll.



lIIlIl(,% OU POL %R MI.R Is

A11114lrgirl 11 tire 11ý' ~trn Ci."iri for 1polar rnwrtr% in the tob-incil drianicr, nominally
4.iiigh ~ ~ env R1IikMrc 0) tiofult ii conporatd i;tru l4w N AW!A- *441NK Stitmesl*'ii0 7

Ua 11 ,1ti-JAti ret4rrt lted tit, it 1 protte-IC ilf 2!0x1) Ivel. wit hout ý ieldigi ' I an pro bably ,.ould Ile
Irsid It, greater dvipths. it cc'ritariired 3 large narvt's.¶ of utituk-ifably hillh sttei. con crntrmlon-
rIt d I litI%% it ý: cIII% ItIred it Ie~ I I inarbk for 3tf KtM-0ot I rvicv'. I:or a riniiijinal cost. I ewe

hartdcs %kv re mo~difiled tor sjfv te terioti to 3LkJ feet.
I hc.Ivleino 0~. i Wirw *rlr4riitnum -pular inser~k for the tio-im li diarnu.e-tr. 44twh

tliick hkull 1,currentl ill sorI ercWith1 tile I IIN 1% SU.-l INA %rrhneritlCNL! %.cc Ref. 7) con-
- ~ ~r reiti~t Ing I Il.the reretal it; lice hatch and penietration plate sit that the resulta~nt to

rnp% 1CeIIIubtralIL: %tre%svs ia tile ,atrylik: hull woukld pa%% as close anu%4%)%ihk to. the
centlr1i iOf t ilie illriAcr a rd Iltts 11% erate only mo4 derate bending miomnh~t%. in the insert. scet
I lit irc .3. A it i irc tc .I ikv It I csýripr ifu it o s %eiu d esign Inclutding NchIemia Itic dIraw ing% i pre-

I tie live% litll * .rr'ywas .r~ alialyved u'tilizing thew finite demeient %tres% .inalv%i%
f'ieaill,' arhit1rar:.r \rms'rrrreric struct ure%. called as- t, i illutrrated inl ligure 4.
1 4t fill% p1,1 'r,1i' iiit e t'~p ha ldi was idealized jilti) 244 nodes and 301) elenients a, U

shi n Ui n-grc .w hiu the he'tturu platc %a% iitealilvd into 2 29 Ilodes anid 3167- velelents.
~h-1mti inl I igtrm4: I tie nia mmiui strvsse% lin time altiintimtu hialiti anid bottom plate mere

"Il.idlk'I~td 4,t tj i iit Iliv tkiIthIl pIMiett1-ti4)fl% arid al1.1.100t tttiltiit%hbetl4I tile %phevrical
alnrriIImIIII Irr1%trl aind tic .rcikrmr ttanrige%4gairi %e igs. and m. lihe hinghlre stros' iii tile

plasi'. 1111 jr~l cIji.dled~ Io oceriton inlter~ior slirltle At thle point lit' L:rI)Itact hetw ecuI
t h a1111iarrnilirr flanges anrd the prolykartiieirate ga%koet

I tiw nIlapilittI~v ot thev pe1C11 principal %te~%in thle top and I utonio aluminum int ,ris
Mien 4mperalli g if a dqpt h of .11100 I'M was predicted to lie 24.2501 and :5.4(9) r~i. respec*
i% ely (val uics derko.d fromr ext rapi datio jipll;if%trv%-.v% Nlomw in I iIZ. 5 and (o. In hotiil cases

tire peak I'rit4icilia I ircse,. wvre Ii'ar ei onl tile iflliLte Of t he ventralI hatcth penlettat 101.
I ticst: peak o )rnprcss%i kc hoo p stresses % e re riot :onsidervd dangerous at that loc:ation sIince
tile %tee) hulk treat pienetratoi would serve as reinlforcemlents and %carry nsflic ot' thv comi-
pri~ve %tresme,s I lie ille athtie Itmiret tare betveen thle spherival %urfices onl thle hatch and
b dtti' m pta Ic an fl their fh rrgcs were also %Lrbstant ial 1 2t)A0t0t-13M ,0f)p%i . bilt they were well
IvIlm~ lire yetldrni poilt lit atnlumnum. Fromnril an erapolatil of fi 0 htr! % vatrre% Showni inl

7 11i)te 1j ar1dL. I ticmr\11irrlir .-omrpress%Mý %tre-is in thle vlastiLc hutll wa-;% prdicted t4) 11C
lonrg ituadin .al rid lit 10,1100 psItIi nimpj~niludk% '.I tre%e %t re, Ivteve were C01il~id e rd acee pt ahle
14cr arpera itron rI tile rrrinckd Mu d ci 20001( eNvim IItnlt surhivnrsihe ito 3WO) Ie't since the
a ~m icald r %Ictritrte .r tet% v Ia en' %. ha sed o) nY ield inig of, thle a rin iniilu rain ad ac~rylic plast ic.
wereý aplprxiodratlyl I .5 1'f orh hm'tr iarial%

DUI)IG(N OF INS1ERTMt1LL INTERFACE

'I lie iticirt litr'l iritert~c l'ie% rtyirtifi~etd in exl%t ing acrylic plast ic submhiersilles
NtUM0, MIAK AK.At anid i IiNSON SUA-I INK * 1 , corrastett oftdirect contact between flth:
rlirtalhic: irrsvrt ltarp arid t1re acrylic t'tastic.2 )"-It Sin ce f ile orivn tat ionf of f ile initerface
was radial, J.iva~r st rv%e% t etcr mirrinizii ed. St ill. becatise ofit diterericvs in structuiral rigidity%

--- -- - - --



tutwtt% tnd it-he actrylic hull, as' well as licnd ing 4' the hull. likes" plttix 'W, lnch t*iv'Sea
orauk-. tit apivt~s hi thoset .1reas' of .11w iiitrYlh -ph.stl.7 thatf Comet in ec"Ita-Is-g1w-ith fhcmnst4Wtji

a.ppiroast.4i was 1's rvplaus. -ilew -snietldtu isiwrt-s-with tti'st miadc or anr"lt. v~~'~ a% iti: W l a

gas %I be~tween thti rigid met.1iafic inwrlrf asid: 1h..i:lhuhvt plastic hitll. :01' rIlkw twitW iJft-piioruhei'.
tile uv$i~d 0g1kt. viii. vqwruitionirt-y in-we &ritppeaitnj as it alloswed [lie rcel'tiis~tm twotrai' otiit-

silly proltitis mtaici1dj inwrti with (ie1 desitxahlk hig±h hIeai tritflsitr Uw i'wsi hi'u 11.1 onily
lhyite scdauin il'the1 righti type witil ti~sknces ol ru~ikt

the pasket firualty **kcdcc fir the Mcnied 2000 Ntiuio Hull .5%t'tinly wat% one-itwli
MIAk pliloycarbonwte rhisulit f-w Fig. 3. Arpt'ndi A I. Plw rh'atIli%l;I- ch~
hecau%. ki' l its it zlutwlie% rv%g%ianc~ lit c'rack priopsosatins. astd mdislsi idw. tiit viicit) that
mth1etdti that ul tfit.:rvIit p¶last ic. Hccauctseili the I -inch waill tlhiucknev. the gastkvt -pt) ,iitd
milTitcienti iniherent sit md ural %t roigill I o proen cii t iroiti htci ng vxmiuded into t he Ihusll jinteriv:
liy muiKtsideh (Iimlru)t it previ~ure. AMit). tile cacusir4 tn'Vrcnii iaI flangetillt0 I livex~lerior edicuz. oft tilet
gasket Vierves a,. as -wil retasiner, whsich. ke.eps Iliti uav stem i'f tiucrwin 11we fuicii. between t-he

F polyc~~irl'uths Sti gsktt and tidlet aikij0 1k pI)ttIc Ii t1111, 1 " heWI t:1IiIL ofi~t' room tofeusi turvs L

%tilý:difl/Iinj Sjliolnue rssii-'cr disipen5%id lrtonm. I lith itsi lit- %pact b~IV 't'n the -ask'i.- flasnge

IMPROVEMElNT OF 1' UIRIA111ON, PRCLSS,

L ~ ~ ~ ~ ~ Il% ls'td-bricait in pin doeoiitci pt'Ll o 1'4) i: lirit ascr.% lie plasic S it*vnii) %uhmersihrib c
t%%js A%( tIivI itill ile I'l b1wc tj'jI it)!O (i htil aktr~Ii c ri; ist Im lsu)' fiot MAKAKAI 41and tile .1011%.
SONJ SI.A-HXI\I~ nd lotiscuict rI-61hsriiv (Ill tile a;siisismnt (it Sl~ipit dimensliontal loIIrancti.t'
tiltiShe iit-st>of tile fllc~Sr. ithe variist son Iin I hi~kick ns, ill individ tisal %pht'ri4tI

ptiit-flttf rnothstlo% rt'an1wtc a hIsisttitIl (itt siminirviasl lasiting ftlt'taiwe' Allts iodk~idsusl
plates. ovl~v. sciim (I tll', tiv peititucy. til the i-Anci'% of l indviduial -.11herilicaIpstsosivsr

I Iwe atuc1 %ariat iml ill hc tseiAIes ~%%,Is U'Lepibtale so Ioting a% it wa'. edolnotlisLally ;st'tt'jl-
;I1Vto I 52L5 itt. t iplmat imtiildepths kilaiiPih~lhy ofia Nelso lish on tile hasis.oft niminimi hull

thickic.s"'.. ild he t55on1..ti1u LI)it lhijikn 55%. 't.evii individunal '.plitriL-al pevntagmi ,is'.t not
t7~ t-muiidrerd s'plicvslly objiectlonashle. I lowet-er. w hen vtnphia--s'.i' 'tAl' acod onl cos.t t'lTectit'-

lie,.% 4 tittIlie asryhi itihll as. a structtire and as anl opliieal sys~teml if becassie vcilittlliciSIly
1u1stenlable til Itciileri' .suclh a large vosisjsS hu in vi'all Llsi~ness'. I'he thicker portion'.% offilet
li nill woishtilh~*c contlititus ci Asddit11 lurks ball'it that de11tra.sit'd Srill tiii1lit pu ~loaitl asnd ,aditie
mi tliiwng tolite depth tvtai ahlit y. Ini add itin til e Inismasvi ce' intsIhick tess bet wooi n in it id al

'.J'hericas I pe t!0ita kksi Wtuld have o~cra led aI aotltveable opticle d isitort ion for the crew of' lthe

o bvious'ly, thle key lii utijluruli I> of wall I hicknost'' was' to uset t hick act ylitc plasiSIc
NI1swr itasI Ptntagoni., of uniit - trmi thicknessi' in flit' contiirutwtion oil lit' hull. lBtsivaslly . S Isrt:
we-re I Iirco tcmistiiq st aAvsibl haIt' lr asttasillnmen't of uniformnly thick '.phcritas I i'it giasiti':
Is I hInn 01,V111 tij~j ol a mvl plate to~ very light dii itotn'.stas bolernt tti. 121 grind ing
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It rin :itm~i I tre it)%id I I iitk nvss afte4r t Ilwrit it wOrImin tit pkites'. Of theseL I h rvv twhini i Ities IIi
Lis~t tlw Was filliund Ili jpr(Muc the' smallest thicknvs vairiation ~at appriixim~utdy Ow,~ s~ianc w
less cost IlIut re'quikhvi by the )'e othoi kIiIqut. Ilhl' Ittlerative oi hull thicknewss att iuitd by
grinading~ Lit fortud sphtvri,ýd wI.i4 r v Mir .050it)i itihes.

EABRfCATION

[ I' oi Scak' A',winhil

I he flo-I nk It III W i-inl'li 11) kilddl tM000 ai'rt li plast k N-vl't) I I ill (mv Figs. 1) and
I II was~ ta1 ri .iI'Ilv 11w.k ed I't m . lit:-., s cxka Ilv inI) I Ile silnwi 111 Itler it% liw lit V'Vi(0tisy 11u(ilt

V\ I't) IN I I,,tI :, ' I'l, on IN imnpro'~vitiith I% )'r I Ito prLvvit it itabdI ri a:Iim v Iln it I tiqt we'rv Ill
ctm It it .ir primtI iiip itrir' Il tIsI ~IVI k-a I L'I tir aud place I lit: I l lit' a %ive. inll It) i ,lie~ts
bh'em ''il %plIerit~.i1 pliviai~won bý nitivi% titt hytro%Iatic prL'%strv, l'abrieution t'leI~IIq (LICN.
diinvl-tifi~ial detI%% ntg-', and rIvekarit contraOt imi-errpindel1LL orL pi-'Nv'iited inl Appendix It.

ALr lmIItv -,. plAt I;, ia nut wact irwell bý %tit nisa it t) werttL'd t ha %ivk ~u%miruv tion itila er kl.
I lie %tIIngetttfl Iliiite.ij i.Ir :lmindr IprthA'dvurv', dvevelepvk by N( IA. I.nd PM R filr Olew pr-
hto jts % lod'A itti NV'lno HIM ~ %t vr ipiplickd Itll.'r a.ike. T esting ol1 material %Pl'iv~wt's shorwed
that thit 4.1 23 iiorninallt hil.-I Acrylilv~ nevt thtL phtysical prtepottiev L'rlitria listed lit Table I

av %ttdjhIi% I~vk IN Ole Na'.% 1,111 al~r) It, plaitikL windmv- and prL'%surv ultlk inl malined svrivke.>S,
I4L',du%' (it' imrprtivvil tahricatiot telthlmiiev, mitt as mtany dtltrhimn ruhl tolorancvs

% eie re(In~ed inl hulldliri Iiie Model 2000) Nvino Ihull I.% were rvL'qrvirl' for the Model I11000
%L-111 11111 til q ia I L 11t1i v i JOH) INSO N SIA-lINIK suhnvr-ibIlv. 7l Thus. %x lwvrva I Ile NIodel

10(mil) %v*inti Mill Ililekite'.. %ariod ittuin 3.-S44 tit 4.11.10) lninv%, file Momdl 2000 Nvinto Iltill
vairied mnly fri cu 4,4 4)0 to 4, I104) itt~ehe'. Similarly. whereas% the %phorielt y (it Mixdel I1000
'Nolu nItIII tilkariedI from w).: ct 250) i, 5 .900, t he Nltodel 200( ' Netmu I utll varied only t'rremi
(10e.003) to 0i5' oI4)init.e'.. 'Aw..nthlds dimonsii't I'mjer' FOle Nvimn klodell 4100) Lire listed Ill
labibh 2.

Ili hek oertlra t hat did nt)t teali/e a si)nitleaitt irriprovenineni inl Ohe fiibrivalii po;:-iO
vs., ý%I file holitditg cu jitt' het~vcit indlividuial plcialgon%. A i.onlparis.til oft the 5451 tli

`804 is hinid -.1iregrl ae:Ii vevLl Itot thre 4-invh thuvk MmdelI 10004 Nvino I lull7 willh that oh'
thile 12.3 tol9 'Ii (1e p'mi od '.trolitii attained ftuc Ole Modeli :004) Nomol Millrhi lnicate that
Ilie '.rVengtil oFhtil, edjjjý( jojint' ini hot h h~lk i's about the '.att. l'I ltl ohic. true also For the
*hiillilty ()f the utot . BIhIluit 11w number and ,i.lv rtit IIitnd imi% wais ahout the same as- shown
inl 11 iguie I I a nId 1), '1 his iu'.likeate% that althoiilg he teehni VVI(LIV ret etiplacinit tile adheusive
hill)toh e jilttI and I lhe pi'1 irt.ib/mtion revzinen la-Ve hVVi II'da%4 ivally diantiL'd snvIeL the hahni-
u.ýiliml 44, he tir'.t MIOdel WN() Nvinti I hll in I ikit! the piertwomance tit the bonided joint has
mit, Sinve the vlirtr Nom' i le Il k' under omuprvsslin wheni %tibllergLd to opeirational deplth.
wr'y litlteI inceutk ivm. Ldisl Iti eL'tteet fuirther imlprwwmni'tst in tthL' tensile' qulltdtic v itt tlte. I jilS.



1 ,bk' I. Ph)i:NaWI 1 pcrtici Of ALI) 4,L Plastic IUll
for 66 Inch OD X 5S Inch , D Nerno Model 200)

. -iimum .4 rerage Maaximmu

Propalr ks of Il:lstkc*

AS1M D-038

Ultimaic Tensile Strength. psi 9.545 10.972 12.331
Elongation. percent 3.0 5.291 7.0
Modulus of t'lasticity. psi 429.000 465.5S3 505.000

ASIM D)-700

Ultimeate Flexural. psi 15.238 17.73o 18.686
Modulus of Elasticity. psi 415.0O 403.125 4U7.000

ASTIM D-732

Ultimate Shear Strength. psi (.880 10.088 11.500

ASTIM 1D4t)5

( ompressive yield, psi 17,700 18,416 19.600
(ompressive roodulus. psi 500.4)O 5 '0.41 f6 570.000

ASTIM I)-(2 I

Dleoi ination under load: 0.42 0.55 0.72
4000 pm. 122' 1: for 24 hours

.Properties of hondest joints**

ASrM [)-(,is

Ultimate tcnsilv strength. psi 5,123 7.! 15 9,1141

*rotail of I20 'pocimins ,taken from 12 acrylic plastic plates with 4.125 X 48 X 60 inches

nominal dimensions.
t*ohtal of 12 specimens taken front test blocks honded for quality control purpose.

S. . . . .. . . . . . .. . . . . .. . . . . . . . .



i .jiIk 2. h)Uneuitnj.l% of 1he bb tnelh 0|}) X .K it.nch tt) Huff
for Nemo Model 2000 A.,embly

I.h•ividual PenlatiOln ..

7k kn.nur Deal•Iaol

Pea&.i AlMuinte iihtinum mcxhuMnt Minhma. a

A 4.070 4.035 0.075 0,005

B 4.075 4.040 0.070 0.010

C. 4.070 4.020 0.070 0.010

D 4.100 4.050 0.100 0.030

4.070 4.050 0.070 0.010

F 4.1 I10 4.005 0.040 0.020

4.060 4.030 0.150 0.050

t 4.065 4.010 0.100 0.020

I 4.0L)0 4.060 0. 1 0 0.010

i 4.070 4.050 0.100 0.020

4.050 4.0(00 0.100 0.020

L 4.030 4.000 0.OQO 0.010

2. Sphere Assembly

Spheric-a/ De'iddopt!ls .1luaxillmidiiinl~

Total of 5 .Measwrementi 0.100 -0.0',5

-*I aial of ( measurecmelns per penltagon
*rTotal of 5 measurements per pentagon

Metallic Pobr lnswrts

The top hatch. top hatch ring, and bottom p"lae for the (66-inch 01 hull were fabri-
cite.d by machining W061 -T6 aluminum forging~s, a% pictured in Figure%. 12a. h and 11t, h

flaL .. e Appendix B). Material quality control o0 the aluminum l orgings indicated a com-
presive yield strength of 36.300 psi and ultimate .ominessive strength of 43.100 Mpi. Spe-
cial attention was paid to the machining of beveled weal seating surfaces to assure positive
scaling and g(ood bearing coatact.

k7



P4l.earlmnalme flearing G;asket

The bearing ga.kels shown in Figure 14 between Ihn metallic poakw inwmts and txylyk,
plak bull were rnacbined from Imlyc-arhonate plastic pltces. Malrial quality cont ro of the
polycarbonate pklates used as machi-ng stock howed that the material was acceptable for
this applicatkio. 'rhw physical properties are summarized in Table 3.

Table 3. Physical Propemties of Polycarlbtiate Plastic (;a~d!%

otr (,i [rich OD X 58 Ineh 11) of Ncmo iodel 2W()O

A14- aer* Alaximi,,,

ASTM I)403M

Ultimate Tenril. Strength. r,~i 6.641O 7.170 7.0)0)
l4.hflmgjion. percent 2.3 22.

Midu~lustWfEL-ticity. psi 1320,(XX) 320.()OM) 42N(A)

ASIM 1)-?')0

Ultimate Flexural, psi I 1.7(X) I I I ýtO 121 A)

ASIT D)-732

Ultimate shear strength. psi IO.4X) 10.400 IO,4(X)

ASTN I04')5

(ompressive ,iekl, psi 12.500 12.8IX) 13.0(0)
(ompressive mod ulus. psi 3.,6().O0O 370,000 3MO.0)O

ASIN I)-I

luformation under load. 0.1 2 0.13 0. 14
percent 4(0) psi. 122 F for
24 hour%

AS'I'M 1-250

hzod impact strength O.67 0.7h tA)15

ASTM i-570

Water absorption. percent 0.14 0.15 0.15
24 houtrs



SIII~v. JkI ' cItl oIt 11 td h I I Of Iit, I I ii kl %', is currviitI Iv tit)th I i~ritm ctI I td inldus-
trq. W%V~rat futr-inc'h thick vlate'% wcri. bonded together to form a .Ainh thick block.
Altbtul-h the honding was performetd by General Flectric, ltet developer or poycarbonale
plas~tic. lte~ quality and %.iringth (if the' joints~ we~re kl~ th~an of the paretn mnate~rial. Addi-
tiona~l e'fforts by Southiw-,.t Research Institute 4SWRI) were made~ to imropve~ lte bonding
I ehnitjtti. Ai~l hough thowi too failed to yickl perfect joint%~. Ilowever. in view of [fie fact that

11wgasetis n cmpessonwhen incorporated into lite Model 200 Nerno Hull a%Min~bly.
lessOwnperect oried oirh wee ovitider a acept blefr comprcflsive loading %..rvicv.

Scalr Model Avaim~y

I lie I 5-inch 01) x I 3-inch 11) ~acrylic pIlastic hulls were fabricated by 1: cTechnical

Support lkpartmi'nti ol, tile Pacific Mkissl Range. Figiore 15 pie! uren one off '..,c hltill. The
%.waie I irnitruig uutiriiiig. Mind bondinig VCch1niquc1% were used to f'abric'ate this stcale
Model dt. 'AM! tiled in lthe t.,hric.,ion of prototype models dev'eloped for lthe Nerno remeurch
programi in llhi;.2 Quality coritrol ot acrylic plastic and oft bonded *joint% showed that the
%%:At: model. flid1teriiais inet the n%me tivl'ications ^~ did the full -scakl ($-iiidt diameter hutll.

Metallic Polar ltnrt%

The pokinr itvwrts for lit: I 5-inch 01) model scale hulls. w~ere fabiricated by machining
Autnllgtutt and titanium forgings i ee Appendix~ A i. The bOb) 4'6 dlinninumit inserts were
%truchi ra I %cale tlnodelti ofthe al1umiinumn polar inserts ini l ite bEtiinch diameter hull: se ig-
ures. I (tit 11 md 1 7 j. h. Ilt!e 'I iE'Al-4V Iitatlit.1111 fitert' showri in Vigumre I Ma. b'. c. it repre-
senftL'd s.imiplified '.CAl 111odel'. ori an lternate designi for lthe Wt-inch 01) litll po~lar inserts.
excqifl t hat t itJIU lIII ~%u tit.Iihlicivl insteadt ol aluminum.

rt1Iwb()Iixic W~aringW GAckt%

Ihle p' utyearbi nate hviiring± g!askets. f se .- Appendix At i ere imait.1ined froin I iticli
t hick ;il lcairlimate plates ( lexari ( l'-t M. Commono machine ,.hop, practices%e~ re isseul to
aicliicvv lteii. desired fink'h andiu tolerances.



IUSI I'RO(.K \NI

Midcl Scale Hulk

Statak T"-ts

0 5•-e1.inchO1 X I3-inch ID %vaei nodel dhIull.Shm Wil ill Figure 1I, Wis siubjeclted it)S•'i•' orIlyr{) tes•:Ivt, wha •'tilll..ld ill lite• imlosllion of lliv. hull, Ihll.'objecivLN.

(it' tih" Mlit: tests %kere to ( I ) establish Ithe ,alidilt' o•' ahnlinullll hatch d1:eignll I'mr ocVanl
depth operation to 3041) Im't. 1 It.asure the %tress wavv emllissionts o. the acrylic l1)111.

.3) measure tihe erml• o1 Ithe hull at deptlhs to 30A 0 tet. :and (4) determine tile short term
imlos~tioln depth of* tile• Model 2•0MX Nviti) lhull assemb'lyll%. !'o acc'omplish 1the-w ob6•'.'iective

Ihos.al i,'1¢lilkidel ot1" thwMoe l , 1•,¢ 000 Ncillno Iltill %%it, inlstrumentedlll., with 14 e!•.1vt4 iric. re•.slm;lln.c.

%train gages and all .co•slti tranhducer wilh a I 60 kll• res•onse capability. as shown in

Figuzre 20.
Static tests were conduocted atl a roomi teutpera t tre range beteeii 70-75 T in the

p'ressure test I'a.litics ol the Southwest Re.earcLh Institute. San Antonio. TIeas.

1. Prv%-Nuriie thie I 5-incih 01) X I.3-inch II) Nein Model 34 to 1350 P1%l al
101) psi 'leinut" rate, hold I'Or 4 hours at that pressure. depresurize at
100 psIllill:lte rate 1o (0 p4i. allow to relax ftor 4 hours prior to nex\t test.

2. l're.suri/e th. I 5-inch (01) X I 3-n•ch II) Neino Model 34 to 900 pIi at
100 psi.minuit., rate. hold for 4 hours at that pressure. depressuri/v at
100) psi,: m i tile rate to 0 psi. allow to relax tor 4 hours prior to nvIx test.

3. Pressurize the 1I•-in•h 01) X I3-inch II) N•into Model 34 14) implosion at
I 00 psi iniiute rate,.

(Cycic Tests

I hre•e I 5-inch 01) X I 1-imc•. II) Nelmo lull calae models w%.ere suetb ed to a series
o)f pressure cycling tests. I hie obiecti•e of' lthe presure cycling tests was to estahlish ( I t thie
lat igue life of" I ,ainmg surl'a•c% ill iwr, lii plastic hulills that are in direct contact with mietallic
polar inserts and (2 the thtigue litfe of* hearing surtaces in acrylic plastii hulkl., that arc not in
direct co)nta8ct u ith filL metallic pola:r ilowrts bill inlerl'acv through a pilv.arbonate hearing
gaket •,8i assemnl•l• drawing of' these contacl point is %fhown in Figure 1 . '1 o achitee these
ohjectiv.%e. lte hearing surl'aces of' the acrylic hulls were ) he imnpvcted it ll the conclusion of'
thev pre~sutre cycle tests.

Prsvsure Cycling of* thie scale Ilodel consisted 1" .a series of test% conducted at a room
temnp.ratitre rage between 70-75 '+: in tile pressure test tI-•cilities (' tihle Naal ('ivil Ingillneer-
ing Labor.h tor i N(CI Li, Port iHueneme. California, perloried as f'ollow%.

I. l' ressurie.' the I 5-inch 01) X I 3-inch II) Nemno Model No. 3.5 to 500 psi
at 100 psi Imlilt!lot rate. hold al ftis pressure for 4 hours: depres,.rize at
100 psi; minute rate to zero antd relax at that pressu fmor 4 hours beore
initiating the nes t pressure cy-cle. Repeat the pressure c.cle I MX0) title-.

10



2. l'remirite fihe I i-iint OD) X I 3-inich 11) Ncruo Model No. .17 to I 5M0 11-i
at 10 llt si. mitsute rate. hold at this presstire for 4 hlours. depressurize at
I (H psi'minute rate to tort) and relax~ it this pressure for 4 hlours. before
illitIia Iillp Ilth, Inet pressure C) cle. ZeplvatI the lire vture cycle I WOM t imes..

Full Scale Hull

L Static Temts

[hc oo-inch 00IX i( 5-inlch 11) 1,ull sca;le Model 2004 \4 elw) I lu~ll assellibly %as stib-J
Jected to a mmerueo 011 tdrOSIAtic tetsa SW RI. which culminiated with a 4000-loo0t depthl

prtoof test: Iligure 22 pictures thle Model 2W4) Nemo hfull with thle SWRI pressure vessel.
fie oleethes olf the static: tests, were to I li establikh eIlcprimneniall thle strainis arld stresseN

impilowed ()It tilt- Model 210M Neotio lutll a%%embtl% at ;I 3d(M)-tfitt opteri tlonal depthI for 01111

ti, l20) lýifiol% ta u;he locat iont of thle %t rain gagos onl the Model 20M0 Nemo Ilitill is showI]

wnc wvhich ra ngwd hetiweeii 0,-75 1: in tihe prvsstire test facilit ics of* the, Sot'mithwest Research
ltistit ilte. Sail ,'Intunu. I evis:

1.Pressurite to 451) psi at I W4 psi minuite rate. hold -.it that pressure for 24
hour%, klopressuri/o to () psi at I ON) psi minutie rate. ;tilt[ relax at that
plressure h r 24 ht turs prior to 11cginningz of iw st test.

2. lrestiri/e Ito 4)04 psi at 1001 psi minute rate, hold at that pre-.ssure f'or 24
hours. depressuri/c to 0 psi at 100 psi mianute rate. and relaxs at that
pressure fotr 24 houirs prior to begrinning ot' nest test.

3. i'esr t) to 15 I lf pi at I lt)pi iminuite rate. hold at that pressure for
24 hoursN. depressurize ito 0 psi at 100it psi~nmitte rate. and relax iat that
ptessure It r 24 hiours prior to liepitmi, 1)1 of nest test.

4. Plressuife ito IS $00 pi at I W) psi. minutw tale. hold at t hat pressure fotr
24 Inbur-. dcliresurize lo 0 list at IM0 psi tuinuate rate, arid rela . at that
pre~ssure f'or 24 hours prior to beginning o* nwt-. test.

No yclc lst s were performed on thle lull swale Model 2)000 Neulint Iki nl assembly



I~K 1St 115 - Test IiOs

I lie I ODnc 1)X I 3-incIi 11) Nerno Model .34 assemnbi' paermoged at%iiiiftuoril)y at
"~inittlalvi dep't h- to 30W( leekI. 'The highiest iMastirecd prinlipal "Itoss at' -50,M) pl%i ill the
.ie:t- lic hlkli %%i a~on 111C intelrior. located ait thle Vd!e ot thle top poilar opening), 10.50J0 itelies
jjL I~ a trll aIililinuni hatc cI jind tiriviltated at ing fihe nieridhimi ati tile %plterv: recot irdd Strvss
%a.luoare listod in Iahki 4talsow he iniure 101). It is warthI notinig. however, that itsmiagni-
tilde mflyr~iith eihvII pe1vreent Iarjvwr t hai tile averagw strev%%t -4(,42 psi nleaired
it thev eilialor Am flhe interior t tO e 111 hereVI. I ill" eati I'e V\'.jIdilicd ll\ the1 tact' tht tile
'rv%.r%e ei-i eel oft lie metallic: mv.-rt deca\-, rapitih w ithdi dtance fromi file hatech. Since

the st rain "~a% loc'a ted appir' xiniatIcly tce~rev% a\%ay train the edge it did fol mat ie re
the. 1pe.ik Ntros% 11ut rAthor tl.e fail end ot it,

I lie ma 'niim %tr i t -15` 14 psi il flt-h puilml alumiminti iti~ierts w.% nlea-Itired on
the ilIiOd Sart'acc. *idiaeentl t0 OIhe flang'e. inl the batitmi plate. and it,, oriental onl %1a% ill

l I l c ?c t li lt.ll i cs t v. Itc %t-"S s haith on flthe acr lie 11111 and thev atuiitn inu ii iiiSO I"

duiriN' thc %itimiiitol A.i~e tom 3ttt)I ted., elk UV haI the~ Ow ied palink at their lVePeei~k
illatoriak. All '4ranill ob c c akerd 110 retUrnl to0 eAT im1'0n dnpei it' l'ie el \titlfl

perioti tolth4wimn, i liv uiniilated thivc to 31)ttA) leek I %oe I able 41. I-or hbith the aoeý lie: plaa.tie
miidl .iliiii11uuui. tOw .uppueIVitl %.eet Owtii~ s~~da hor li-Ivtrni \iodilil!u, matliieriall.

ele -V evli iicec a 2(In tf 2 l[lie Ia,.k it* lit"IVe~ Al't ' 1110. iiiL 1 Vlteii ii it \%;I con101(ch ude tatIIII tl:1he )po,,Vid Lte..igli ot hAdIVIe Ma JdequateW 1 ) tol\l L NIll 31000 1 feet anI th1,t 12 1 tie
Mi tiohe Iull Nelilc Model 2000) \k"11 01111 IthaW.ISIIIht cMuld heC Sdtlt Ltekc a1Oti Ic.1t atlS A ktIII

I he I ODii~ Ii ( I) '3-in1ch I1) odel .14 Vtim) Iltill imploded onde-r shiort tetin pics-
1uare loatdii L! at a 4.iiuuLI te (d)h tI (1.too) feet. I hie assemI1ty tail' (I I) geiieia I' lait:i
inst.0h0\. itx the raw-mcnntc imoIdel is showi iln I igim-c 24. -1 li hir.ikcNt lk'IueaCIie td%% Ill

thiv ahtnuluimin lualehics. plitt ii-to 1iiipliiiin. were foiund to het alot uation-I z:4 and =- 4Iee
I j nc I'I atd linMAiL'l it itlW inl d ic -3%5.00 lt)oe -39-000) psi ra uge. a% Q%I% n~ illi I i,--

ur: 25;. I lie t).000M-t oot %khoiite4.,11 Implosion de~ptho at Nhtd 34 ' i%..% tile seale modlel a1
3.5 eu le m at-gin tar c:ita%t ri phiie: d li\ e. I )a ii L'dkl4etial Ot theV hi dra~tat ic te%t. i% dicui-

iuieuitevd inl A.ppendi. C(

I Ilke I 5icI i)/I 3-i nehi I1) Ni del 34 %%as a good st uree a oaet uisic emihi%itn dur~n-
0 i.!Ic l 't ro,/ 111k 0 1to I351) p~i: I igimre 26 ;'r O~ledei L 1 1iltllgtailillO Stt e, %l %%ila%



Fable 4. Sirjins in 15 I100101) X 1.3 Inch 11) Nt.imo MWOd #34
t______ during Simulated D~ive~ at Depths to 300 feett

(U(sStrain ushg ripinth. jILj'j401c Sirms. fps!)j

lIa Iqtuaor. otuitside A -5.901W -5I.700* -.. 345* -3,284"*
H~ -6.7(X)

Ilb Iquator. im'ide A -8.2O00* -8.000)* -4.6lMl 1 4(,4
It -,54), Sf))(X

C +1 +25
21' Itlgei oft'op polar A -#s.4JtNP* -9.50W( -4.2$o"* -S.08l*

openinig. in~kide I --. 700) -1I. I(It)
_ 50 -I(M

'111 Lip o, Riange~. A -90O* + I) SW 038 - 1 .3 19*
hottom plate. It i9o +1501

4a Root of, flange. A -27* if* -3.1m711 -1.450~
hottom pie IL: H -275 +I(M)

4b1 Root ofr I'ldI)). A -iMV: -1.25W1 -10.714* -1..7 14*
bot toml plae. N -7(X) -I .3%(

idj Root l~aflLI. toll1 A -I M*) 11affultn,- -l*01) 0(*
l11J14:1. ouetitde It - I(H) tionfingI

(* 0 S~.gage 0
;I1 Hoot ot flange. A -I .l(H)* 200X* -12.747* -$84

top1 hatchl, R3 -1.1(H) -2(M)

01) k~I dgcof114)1 tO1). A -x3It1 ,.(I4)* -4.55X * -4.1I27*

Ipolar op".11i'w. B -11.2(M) -7Y0O(J
inlside C +Z50

71) ~ipi otf flangei. A~ I 3 +3(x)": ~ 1..11) 7
foil liat l. B -1I.3(m) +3(X)
insidec C ()t

Note A! InunviLljatv'Iy a*attr p)rt.%surizatiol1 to 3(X(M) loot depiltl
R. After f'otr 441 lour% at 30(i() foot de~pth
C( Affcr I o hiotr% of rela ~ation at C) de*pth
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.cI it Is : I C Itls'h~ I '% I I ~ I tI% t ICCI e 1qkId vi I h II it I t it vif I I fii t I I s. ~it c w I huIfhI L.l hI jt1% if

Outrmne I lk It ni iI pivc'.%Iu e test it)im lilt iooitl). Nh otde 1 .4 vinit kI vi igmti~ictit immliier'. ot
jki.!j O L'mnik'.' I%.1hog w~~ti i onl itI A r t he pirc'.mirv passed lthe lit45().Iinu depth mtark. I fill%.

IL eL' I 1i dI5(II~ Ilci 111' , e. 111.111 50 ~m i.u i..1% illim l oil~ii I lill'Iit 2- 0111illlili

rthenf. thle huhI,0G'4t~l i)" 11111110-001 tit O acir% If, h1101 totiltd flaw beent '.Iiped ldiff blit (like %'miut-
Ia ted tinke at jIooti 400 feet .0CI o Ihi 1 11ploIl'ull di.-pthi iiii III,: i'jIlk (If'II: J~bIIe CsIII '.%li

reo i'rdn I m Iee I wi.Zl

(dic Fatiýsuj C ruwisig

(lI'.~n.gi'', ~ ~-ni~ I I) 3-111ch 11) Modd le 4;. 35m3 Ilul .;. .IltkgItll '.011141
I. 1 t-d 4-liiiug II'I nI. ul L. shiii ,it I wotirc 2S. rvti-wLd thiat on\I Mod'uel .', \ kidi %%a%. irre-*.ur

ldTi to I l*icphlII III ) te l had Shi'tit inulet11'.11 t Il Of Al, 1 111011. III IIVI .'.A \11 III'J% 317 ;':ltl
3' 1 l1, i~ t M ue uir k\ lk 1, i. 141 1~itI N I .1 d .itl2- t) lc 'holedic i 14) i' Ill

L~ 4K P~tI~± IC 11%ti ck AdL 11 u IIIam iin ti'd l 3' 1"11111141 '.lhIIIilc h/iw" 01'i tt. 1:11'mil he..riiig

'.iir(ack, Iin tilL: pilt -1 ipoling (itIli aiw .141 Ii. !ui~l. t ilib il.- t a'. k-\;'o'. l 14, idirect Lozttac %%fill

.tt111k mIlels,1ni"" I (1(1) llkL. 21). I~lk-ill'lf ' l Fio 441 o po riiv.IeI dI \ Mod l 3 . ill %%llcla I II,., ;ic lk

I ~I t i.- nipk 'l.[1.4it ] dtn li.,it iton~ %%eI iiIli Ow I mo del.:ii%-t i i' h i th %ra' . I1 n',ik this.mL

I[~ k,11 'it' OM Iit I' 01. ltil(k .1i k k~i. ill 11 11 li tI X )iht'. (Il) 1000t dci`6 e for th cIlitU O l
11d, je 'IViiII 1111 "iti ' ii I o -mnliý 11t '.iit m 111111%1 el~i"ilC r Ill iI diiigi I% 3,34 (Ii . 1 ofarnL mo'.ilf \1

idi. lit d epths Ill, p ii i i ul*iI i ill *i .I k1 1, 1VIt~it k .i't o hlite (clii 111.tof 111k, creep .\ ' l it:iti re
'niIhownili 1I14it th I cdee'. 1000 atl k, l k~ltniiitni ith,i t .11 lm ceitu i~illv. I\ Sin ljrI . it 1 h lir e tilt oli*

r111i' N1111 tIlt ul th.it, l Iltit " e jtelj lk. ilIIL.t e1. ig L V lli l0M'1 llf e

I iei~ei prc i n4'I 4 er idtl'I'd erll h 1 u1.1%1 r I t L \ .i ltit ,Ie i pre%'tr.it ei-

!!,.(Iat 11 ýIth ULak ii'it~t didj hint le~w'.t pe1),iwltdteiv;it) dton~t iatinrkth Cia pldti4

1;14 ,1KNI2-nd ckp n 1mrj~Lýfonchivti hche1142



1-0 &.afr Ic14s

The mb-htch OD) X 5?(-inih 11) Nento Modlel 2000 withstood successfully the fouir

24-ourhydostticpressure- k).iding% to 450. t"0. 1350) and I MO psi without

lhonate plastic hearing %~r 'ate' it liteI polar op¶enings.

the, mot:Wstudc ~ W'rai',.s obsc'ev durine the 24-hour pressurizationl tests is shown
il ipir 32: recorded %ttres %.tilue% are listed ill fable 5. Sires range was predicted hy I 1
Owli /111-1 3 'mite element compater program and 42 strains generated during the hydro-
%tiit.jtIv. tcsiiW of the I 5-ilnch 01) X I 3-inch 11) %fixiNd 34. Ihe fact that the acrylic hutll of
%1I 'del 34 wkas appro~imatviv 10( percenti thicker thani reqjuiired by lthe 1:4.4 scaling fauctor
had fit ho taken Oilto consideratio n d urinig comparison of'strains measured ol lthe IS-inch
and beo-inch diamecter hulks.

I hie igliemst srains in .acrN 1kc plastic were measuired ol thle interior of' lthe hull at the
edge. of the top. pokai openjilL'. I hie -.trains. it the edpe of the bottom polar opening were
about 101 perveelt less. reflecting the Ntact hat lthe bottom alumnunmn plate is significantly
less st itt t han t lite top hatlch. Dihe rat ios betweeni longituadinal and hoop strailis at both loca-
114n m% r inl IIlk 3:1 -4: 1 rantw.

The interior longitudinal %train at Elie lop puolar opening was 10M percent greater
thali tlhe intevrior laoiigit udinal strain at lthe equator. while the interior hoop %train at the top
polar opening was 50 perment less thin the% interior hoop strain at the equtator. The exterior
14'nLituditial strain at the top polir opening was oiil% 20 percent greatert than lthe exterior
14)11211ud in. Il strain at Ilhe et~iiator. %% hile the ex terior hoop strain at t lie top polar opening
was 70 pcircent less than the exterior hoop -,train at thle equtator. Onl the alumtintim polar
inserts thle highest straini was measured onl the interior %tirtaces off 1 lthe bottom plate at
location =f) ill longitudinal direct 1(11 and 21 ithe top plate at location * 13 in ongit 'ainal
direction (Sv seHg. 23.11

N1ýla~khit ofd 'ICP4 tt lite eq ua toral --urface-. of the hutll was approximately lthe
%,itle ais that recordevd for Model 34. 11 %as for all practical ptirposes absent during the
N~ hour lpressuiri/atio~ns it) 450) anid 9)0( psi. biut it becamei nioticeable 120-25 percent
increase over short ternisrin orI dunaiiw 1350 psi pressurizatio'n and was significant 121-30)
perceint incrvasei during I MOO) psi prvssuri~atioin. us can he seen in F~iguare .12a through 1.
['ie mnumrical value of' strains )~n Ilite hiloii or surtace at lthe equator aft'er 24 hours W' %s
tamled loading %%,.s in the; 1510-30M0. 5000-d)0. 1)(M)-1 1.AX0 andi 13.000-15.000 miciro
inches inch range fo~r. respecti%,ely. 450. OW(M. 1350 and 1 X00 psi presmirizatioils. I See is
32i nuerda va2u.s

The~ ~ ~~~) nueiaeatc frect onl the interior hull surface am lthe edges. of top and ho~t-
14)11 penetrationis were higher than at I lie equator. but inl terinsol'short terin %train p'ercentage
the% were niot different from those at lthe equator. Alter 24 hours ol sustained loadling the
lol'int udinal strains atI penetrat 34)31 were tin the 41M)-45(M. 8(XX)-i I (1XXM. I 5.(X)O-I 9.000
and 2 2.000-27.00)0 nhitro it~ichc inch range Ior. respectively. 450), OW(. 13151)and I MXo psi



I .ah 5, ec~w in i~ lkl ODix)A l~ilII if) Nv:Ilto Modd' 24(NNJ Awlt
D~urin~g the 24 flour lOi~ lo ;IO I)v'p;:i or' MI(HJ UM

It)%d1 oopl -4 IN,

E)Ii~ hfoopl -2.34s
IAongit utljinl -3.x I

If~i~.I Ioo', .4 -
Lll~git tdillat-.2(

I hIm 11 -4.214

L li~u~'t, tudinlu 1". 14 cOVI ill icr k

[11110 onIl Udinl -3.400(

ILonglilldillaI -5.4.".

I littip-4 A081wE
( )nkjdc

[fool-,I ,49 -9.31h,
Llg u il -I I.1~4s 11I .3 1 Q

I lop -3.000-4 .X35
OtieI onigitudinal -. 0)-4.45;,

IINL~' Iotitudialii -I 74).0m~ . .~

ILongiit udinalI 71)~ 5.6

Ia~id~ I loop I3
IA~skfcLogitl ifd- 0.X
[fool)t.4'

I oniigildi~dnj -o. " ~ .42,)

*'I lighesI Il~%in aacrv I ull i (durinp .:onvasrion ill stra in- to stresses I- 41)0.04) psi and
pu 0.4 we~re~ applied I.

*' iXl%t v%1F% in polar ailuminum nsertshr fd tiring :on~vr--ion oI' Ntrain t1%o %t rL,%Sk,

l~iJ.011%~pi and p ((.3 were applliV4t.

I o



iltill

Ibwatftll (koit'talh•i Ill reachig jUi#ft) i'cI ,4tier 24 Iminur

I h ti)) - 13.022 -13.187

Longitudinal -3,407 -3.951
Ilfop -3.51 -2.90

L (Outside
lA)EZilk udill -55 +110

I holp -10.549 -9L341I

Longitudinal -15.165 -I 2.802

I Iuool -4.78 -4.784)

Lui'gitudijlI - .')34 -5.934

I Mop -10.549) -'P.835

Ion4!igitudinal -I0.105 -9.45 1

Ilooll -4,67(3 -4.670

.)llgit ul ila I -3l.' ) I -3 ."OI

I toop -1 0.105 -9016i

I ongiludidlal -I (o.;4t -I 0.220=11I
I loop -3.73( -.3.731

Lokupiluinal -4.121 -4.12 I

Itoop -I 1,42t, -1 1,4210

Intsidcv
I.('1t2LzidIna -I I .42'1 -I 1.42()

()ud' I h-3.187 -3,187

Ih(bi" -II .758 -I 3.352
13I41ilidi al -12.527 -14.505

= 13
()t£%idc. ~ I'' 3.5

L.omgiludinal -3.087 -1.444

I looP - 4 2,002 - 714,2 7

Lolgittidinal -I 2.3(0 -I 4.2(8
()utsidc 101-.73-,2

lo it inl- . _.__ I-1•.758
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a 24-hotir period of rela ~.ti ion iivtd Iiti that t1w crep inl at.rý lt: wits iiol oll' a permanlia w
naturv even at-ter thle 24 hour stistained loadiiig 14o 1 SOO! v.i hlydrot~atic Itrel-ure,

'IlieL 1?IX1Pimfl ~th'lilleaLired oil the ai ri/fic hill 4 ccL I ahke 5 )at thev ligionnitiu of
24 hour pre%%uri?.ations wi'; -2334). -50143. -79J14 itid -10 .902 p~i ill. rk~pveti\, .l 49). a)()()
1 350 and I SOO) p%i pirc-istrL' load ingsL. I lie 111;W1111 11111 le% allilly/ad ;I% tý pical lot Xclilo

litill%. '. Iocat"d on tile initeritr surface of thle hull a I tile vtjgv of tool) polar open ing, anld
wit- orietlvllL Ill tile lonigitujinlal direction. '11w %trois on [lhe intevrimr 1q Oat' rial mnrtace was-
nmeasured Ni I H t It IeVOIISI Is-1S4 D-61. -595 -.1i 71757 l'i,j Hie mnagnitu~de oh f trve
ol tile acry lit: hull at tile 6Lonviisiolm of tile 24 hlour :I'vSSLIn/atloun pcriods I- not kilon

sicothreks m~i~vjl1vo-v Ii:2 :: limt 2wh~ichwt~iudinali Iim\da%:ical %%:ill-
hottorin plate at loaio o, IilOe"iiuia dira:tion. 'Ihle moiiia~nitue (W thev strc% at1

thv eginingof 4 hor po%%ui/aion% was -406~7. -'X 1) - .K I rd- 4 s t
ro%pacctivehy .50. 90(1. 1501 aid I SOOJ rsi lood iogi. At t wLI)ile l1 tmitso orl t he 24-In)ur pres*

suri/mlion. ~ ~ lirosth antde ail the ScVhld ia ellg~ to -. 1 9M. -'INQO, -1 S. 18 7 andt

450 90 an 130 pi. ill%trk-ows ill ali ieI -utiiriet V%Seiltiallý Io /vro, it- listedl ill
I JhiL' (I. A . t'rntas prevellted akel ath voflidi%14)11 all t he reia.mitiuul i pLiILI111W
ing, the 24-hour pesraion to I NOO! list. I lerv the stresses at in lerit n Itwia ii' i Nos. (1. 1.3
and 14 1)11 aluim l~iti insmrl not only f~ailed to return it) Iero I ee laabe 6I hill1 slitw\ reil
ital posit1ive %trv%-%e% oft signli Shea magnifi tide. and t he roasmslon% the 1ir prevellca are no' t known.i
A mo4 re det ai led likting of st rcsse% is preoe lt d inl A ppetiid C.~

The ( ompipuri~vilu of Stresses Lakculatld onl thev hai% of c\11oriniviital data and the
/I11-1 .3 initle clement comiputer programi SIho% g00Id agvnieni for all Iled I ions on lite
acry lic: hull. Vor locaIt ions oni alumlinum in-wrts lthe agzrveeinv lit no 114s g%~ood. It a ppevarl
that for tile IoLJ Ii' 11 on t he ex~terior of1 aiduinuinu illsertIthe ca Iculate lcei Mle gt.11ie
ally. lower t han lnevasured valdlue. whlereas bor lova Iii 11 on lthe interior (it'o the himer I th Ilca l-
cuilvtd vaIlti% are gneraill hsigher. I Iowovir, %illce tile hlighest strov%oe llleaIlrt'd 0on J1aflunisnu
inL'rls wL'T onl the in tenor stirfakL'.111he calco lated 'u aive, tend to be k-onsvervativv it natu re
and. t hus. Lieftul illt 111 (desigl 01' pre%%llri~ed Nviiio HIM1%. A voniplot isting~ of comnputer
gemerutei %train m1% id -%tre--scs fa ir th Ml'~odlel 20001 Nelnt HIMl a~ in isvmh is plresented ill

Appoiix 1)

*1



h k I, Rt.. L. 4 N1 I-, I1IU ~~II Jl 111kl i /)Jj l i, )% I j111 1,

M fv f Inch'l 011) +ý5S1101 1) +111) +1(
41 likvIiVld2 flour +I31) , Prmiiii n(

4;0I( pqi A -5o -( -590 -2011) -250 -140(
II -0 -No -1 'u -5140 -:500 -1 4o

F +) +150 +5100 +10 +10 +80
) 5) +IS +0 1.(1) +2)0 +NO( +(1

9001 psi o* IS( -"I301 -45() -510o -iff-50
it -3oo -1450 -')4) -1151 -3100) -100o

(~ 10 0 +S) -101 +50X -
I) j +1o I ) +0 +) I0 IHO -0 -0o

It~)1 % -8450 -14oo -1000 -I I~o -1151) I 1()(1

It -11)51 -1400 -8~5o -10.10 -1051) -1000)
( +,'t) +3 00k +200*l +4Io +loll +500o

1) -SO +2350* + 14511* + 1350O* +j1 .3 01 +1 o0*

1) Allor 24 houiroh-eI r~ationj~i
()uo.li ii hl vLalues, lir4)haIly g*I1LrawI V ' I lia Ifjiul1) 0jIlofll n holkh-Luld pe'tiit ratorsIcir ilst%(rillIt'll(to iorn hi Modil 2000 Ne'rii 11till, or pressurv vcssdL~ o'nd vdustrl~l.



rITSiD I). A DIfSCUJSSION

DktLIinza UOn f Of Safe OPerat011411l lDeptb

lit orde~r for tile ch~oseni operat~ional~ depith to lit iiatc. ninny olvirationlat a- well ais
litil pL'rfort11iI14.x Iaraainclers. inust he conside4.re~d. -id carec'itlly .alcultedit.

Hull Prfrrrniance Parameter%,

11w .shIiri It-nn crilica/I /?rcNum atl whiih caIJaIroplhic implosion of*tlic bull 0nccur-i
III all 1,1Clirl dive k. Ole hcst knlownl and c.asicst t(. obtain perl-orinaalc4 parjivicivr of an
acrylic litll. The shourt lent criticail jilr%stiri: repiresvints the tiltate depth beyond whiclt a
stilbntersiblecailiot d4's~cenid a ii~n~ t jnie. For lite Model 2(IMMci no litll tile' shor! tvirin
critical presilin ur%1.5be hevieaiiita established al aplroximlatelN I00 fAO( eet. file
act ual short terlal iinai lositlii 1 -,t iias peirtorived onl the I5-in it Model 34. which iitut loded
*at 4700) p?,i L \Io-li~a hydrivtat kprssre Si. ice the scale: iodel is abouti left percent thicker
I I ull rv(quiaed. th o etrapt)Lited hoiu I eruin Impnlosion pressuire for thle klla sciale Model 2000
N'.'nio liti nI i arotluin 4000t pa t t he: saiv pcressiiai/a Iionl plrok:etire is !ised a% I'(or t he %all.
Iliujd4.!, lloikv~k c' yr.u since. I hepm1'uitoat uun sdwdtile tilt Modd 34 did not corresponld to the
11ý pkiill 100( psi nunlllk te I ra -it pt, c'Mirwa,,tion ~.fit fobr .acryhik, hulk- frt.cording ol strainl
da Ca at 450(0 and 4 *ill) psi 1111k, 111V ekdIi .dtepetlw/atioll I1N L; Illiflti~iti. tile

L'\t',iohi11l %orftea IVII k(A'lpS' pjk:%%uare fil time Nhi'de 2000H Ni.,mo Itull anutit tic jiw~ivascd
froan 10001 psi i t) at least .4 Sto . I (et 1reee ndical. that thI le elfei.iti cod lay Iin prvs-tri/ii-
tionl at pssu.-Nlolk 4300J psi i, t,, redhi.ce ta4. short teriii iiaplo.suion pr'-stre ol acr% lic

Ilil11 a1'itltt 10 tJ(S psill IAr1 ever'LII at'It dddis .I I liv i UI)CIU-tet Jilinr term iaiiiplo'.iofl
Ieph Tes 11 1V . 2000)1 \VIautu 1(lIll"th 11bill! k it) hotinc diive. on1ct. tinder e\treaiiii:~r

I Ie w 1I, rOtI ,ui. !WC' I101). 14r 1'f Fi/t IIId/4. k s b L 'eel preyit ti4 uusl tahlIishI ed(' ;I. a
ftllý:Ioll.)I midl,,lllt~ritu c. Lý 00 101" k All~id ITL IIC Ilav lltll)length of'

rimejL hlal f, L. et'% Ill ~uiii~ -owlil tirviIe twdidl' elitrapineaii without ewair iupportt

%i Iles I Iu" fi lillY;ln %% Ill 1WLl. It, estialistl a lane1 ,1. ILIili critical pressure. This lir.-smirt:

'11 1 it avilicai tvn piera I tires occurs ~after I100 hotar%. Atrapi
I i ) II Ie I r I II III1.k~l.I havk-d 41 plati intblt. take% inito accom. .0e1tel

prvcent Iiiiic-ke hutll i LJVIdo.Ilhe projected I()() In kir 1Ii11 felterm critics~al presstlrte of'
tile Moucl 2000( ilof(9 s ,2 psi inl lte 70)-75 [ ant hicnt: temrpera lure range. lot *ernls
of depthI it Can the lctaethat lie Model 2111)0 Netno thiu intist lie trapp, d Ai r at le I :t

I~ ~ ~ ~ ~~~i $ 5000 dp totahn Ot feet bcfore catIastrophIic fa iltire occuars.
Ilhe (.1- Mi N14ii,&~~ IM, o acryilic h11lk1 has liteln lthe Subj-lect of several studies since, as

0 1 O. it Is, tilt- d1etermlining factor ilt settii:'t tOw sale (iperati Onlah IlC11tl of' all acryl. ic hutll.
Since, tile cvvt..hc ta I-igue hIle is not on hý a rainl.. ionl o1' nta d iumLI prcs~airc Iii lthe pressure cycle
ltint CI o l'id Uitat i 4 and ternipetril tire. tile\ all ninus! he taken into coiisiderali14)h. Stutdy of'
i \ piJ kl dk profiles ltol suh niers-ibles hla, esitabhushed tile t -act that a ~tibminilet0c does niot

20



%1j .it mimiuoa*w oilr~amtnio dplip longer Wth~u 4 bouts. I he rest ofthe typ'ical dive I-.
takt~n up by Launching~. deweent. awenit. dockingtant refricAul. *1 he temxperaiture call vary
wkkdcl) dtmrng a dive No at operititunat detpths- it is Us~ually below 50 dijerees. Since presure~
cycling at 70-71"1: jno lol oly more etonwervative. but also tuore economical. it wjas tnied to
e-itabliili the ocdic fatig!ue life sifthe Umoel Z0(X) Nvgno hfull.

thle testing (it I 5-inch~l model., ;5. 310 J11d 37 Ila% C4llcdusiv'eky ,Jown that crazinli
appears iii the acrylfic hull at the polar openiings wilthout the~ polycalionate gasket only ~after
11000 frresure cycle% of' 8-houtr duiratkio 44 lhtivis kwdiny tollitwtd by 4-hours relau4 tion) it)
I ;1X4) psi. \4o cra/ing was olier-twd in the ponlar openiing of the aicrylic hull pirotected by the
lt146 arlionate gasket. Judting by tlhcse ri:sult% file mimmuitm crack-free tatigzue life tol'the
I i-inch OD) X( I3-inch 1,1) Motdes ik 14XN)) cyele% to a ma~ximum operational depth of' Y340
lei.t Baised oil the scilae model di ta, the tio-inch 01l) X 5)4-itch 11) Model 2WKM Nemno I ull
%.;it perform I (W0 dives ito AM4 ted % Abhout initiation ii tlcracks iin the acrylic bull.I ~ Operational Perfornanee Pamianitters

In wiw ol'h 11w! tha tit preservatit)I ot the Crew1 fislte lilajowr consideration in the
dvig or pre%%surc hulls it is cmisideredl nandatorý [tat thie %hort-teri mand long-terms critical
plressutres le tiki~m th de deth-11 1to uich thle Stihmersihe Ilk, : aCcidcltahhII '4uh1mncgd.-
1-Lirthcriuit re, it is cosidtered reiasonahie and :wtt mijr\ that I IIhe jimilosiont deith fo r a lontg
ikrm itio more~ thin NO IX)Ii irsi disabiled huhnr~~l e at least 30 pekrcent greater than tiIhe
ma \11illmil opeýra th 'ut dephtl 4 ae fIaCtot tit' 1.5 1. F-or a Awrio tettil1 toss co ntrol. thle
imiplo.,iiol dept lit -. il(I lie iii least I 00 percent greatber Ow Iiaite ma simuin olierational
depths sat f'actor of* 2vt

III addit ion hi. pireserviing thw Crew there are also the.. economics oit the hltl life it) le
comsideredl. 111 t lie t WIlt.1~k latc \%I a el At 100 ttii~es it %wtiid plrove eotilc uny tAmnl~d
'.iliCC it wt~iould allo i i tic:hiri~. 14) 011r1% te 4W it a pritlId time ltle 1s1 than tw.o year%.
alt hotighiat greater dep~ths. SilnitlarlN . it' the, Wiptic lib'e was siuhldas 0.001cce itt
wouldI give the stbilner~ibte unlimiatedt Wie hilt 1t thle ol.1ill vt% r Shallow opertli ma I depthl.
ulichi %ould siglni1icanl1l lower its opcrait it Iti 1slns. i thle autithr,, opinit 'i t hat a

spvcitiedl krakck4ce, laO~ tu hinc oliit) 100 ies rreesen ts a sonki eommm,:alld convilroiniws
l~et% cci tleoletat ioiii dt iait-11 .110i 11 41* the sullitersibl't. hor t1k.hilll sca:lie Model :4000

Itll 111 nItk teCIAck -'. 1e li-tk fil te hals been e \pkt.'rlien11t ta ablshe .s 100 tl~ i\Ve tit a
ilh1\iinlitii I)perTAtlo11ul 4leitCt1111 i.1)(1 teel. Since t he1ý .4)4)-to I t ' atiguc tile depth i% lased
til 41-hour 14 nsg sainikteltd dlives, there i% in. need to 111% aul ressurei i:\cle duiration d is-
Coiflitilig lt~attii I ) tic e\peirim~eiitalhv estatislied tatIiglie lile detIi 011 34)4)MW feet.

B~ased41 Ilk- I t.l.Iittlidscse abve. tlhe illaakiiill)1 operatatiolal depths.. shiuld lotitt
ecoced 4000 feet I X004)j let. 'I 1t)o %ht tri term di.~ahliment 6rittion(l. J3330( I cee I ~(;j( K ) feetI

1.5 1h I'4It 'rig term d isablemeilt cat erion. anud 31)4)0 t et-I 43OW)4 feet I ) fIt filte (at igtw lift.e
c:riterion. Sin)Ce it IN M te least permissihle opel-atim(,n iI depth. blased oni my oti the allow e three
Criteria. that determines t he act nat dept Iil rating of the h11ll. tatigulet hecomnes tlhe deetiuilillitig

fact~t or 1 estaI~ili111L. thie 411rh'eimtieilidethI rating tidt ihe Model 2'(3)4) Nemo Ilutll. A-. i resuilt
WO fol) k. kt I c'isderedl a% th tint. iamium operational dep1th rat ing! for the Model 20WM nem



I. 1h1 tiinch 0O) X 58-inch ID ,plhrical capsule a,4semhy, Model 2000 Nemo Hull.
fabricated fron cotimercial grade tPlexigla'(i or equivalent I acrylic plastic and equipped
with i•1•carbonate Laskets between alurninwn hatch.s and the acrylic plastic will withstand
a minimum of I1WO dives N4 hours at maximum depth, followed by 4 hours at the surface)
from 0 to 3000 feet without initiation of cracks in the acrylic hull.

2. At the safe tmaxininut operational depth of 3000 feet the maximum compressive
stresse. in aluminum hatches and acrylic plastic hull are only equal to 49 and 52 percent of.
re•••tively. aluminum and acrylic platic yield strengths.

3. Model 2(000 Nemo capsule •a•,mbly will w;...stand accidental disblement at a
depth of 5000 feet for at least I (K) hours before catastrophic failure occurs. At greater
depthVs the grace period prior to catatrophic failure is sigznificantly shorter. as shown in
Figure 33.

4. Ntodel I(XX) Nemro c'l-psul, aswmhly % ill withstand a tlmporary loss of control
t) ,i depth (o 8x(x)) Beet for a,•mt 10 minllunt before catastrophic failure occurs.

5. Model 2000 Nerno capsule assemubly is an active acoustic stress wave cimitter
whose rate of acoustic e.missions increase-. signilicantly just prior to short term implosion.

t. Permatnent deformation of uluminum insevrts I top hatch and bottom platel takes

plac• in areas o| high %tress, concentrations when Model 2(MX) Nemo Hull is subjected to
dives or 40(X) B'eet.

7, Ionmg term submersion of 24-hour duration. to 4000.ioot depth. does not gen'r-
alte a i crac.ks in tile acrylic plastic hull or polycarbonalte gaskets at the polar opening-. anti
the ,train, in acrylic plastic after a 24 hour relaxation period at atmospheric pressure retu .i
c.,,entliall) 1)o cro.

CONCLUSION

Spherical acrylic plastic hulls of Nemo ithll deLsign wilh a t.'r0 = 0. 123 thickness can
bh. man-rated for a minimumn of I (X) operational divoe to a maximum operational depth of
3Otit• feet.

OPERATIONAL RECOMMENDATIONS

.I'. lhe Model 2", Nemno capsule assembly should. during its operational life, never

Is uLbec•tC•ed to deptlhs greater tian 3300 fevt. The proof test should preferably utilize a
test depth of 33W0 feet. Under no conditions, should the magnitude of proof-ltest depth
exceed 3,0 I',et lunles• stronger polar inserts are substituted for the standard Model 2000
Neino llull alumt.tillum inscrts.
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.', h I . •h •'. . k lice l, IIIt Lk hi tII ithc. Mhd 1 2l \c I1) I Ilo IIl "sliould le fil, U'r-
ai'lo rt'J a,,ide.rc:d to i. an • • t~l 1 .UUlU.t )-.Itvl-ur.s/t IM), X .,4MR) toout depth
X 4 hours duly ., At the conclusion of each dive. the recorded fl•l-hours should! be sub-
tr.cted from the initial 12.0M.O -fLee• our f'atliue fife. Whent the swri of. feet how sub-
total- getnerated by dives ecquals I 2.00.IM-'ectl-hours. inserts and gaskets should he removed
fronm the capsule and the entire hull subjected to :s detailed visual Cumination.

If nto cracks are observed at the petnctrations in the hull. the capsule should be strain
gaged. reassembled. prooftesied to 330) feet and resutting strains compared to those gener-
ated lurine the tirst prtx)f test tonducted immediately aftter fabrication of' the capsule. Sill-
niicant differences in strain belhavior will b• considered important evidence of hull deterior-
atiot and should result in significantly reduced depth rating. Cracks in bonded joints

origintating at inclusions wall he repaired if ltheir length exceeds 0.5 inches. Cracked poly-I carbonate gasket% sh•iuild be replaced 'A lbh new gasket.
It no signiflicant dil'frence in strain behavior is observed, the capsule as.iemnbly will

he rlorned to se.rice with a 310)0 loot operational depth rating and an additional
I 2.00(OM-oot-hlour fatigue life. When the I 2.(XX).(JI)-I•`ol-hour life is used tip the cap-
%tle asseailhly will ble subjected to tlte -atliae inslpction avd prooftestii•g procedures con-
duc'ted at conc~lusion ft" h+ first I "2,0X),l0d-ftotl-htour period. If the result~s of the new
inspectionl and proolteslting are satistactory. the capsUIl will again return to service with a
3.00)-foot dept Ih rating and add itionlal 1 .OLM(),00-foot-hour life.

"rhe recertification lprocess will Ie repeated until either crack% are observed in the
hearing surfuces l' acr ii"k htill d uring one ot' lhv inspections or the %trains chiiange significantly.
If cracks. are oher'rd the'- u ill either he repaired by routing and re•asting with resin prior
to retesting of' the• hull, or they will be left in place and the hbll's depth rating will be
reduced to ~OW feet.

Subsequently. the hull v ill he inspected % ithout disassenmbly for signs ot crack prop-
agation very. I (10) dives. Wlten the depth of any crack exceeds I inch. as pictured in
ligure 34. the capulp e will he taken out of service immiediately and the cracks repaired
either by enlarging thle polar opening or by recasting cra.•ed areas. If not repaired, such a
lhtull can b, recertified tfor ervice to 120 t'et. If. during periodic ins4ections Conducted
ever. 1(9) dives. the delpth olr the crack at the penetration is found to exceed 2 inches the
acrylic hull will either Ih repaired or declared until for manned operation at any depth.

3. Altemlpts should hIe maIe to ensure lhal operators be seated inside the Nemo Hull
us close us possible to thle center olr the sphere in order to miniminze optical distortion. Is
(Camera nnoutlintg should he located at tIhe center of the hull it' wide angle panning with
the. camnera is to he pertormned during tlt% mnision,

Objects in h ldrospace will appear smaller and closer to lhe hull than they are in
reality ,l Somn experience on the part oit the crew will he required to judge the distances
co)rrvctlý, between the hull and lhie objects in li)drospace.

4. Many lfunions c l ") otlte quipt.ent nmounted externally to tOtw suhmersible can he
cEtlrolled by modulated light heamas proiec•ed fronm the interior of lhe hull by the crew. I

'hIIi, type of arrangement will ,imnil'ite lnay electrical petnetrators in lhie bottoin plate and
1make lthe control orexternall. stored wicentiic eqtuipIt.ent an operationally' easy matter.

2. .
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im otitide view of hatch and retaining ring

-AvI
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Ea I e'xtrior view oIt h tcie d signed for s'ervi wit 1i pU)I vL'carhit),,al g•asket

j

111 interior viet.w )t hI' tcht titviglel Ifor service wilhi IP•iycarhlonate g•sket
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APPENDIX R1, FAI1RWATIoN OF 66-INcH 01)) x 5-INCH 11)
MIOML 21100 NINIO HUL L

I lwh~ie i ()I) ýk 11.iiIt) %lodoI 2(101( NviIIo WIill w riibly wa-i tabria .ted basi-
cin h1.ii ie Nan I Ie n1. iw, Ia~ hc lietir% (%6-i it I I )l00 X 5 1 *i nd c 1) %11 d vI (tot) Nemo I tll

as'N0l'y1% buiitt inl I 1110S by thi' lccllnikaI Scrvives i 'ii IisicRange', Poinit MIugu.
( ahitorilia. I lie %:ard iat I'Cil tires tit t hat labriicat ion pirmessarv 4 1 cultting ol discs from
11I11 at CrlIic s!tock fl:igw~c IN i. 12 11 tit) Ir olrmiuig I hvw d Kse into Vsplicha I swccors by mewans
ol IluvIa Ilik ic ~CIIII M~old [I ,uigl'C '1Il. 131 )culling of spherical wocors into spherical iepntu-
L'1'i) I lI-igur .I. 14 bonding of 1 2 silticrit:Al pci tagons into at sphcirical shell W igure 4111.
In S t I ,i II i I nia tofI m int IlIic i I I vits it the tormin of to I hatc I and hott Iom pcucitratIionl plate

elIill l11. and p'laccnmcnt ofl 4 howi inscrts into polat hutll oli'Iings I hizure 614,.
t OIi nv philo (it' tile lrt.:ihlclioii pro- Cs that has gi~ cii frotihle iiiir lic yeiav. to Nervio

fahl ik rIsth't (it tile hoiuklitil ill aN~vinik-ld I12 sj'hhkrial 1wrtagonis. Hivw probklms. asso-
kcillkk tkQ dll%'a i ph'isi o t~it' ihikation 1in Iiclll trm lii' fact that thc% thltiicnss tit spheirical licrita-
vol horik-irlcitm ill11 I1 ili lt 1101t ticsle c Ni nd that Illitie Width 01'oliots. hemeeill ImiltagotI% is
Ilot UiitItt'Inl. liccilly.' o1 Illc tiiiiointeollit,0- V1 ill peiltagoil 0liick~ni%' anld joint widthl it was4
it tict ielt to) %c,il tilei oint vlftCct iiwly so that it would c:ontain t ie sell'pol~vivirizing adlicsivQ
Itý III 'It I IIcakil.vc tili I I, vI l I rk, itI' l V1C fII 04" of I a t I IIV IlII, ;IO ri Isik l l I 4 displaimd air

Sltc)N ilcrck taiike kimrint laIhrikcatiui ii di' theodelI 200(X NcnIo Ihull ito diminlate the
trdwl)'kIlis1)sVk byv nonulituitom in(ctiltagozi tliickiics~s mnd jointi wkidthls. Ilhcse stcls CVon-

I., IllklilaifIng (1l All loritictid SplIcrieal wk-Itors it) ilnitorill tllickncess ill a lamthe.

2. tN,.c olt 0). 1 -'i-iti I hick -, 0).2 -ilicl klimriete aCrylic discs as. sthlcIers' between

3. honldingi (It aayik-ti pl~ist ii stis it) Vdias of jointis for forining oft prcýsutit tight

4. phtiiinc unkict prcssurc i Ofi IVlcriil dlikcSilkV jillts tile Jl~illt eil tiCS,

licca~wills' I hcsv additio'nal ltahrivationl prok:CSslug opi4',iionls tbie rVS1ultin) *icrylik:
spiiJrkc is 4 110W ifilrtiitill , tthitIvk~." Sphctricit V. and diamtnetir. A.s it resuilt of this tmnilOrtilyt.
I liv tinisldictcr\ i. itihll cati li' raled Iss htirmt~h'tperatioiai~l pivsstill-k thtan \was feasibly .111lQ
p isil it) Ithis 1111wk. llckaki-sc tlic illtrs)\C l hrikcait v~i Ilroki's mla lie Iil iultcrI'st to ()liters,
at w raiialm rviprsd uct ion tih shopl I'ahrikcat ion insitwtdions is atladhcd as i'nclosurc IlIt at tile
CIOi tit Ilhis App, sIdlix.

I'll p.IrldI,\I it il tile hlrie:1iotin of thi: Model 2000X Nemno Iiill. striligvvt tlkualit' Con1-
Ir() d lleiisurVCs %I crc adathld Is' assure' I~ qua lit piod uv anid arc a Itached as eniclosures 2H4
ti r5)uigh 0Bll I Itic qjuality C ioittol nivsimsrv-s C.otlsisted of:

I .I)rfu vlill mg dcs1tfmud i\ C tes2ts on4 matecrial c~oupons cut from each sheet o4' aryliC
phIJtL i tI) awci~vIaintIl iiitc meial pro~lvrl ics of plaslit: lncud Isurv Al1.



3. performing dimensiionail checks o'n thew %pherial hull it) as~certain ts adN re, to
sliveffied diume~nsional toicrances. Samples iot dini iwional divs ar shoQwn for hlicktivs..,o
disý:s befo~re .1nn11vating IC1ndomire. 4B). thiknes t1N it' diw~ .afttif .,nt~iling (eczosi~~re 5B1 . M ick.
:,c%% of disc atul formhring~ I cnd ostrv MOl . %phicr i~t tit Jikc *after formting iondosur 7B1 .

tlhitckuss of sphaical poitagjon ait'lr machining ivelmci'urv Nil atulthaivietr of bonfdedI
splivcm aflac a Ilicatling w nd o-.ure QB1I .



r

7/ )

V S

r S

.4

-I.

-7

.4

6�

-7

"-3



(~~~~~~~~ I~At~trin h p~ialuiectnr 19 rellidy rrrmovld Fo hLml

I igmue 211. Iherii l'ortiiing ot O'at icirvular discs inlto, spl1k~l'g seclorsf.

11-4



o~ Th sec %~tor is picke'd up~ withi a1 vaomi11 stti~on kliw% iotill tile miold

(d C heck lug of spli rui.it y on t 1w torined wcdor

I~gL~C .1. IConit itlluil. I.
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I.,

to Completed sphe,re after remonuval fronm bondiing fixture,

LFigur 411 Wolntied..
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1 4

[I

Iigurc 513. Nlachining of mi�taIIic in�crt� for polar openings in thc hull.
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". -. .

(h! Placemrient atid bolting in place of' hatch sealt retaining flange

Figure (idl. P'lac•meint u' metallic itl'crls into polar olpLilitig.

liI -11



(c) Hatc.h assemibly being attache'd to the hatch se~at

(d) The hull being lowered onto thc bottom penetraiton plate

Fi:gure OB3. t(Continued ).
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( PI-aelien'ft ini place of t.vtainin g Ninge.! for hot loml pend ration plaite

I)HotiJ; 1rtinn iie o otm insrti lt



b•ULDLOW's ITRUCTEIh' FuR ',iORERS FABRICATING NLMU 110D 2000

1. Measure thickness of acrylic plate and chart at 12" intervals. Lay out

d 40' diameter circ•ie at the thikkest part of the blank. Lay out nothing

under 4.050 inches. Scribe SWU # on one cut off.

2. Bandsaw trim to line. Sa-ie one cut off that is scribed and send to C.

Miller in Testing Lab.

3. Anneal the part at 3250 F for 12 hours on a flat aluminum plate.

4. Inspect for thickness and chart at 12" intervals. Do not form plates

under 4.170 inches.

5. Form per Forming Process Specification

6. Inspect for tnickness (4.0 - 4.1) and contour.

7. Anneal I 175o F for 24 hours.

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

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

down in three places.

9. Set up part and trauer teplate in Lucas lathe. Machine inside surface.

Rer.,alning thickness to be 4.050 mrinimum. Check contour readings to be

sure part is 4.010 miniium at out of contour places. Part should be

machined to 4.100 wherever possible and center section of part should not

be cut as it will be under 4.100 thickness. Blend cut and uncut surfaces

together with 360 grit wet sanapaper. This part must be polished to an

optical finish after wachining so the cut must be as smooth as possible.

10. Using vacuum lift place part in pentagon rachine fixture and even up the

edge of the part to the size of the fixture. Vacuum part into place on

machiningfixture. Make sure that hole in part comes out in the center of the

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

25 inches per minute.

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

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

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

lt-13.



up the air' tO(:,jle Lldi:ps and PreOs the lever all the wa-Y tW the )f:ft. This

wiil lift Lhe rotating part of the fixture slightly so that the index pin can

be pulled and the part rotated to the next position. Continue this procedure

until all five cuts have been rade. Attach polar hole machining fixture to

rotary table and place table on the mil1ing machine. Two pentagons only.

Place pentanon into machining fixture and bolt into place. Using a 7/8" dia.

x 5" long end mill, cut a hole thru tVe part per the dimensions on NEMO Model

2000 rtawing -2003

12. Inspect for blueprint dimensions.

13. Anneal at 175OF for 24 hours.

14. Clean up.

lb. Take to assemrbly roon.

16. Place one (1) Polar Pentagon in center of assembly fixture and using the

large Starrett NJo. 656-441 indicator attached to extension. set against

1/2" ball situated in center of assembly pad.

17. Making sure indicator is laylng; flat against holding pad and measure distance

fron• 1/2" ball to the Inside of cut out In pentagon.
18. When pentaqon is centered, place "l." shaped clamps i•o hold pentagon in place

and bolt tightly to keep pentagon from moving during ase.embly.

19. Obtain 1/8" thick x 1/4" dianieter acrylic spaers and bond approximately

4" froni} each coriher cenitered.

NIOTE: lwo (2) spacers are needed per side only. If one pentagon has these

blocks, then omit blocks to mating side.

Use PS-30 cetnent - for bonding spacers.

20. Using the vacuum hand lift, rFace five (5) pentagons into assembly fixture

and align with polar pentagon.

21. After alignment obtain large micronmeter with Brown and Sharpe No. 8241-941

dial indicator from inspection box. Obtain the three rods from box (1) 22"

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

2
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';kTL: Diol 4nd& ,ttor vJ I I tit ;ct at -cru-2cru did I, [;,t i'i 1I ISet at 600,

t , tuii U1,i tIi ndi ia t ur t o r e id z ero t o 60")

~.Using dial indicator iieasure the ulai;:eter of the hemisphere and shiri where

necessary to read 6V" + .25". Measure hemisphere.

NOTE: Each pentaqon riust be measured to one situated directly across from,1

frori one to the other.

3. Whor, henisphere is within spherical tolerance of 66" + .250'. obtain Flex G

acrylic strips 3/4" thick or S310 material 0,750" wiue by 36" long. Take

to MIachiningj and rocA a groove down the center length 1/8' wide x 112' deep.

14. Foril: these strips to fit both outside and inside surfaces of set pentagons.

Ulsing methylene cloride, bond the strips to the pentagons.

?6. After all strips have beer. bondeo to hernisphere, place a bead of PS-'IS

resin arouna all strips to prevent leaks after hemisphere has been filled

with 5-49 casting cei e't.

2C. ~Jrill an "F' size hole at lowest point of hemisphere. Place a 1/4" 0D

dlU;idinAl tube 3' long inL, hole and ceirerit into place between pentagons.

27. Obtain 2000 rlrar's of basic S-49 resin froi': resin r~ixino room-In-a new,

clearn allori can: Mix 4 vrair~s of henzoin (.2 ) and 10 grams of larurel

pero,,idc* (.5 ). Place lid on container. Take resin to the IJEMO room

which is a tertperature controlled roomi @ a constant 720F.

ib Place callon can on converted edne attachmrent sander, and set atop the

two (2) rollers, Turn switch or and let roll over niVht.

29. Placc- iii'ACCd S-49 as resin into pressure p:)t and attach nitrogen bottle

to [.,. Attach fill tu~be fror' pot to 1/4" OD Aluminum tube on sphere.

30. Apply five (5) pounds pressure.

31. Fill joints all around Polar Pentagon and allow resin to rise approximately

one (1) inch above the upright joints. (This allows for shrinkage).

32. Clamip off tube.

33. Allow to cure in NEMO roomr until hard (approxinately 24 hours). Room i s



to o vp bet6..ee.n /UOF anid i5OF t,! pet idtuy-u.

34. Rewove first hemisphere fr'(i cement fixture.

35. Rout joints on both outside and inside flush with pentagons.

36. Polish up all searis or. both inner and outer surfaces.

37. Place six (6) new pentadoons into assembly fixture and assem~ble same as first

pentagon. Follow steps one (L) throurh twenty-two (36) above.

3b. Place heni•sphere Nlum'ber one (I) on top of Nui!iber two (2) and check spherical

di aur;eter.

39. If herispheres measure within tolerance of 66" + .25r", cutfit and cement

joint strips around equator o-,, sphere leaving a funnel at the top of each

botto•:i pentagon.

40. In obtaining and preparing S-49 resin, repeat Steps 21 and 2d

41t. To feed S-49 resin into the equator section of sphere, follow Steps 29 and 30

of Operation 5.

42. Allow resin to cure in NEMO roor, until hard (approxiviately 24 hours). Room

is to be kept between 7DOF and 750F tei.ýperature.

43. Remove sphere from assembly fixture. Using the cell casting hoist, hcok up

lifting; plate to hoist, fold lifting plate and insert into sphere. Making

sure lifting plate will not damage sphere, lift sphere from fixture.

44. Maachine, sand ana polish all bonded areas.

45. Anneal sphere in a 175OF oven for 24 hours.

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

47. Final clean up.

48. Final Inspection.

49. Wrap with Protec IOV.

B-I o



OWSOLOW, $NO.

Reference: 45-74-121

Date: March 18, 1974

TEST REPORT

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

PURCHASE ORDER r1o.: N00123-73-C-1671

MATERIAL TESTED: Remnants from each sheet used in fabrication
of NiEM1O Model 2000 Hull

Test specimens were cut to rough dimensions using a bandsaw and .o final
ditrensions (with the exception of tensile specimens) by means of a
vertical ri11, with a six-flute, carbide-tipped shell end-mill. Tensile
specirens were routed to the configuration of a template which complieswith dimensions set forth in A.S.T.M. D-638 for Type I specimens. Sharp
edges were broken to about .005 inch. Machined surfaces were sanded,
first with 280 grit paper, and finally with 600 grit Wet-or-Dry paper to
remove tool marks. All soecimens were annealed to remove any residual
stresses introduced during machining.

Test specimens were conditioned, at a temperature of 73.5 ± 20F and
relative humidity of 50 + 5Z', for a period of 40 hours prior to testing.

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

Respý.ctfully submitted,

SWEDLOW, INC.

C. Supervisor A
Physical'Testing Laboratory
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SWUOLOW, INC.

TEST REPORT

Date: March 18, 1974

Purchase Order No.: r|00123-73-C-1671

FOR: NEMO Model 2000 Hull

Sales Order No.: 3-5940

Page 1

TENSILE: Conditioned 40 hours at 730F and 50 Percent R. H.

ASTh 0-638 tested at 0.05 In/Mtn

SHEET SPECIMEN SIZE LOAD ULTIMATE ELONGATION MODULUS
NO. . (INC-H. (LBS) -(PSI) (PERCENT) (PSI)

021 1- .236 x .483 1330 11,668 7.0 447,000
2- .242 x .478 1365 11,800 6.0 465,000

023 1- .247 x .481 1465 12,331 6.0 467,000
2- .251 x .476 1360 11,382 6.0 437,000

024 7- .255 x .479 1400 11,461 5.5 437,000
2- .254 x .482 1420 11,600 5.5 485,000

025 1- .253 x .481 1425 11,709 5.5 473,000
2- .252 x .479 1420 11,764 5.0 490,000

026 1- .251 x .483 11415 11,6-I 5.5 474,000
2- .252 x .481 1355 11,179 5.5 456,000

027 1- .252 x .479 1315 10,893 5.5 446,000
2- .253 x .477 1275 10,565 5.5 495,000

028 1- .248 x .472 1235 10,551 5.0 498,000
2- .252 x .474 1270 10,632 5.5 492,000

029 1- .253 x .471 1200 10,070 4.0 446,000
2- .247 x .474 1185 10,121 4.0 449,000

034 1- .254 x .475 1290 10,692 5.5 475,000
2- .247 x .475 1265 10,781 5.0 478,000

035 1- .250 x .479 1250 10,440 5.0 505,000
2- .246 x .477 1120 9,545 3.0 428,000

036 1- .250 x .476 1280 10,756 5.5 454,000
2- .251 x .477 1275 10,649 5.0 465,000

037 1- .249 x .475 1250 10,570 5.5 465,000
2- .248 x .474 1235 10,504 5.5 447,000
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VSWEOLOW, INC.

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

Page 2

FLEXURAL - Conditioned 40 Hours at 730 F and 50 Percent R. H.

ASTM D-790 - 4 inch span, test speed 0,11 In/Min

SHEET SPECIMEN SIZE LOAD ULTIMATE MODULUS
NO. C (LBS) (

021 1- .500 x .258 95.8 17,261 415,000
2- .500 x .258 95.5 17,207 443,000

023 1- .498 x .258 101.3 18,326 444,000
2- .491 x .257 82.3 15,238 442,000

024 1- .500 x .258 103.1 18,577 452,000
2- .494 x .258 101.3 18,474 457,000

025 1- .501 x .257 102.0 18,508 433,000
2- .502 x .258 103.1 18,503 445,000

026 1- .501 x .258 101.1 18,180 460,000
2- .498 x .257 101.3 18,492 463,000

027 1- .493 x .256 96.3 17,883 459,000
2- .495 x .256 98.0 18,1V7 477,000

028 1- .493 x .249 93.1 18,258 478,000
2- .493 x .247 93.7 18,686 474,000

029 1- .494 x .246 92.4 18,048 479,000
2- .495 x .249 93.6 18,306 475,000

034 1- .492 x .247 88.1 17,588 475,000
2- .493 x .246 82.5 16,624 480,000

035 1- .495 x .248 78.7 15,511 487,000
2- .494 x .247 90.6 18,047 484,000

036 1- .494 x .247 77.0 15,326 473,000
2- .493 x .248 92.1 18,210 484,000

037 1- .492 x .248 91.4 18,113 469,000
2- .495 x .248 92.2 18,194 467,000
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V ISWEDLOW, INC.

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

Page 3

DEFORMATION UNDER LOAD

ASTM D 621 - Tested as received at 122OF for 24 hours under 4000 psI load

Test Specimens: 1/2 Inch Cube

MICROMETER CALC. ORIG,
SHEET DEFORMATION (INCH) DIFFER READING THICKNESF DEFORM,

NO. 10 SEC. HU s iINL HOURS

021 1- 0.0863 0.0889 0.0026 0.4998 0.5024 0.52
2- 0.0822 0.0848 0.0026 0.5025 0,5051 0.51

023 1- 0,0857 0.0886 0.0029 0,4985 0.5014 0.58
2- 0.0813 0.0842 0.0029 0,5020 0.5049 0.57

024 1- 0,0819 0.0843 0.0024 0,5013 0,5037 0.48
2- 0,0764 0,0788 0.0022 0.5025 0,5047 0.44

025 1- 0.0755 0.0778 0,0023 0,5036 0,5059 0.45
2- 0,0763 0.0787 0.0024 0,5023 0.5047 0.48

026 1- 0.0765 0.0795 0.0030 0.5014 0.5044 0.60
2- 0.0752 0,0774 0.0022 0.5007 0.5029 0,44

027 1- 0,0684 0.0708 0,0024 0,5029 0.5053 0.47
2- 0,0676 0.0699 0.0023 0.5036 0,6039 0.46

028 1- 0.0738 0.0761 0.0023 0.4980 0.5003 0.46
2- 0.0708 0.0735 0.0027 0,5U03 0.6030 0.54

029 1- 0.0691 0.0712 0.0021 0.5014 0.5035 0.42
2- 0.0707 0,0733 0.0026 0.4997 0.5023 0,52

034 1- 0.0709 0,0743 0.0034 0.4986 0.5020 0.67
2- 0.0720 0.0751 0.0031 0.4983 0.5014 0,61

035 1- 0.0714 0.0745 0.0031 0.4990 0,5021 0.61
2- 0.0711 0.0744 0,0033 0,4980 0.5013 0,65

036 1- 0,0715 0.0747 0.0032 0.4975 0.5007 0.63
2- 0,0698 0.0734 0,0036 0.4996 0.5032 0,72

037 1- 0.0708 0.0740 0.0032 0,4991 0.5023 0.64
2- 0.0707 0.0740 0.0033 0.4982 0.5015 0.66
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"9 ISWlULOW, INC.

NEMO Model 2000 Hull
S. 0. No. 3-5940
Test Report, Continued
Page 4

SHEAR STRENGTH

ASTM 0-732 Rate of Test: 0.05 In/Min
Punch Diameter: 0.999 In, (1.000 In, Dla, disc punched out)

11AXIMUM
SHEET THICKNESS LOAD SHEAR STRENGTH
NO. (INCH) (LBS) (PSI)

021 1- 0.259 8,240 10,100
2- 0.253 8,250 10,400

023 1- 0.255 8,190 10,200
2- 0.254 8,220 10,300

024 1- 0.254 8,190 10,300
2" 0.256 8,260 10,300

025 11 0.257 8,220 10,200
2. 0,258 8,340 10,300

026 1. 0,254 8,830 11,100
2- 0.255 8,210 10,300

027 1" 0.250 7,800 9,930
2- 0,245 7,770 10,100

028 1- 0.245 8,220 10,700
2- 0.254 8,440 10,600

029 1- 0,250 8,200 10,400
2- 0,253 8,690 10,900

034 1- 0.253 8,870 11,200
2- 0.254 8,770 11,000

035 1- 0.252 9,130 11,500
2- 0,253 8,450 10,600

036 1- 0.255 9,100 11,400
2- 0,253 8,670 10,900

037 1- 0.254 8,340 10,500
2- 0,256 7,950 9,880
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"• SWEDLOW, INC.

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

Page 5

COMPRESSIVE PROPERTIES : Tested at Room Temperature

ASTH 0-695 Rate of Test: 0A.5 In/Nin

YIELD YIELDSHEET SPECIMEN :IZE LOAD STREWIGTN MODULUSNO__(INC.) (Les) _LPSL_ (PSI)
021 1- 0.503 x 0.502 x 1.504 4,980 19,300 570,0002- 0.503 x 0.502 x 1.502 4,950 19,600 530,000
023 1- 0.500 x 0.503 x 1.502 4,630 18,400 520,0002- 0.501 x 0.503 x 1.502 4,590 18,200 500,000
024 2- 0.503 x 0.503 x 1.450 4,610 18,200 510,0002- 0.504 x 0.503 x 1.499 4,740 18,700 500,000
025 1- 0.505 x 0.504 x 1.502 4,660 18,300 510,0002- O.SO4 x 0.504 x 1.500 4,780 18,800 510,000
026 1- 0.503 x 0.503 x 1.501 4,570 18,100 510,0002- 0.503 x 0.501 x 1.500 4,650 18,100 520,000

227 1- 0.504 x 0.506 x 1.502 4,650 18,200 510,0002- 0.506 x 0.504 x 1.504 4,690 18,400 520,000
028 1- 0.501 x 0.501 x 1.505 4,650 18,500 530,0002- 0.502 x 0.502 x 1.507 4,710 18,700 540,000
029 1- 0.502 x 0.502 x 1.506 4,810 19,100 530,0002- 0.502 x 0.502 x 1.506 4,610 18,300 510,000
024 1- 0.501 x 0.502 x 1.505 4,520 18,000 510,0002- 0.501 x 0.500 x 1.505 4,600 18,400 530,000035 1- 0.502 x 0.501 x 1.506 4,6S0 18,500 520,000

2- 0.503 x 0.503 x 1.503 4,480 17,700 530,000
036 1- 0.503 x 0.502 x 1.505 4,510 17,900 510,0002- 0.501 x 0.500 x 1.506 4,49C 17.9C, 510,000
037 1- 0.501 x 0.502 x 1.505 4,640 18,400 530,0002- 0.503 x 0.502 x 1.503 4,510 17,900 530,000



V sWEDt.OW, INC.

Date: 21 May 1974

TEST REPORT

For: NEHO Model 2000 tlul I
Purchase Order No. U00123-73-C-1671

BONDED JOINT TENSILE STRENGTH
(Required : 5000 psi)

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

Ultimate
Widtn Thickness Load Strenqth Mode of

Specimen (In) (In) (Lbs) (psi) Failure

1 0.744 0.529 3015 7661 Cohesive

2 0.747 0.532 3210 8074 Acrylic
3 0.750 0.485 2825 7766 Cohesive
4 0.746 0.547 3720 9116 Cohesive
5 0.750 0.540 2075 5123 Cohesive

6 0.749 0.534 3550 8876 Cohesive

7 0.747 0.531 2920 7362 Cohesive
8 0.748 0.526 3240 8235 Cohesive
9 0.742 0.519 2365 6141 Cohesive

10 0.748 0.536 3320 8281 Cohesive
11 0.745 0.536 3390 8489 Cohesive

12 .J.744 0.534 3440 8659 Cohesive

Average 7815

C. A. Miller, Supervisor
Testing Laboratory
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APPENDIX C. DATA FROM HYI)ROSTATIC TESTS

Both fihe 15-inch 011) X 13-inch II) scale Model 34 and life 6b-inch 01) X 58-inch II)
fttul ,calel Motel 2000 Ntv'o Ilulls were extensively instrumented with strain ages fsee Figs.
"1)and 2-3 of" main text) so() that their structural performuane tinder external hydrostatic
prissure could fie aycitrately measured and ,valuated. Illighlights o• t I hat data ha,. been
stimmari•,d (%cc Tables 4. 5 and m and discussed in thit. main body ol' the report.

Still, other re.earchtr, inl i1le field ol'acrylic plastic pressure hulls may nteed to refer
tO some t pecsirti detail o' Ilat d-la:1 not provided in the main body of the report. I'or this
rt•eam I hIe dlata generaitJ d Lnrinti! some of tile nore severe hydrostal ic tests has heI•.n selected
i',r pr1etvAtimi her. in AlppendI C. I: or the, 15-inch 01) X 13-inch II) scale ModeCl .14 the
Iimlost sv•,re as well a% thle most i ltpotrla.tt test was pres•utri/in 1 to ilmlo).sion; thiNS dalta
i% preset.n t' in i al I' C h• (.Ih inch lit) x 5X 11inch II) hill salde Mode.l 200( Nettmo I •ull
has not beei.n tesl.d t) implo.,iont theretfre this data is not availa•le. Instead., the data Iront
tlle long, term pressurization cycles to 1350 and I 800 psi ;ire shown in 'ables 2X and K.

I)alta from 15-inch 01) X 13-inch il) Modlel 34

Dl~aa Recording

'I he ,train .ata was generated by sul•tling tihe I 1-inc.'h 01) X 13-inch II) Model 34
to e•t•rntl i hydrostatic pressutre rising at I(00 psi mlinllale rate. D~uring recording of stratin
dalta ehich took alill bt I llmUhk's% per record itig Illihe pressure was held constant. i•,h tvin-
pe.ral Lire•.' w•tlr used in presr.urizing ot' Model 34 was in t•e 70)-751: range.

)alta Interpretattiont

"i hte most imlportanlt obscrva liion lhat cal lIe nmade oftlihe strain dala from Model 34
is that all the strains ilmeaured o)n1 lthe acrylic plastic as well ias on alUhminnti were linear to
well mver 1400 psi. intldicat ing that bot h mnate'ria•ls were still in t it elastic range w.hen the
sillittlated deptih passed thle 30){)-l'o) mark. At simulated dept.Ih o• 400)) feet most of the
st•rains hbecame markedlv non-linear. and at 500(0 feetllthe strains% Jli'tite exponential.

The linear behavior or strains to depths in thie 3000-3300 foot range substantiates
the pot tlatv that tlhe Model 2000( Ne mio I lnll desigti (and its scaled dowIn version Nvnmo
lodel 34) is operationalaly sal'e to 3.000 feet as all of1 tit materials in tfie hbull respond ,lasti-

ca'ly in the 0-3,01))0 toot range.

C-I



Datia (roii bo-lIncli 01) X 58i-IaxcIa 11) Model~ 20(14) Neimut Htill

The strain datia was gcnerated by suhiccting t he bb-imch 01) /X 3h-incli 11) Mtodel
20( to lllo 111it) external hydrostat ic pressure rising ilt I 100 p)Si.'iniinLltAt rate. D uring

.r -cordinug of' strain Jaw i which took about 2 mnti te% pivr recordinug . thew pressure~ was field
cnt ant. The Icnipera I tire of* water hiwcd inl p~rL.suri/ing (11 I 1w Model 2000 Ncnio 11l1ll "a"

in t he '70-75* F range.
Oil cc the maximaiuum prrssure %Na re lied Inlwtrhr pressulnl/.ation was soi ppd and 1he

nmainium pressuire maintained t~on 24 hours. Rcad ings were' take.n at b hourm iwcrva Is. but
only) the last reading l(taken 24 bours altcr initiation ot' lung tcrin loading) i. sho4wn1 (li thie.

Rcatil p in ugst. cctkuas iigIlcdpcsiia o hc tLkp~c t1( s
da aina wcvLirintoutig tewic ok lwe.110 ~

tninutil rate. Upon reachiing. 0 prcs;surc tliL Model '000) Nenio I lull assomhIi\ %% a, Allowd to
relax (Or 24 hours \%hike rvadiiigs \s crc taken e\vcr\ v hoIiurs (only the last reliaitioin reautimg
is s~llo 11 ill t lie dalta Itiiltotill 1.

Daita Ititerprelatsiii

The strains are linear 1to 3(100 tcct. I liw creel, in acr\ lic pflastic attcr 24 hours 'Istls-
tajuced loading atl 30110 I'mt ý as less t ianl -'0 percent nit Ihe short lerrul strainl at I hiat depiti.
At'ler reduction of' piresurc to (3 psi and 214 hour relaxation at (1 psi all strainls returned to
/er('. Bioth illh: linearity ol'strain inl the (0-3(000( Init rmige and rvlurni ol' strains to tcmo at
concIlusion 01' thei pre~ssure cycl indtlia te that tile Model 200(0 Nciuo Itilnl canl lie repeaiitedly
pressurnized without pcrniatient dctoriiat ion to 30001 ILcd1

WVhen pre%,., ri zed to 40011) Icl t here \%,i sonic tinhali leaty atl dcpt hiN heyond 3.50(1
I'mt. Ilime creep in acrylic plastic after 24 hours of* stistaimied loodinig at 4000( f-eet was .houti
301 percon t f' th e shourt tecnn strnain at t hat delt hi. AlItocr reduictio ii l ) pressure it) ( and 24
hours of rehmiation at 0) pressure most ()I thie strains in acry lic: and alumminumi return essell-
tially to t.cr() Iarc \%itliim * 100 miucronmvicles ni original /ero). Onily at some interior loctciotns
onf *ilumtinuim cnmimponctits f locictioni () I, 13.41 \ crc Iili remaining strcssvcs pnsilivc antd Sig-
niticait ly hligh. No e\p11laat ion has beenl fouind f'or thiril tensile character, or fila-go magnit ude.

The indicationis lit, nonlinearitiy di uring pressurizat inn lin tie 3.500-40030 t'oot depith
range, excessive creep) d Uring long lorm presturizta ion at 4(0(01 f'eet, and residunal st ra ins atlter
rela xat ion at 0 decpth ind mat e, t hat pirc-murizat toi ot t he Msodel 2000 Nenmo fIIl nito 4001'((3fet
Stilhject s t he assenlit'ly to excessive st resses. It is hmeret'ore poest lated that t he Model 204.3(
Noilno II nll assembly Should not it e pri uit esteti inl excess ill 36(1(1 feet hr service atl depthls
to 330(0 feet,

C_-



I i I I -I I !

I- F I f or I I r r o-1II

or of or. of. or + + + +

"i+'I t+ "i ri
I I

• €i:I I I I | I I l I I -'.tt1 I
-- I I I I I I I

a7 I I -- 4 5 5 If.
-- - - - -- - - - -

', a a a,,a I I I i---------------- II'-,

-m, 5 -7 o'r. o t €, r".• If 7 -,• •, -7 •. 7 =r = .:• • ' '

I a " I i i I I A

A ..
- - - - -. . - - - - - - -

"" Z-4 X a = = I I I I x

Iif, Ti -7 zJ' -5 - 3 !

MK X'- X X? X "•'' X K0== ?2

a-I

.7. 7 7 2 7 Y I I A X~~-- - - - -. -i~ -- -

Ir. Ir - - ... - -g . -. / r - -. -r'~ -

.. I~~11 Tavy I 1 o..f uI.or. 'i A ax -------- '

- - - - - - - - - --- - - - - - - -*rf

ar If t- I I

(-3



-r -F 4 , I , or I- I °t P* or * K X

v I I z I ; 5

F 5. - B( ( ( ( ( (rp, ( ( .' ' IJ~ P. r-- it- r.it

"" 7 7 i I I IBI

" 7 7

BII I I I 1 I r B

- -" -. - - - -- - - - - - -

C4



0

* n V w Ph. & rm- a6
r 44a

tb %

ZOr- . .-. msea tUeeaa

di V- -0A9 fC1 I 0a

L--L

C-5



r 4Oun sei IOl n1.

'aI

M C C O M M OC OS O c l

40

10 d

O Paa0Wf Mamapam&

a--



* 44

a Smil .

Le au4~A.v

awojFom& ~e~~m~

* r.0 AIon e S T.1 As

*...m* c.me#M



42@

I0 P.004 l In d u A

dj05 tt waft.~~e' h. t. a so & f f" 0e
#$$fo~l~qgies~

00 W 0 0R V
-zn=00

-4 6-



olow

s a g0 s e s e e g wea e

W ~Ap -00 v - so w .ava1

W IL~oo~ c a0aaao c a
at S A a OLb~ m e .~~.o .MT

C"'3

WclU:2*'

40 a cý000 00(A2



.4,w .1%M ~ O

vs
opC 0 070 0 0 0 00 0 0 0

- tW OD Z O
Im a C

aa

C-



1IS

a D00C00t000CC eso000mesooc

*, OM Tf fee? .4s a

o .- z ** SS co

-z smeegeesaI I U Ol



v ^ .4rAa 4 - 4- .^&0f

Is 44 VS I ---- t- - 5

La

Ar as

fSo omn o

at'i~-JI&.4 *.~~dUl.

6-

00 00 00 0
of o P

a uf %A0%4 0 a
Is

S*2~' : @,UU *au ~wooJcdacco

4 *m-.-4.aO4-.b .cara.aem*



61

.0 40?44P& f#

CeUWA~S e i*.6ht*as
£2 jrab.we*%P a Ok-g

I-£

-:joccsomaoooo maoacomocco
ct -0 P 0.0 O.PQ.P~ a 0ai '' "ou

*0 P.r .; 04 " C. r V% * s , ,mm .

.44.

C-1



p.-t

*.4 ~-... 0%0 t "M0" 044 " 0A

u~ing *g #gg

S.D .4albV &C

a ~ ~ ~ ~ ~ m c IN a.a a a4--40. -. vfi o

so to A a 0 cowmms

O*I0* 00 l 0~010000000*

a o oaocoaoemo'o 400 .0 moaaoo

(14



* ~M .4.4~ ~ .4.4 . .

-6 -0 -6g%* a r 0 a

xwcpvf~t 2MV6.

& a

It low ?I*, VAXoUO moorM3omo

- ~ &.@*@@,SO* ~w~aeaah



40

bd oftUi@0~wdu do" 01 Mae

am

Cb IL
AA 2 # e o , 7 7 ,41

SO

U.~ ~~~~m 7 44Pj7tUb~~JU, .@

C5-



0

a f U7 . 6

ima~ 0t.Up. * @ i # u m
C,0 W n. mn e

*tW 44 -ftft

"It

C*e0.gq U .. U ~~ .
40 0 a %Aj~ c~P ea..

044.



wt

0 6

Im 4 W 686 77,7%,*1*77- Iee m.0'.4
* ~ t Vv g.~~ *UO SW#

* ~ 4 .4.44.4.a,~ 55 ~s..
to ~ I a mmSS U @e

C4'



.90 4m .4 of

IV

a o sMe O .0 .4.4 a OW 6 Omi4rnto #~

oC I



U.U~5 -a ~ W mA. ll & .P, a-paGo .4S

W 04to0-Po

a
ObamC i

0e~nu.o IL wftoz.sfse% :aft
& -P*Mf a v I A r .Ime - .

3* 7~~w qSm S.

7ft4&m*jf4tW 3wf4SA.d

a CocobDOSD e

in a

d. Rg a a v M Nsa *a W ftao &

C-20



rd

.14 10 ePp' mVP foa.

4LA fp. Pos 0 IV~S4 -- X -
26 d. Uot AA ~ ONO 0 . in 04 #W le I

...*.. 0000uu 060000n

d.0 in 4r InU V, ~ . P m .u
~esU~U4@eUu "Pm -nAm.* I

U-e2tW ff wu 1wv.



im

at

44 U

AL 4
19

• •-o- . im. . .. .. a eA.,

w 40 co .os.o.. 000000000

:I - e |p mo 4 Poo el 0 00 0 0

l~~ ~ 0 Llm •gp ft ai, db - *d I t

C2

l* I l; .4l l l l I

ta.n~e~ea a..Am...~as



4.9411
44 Mir *

lz CAodfs a s m & -

00 of-0
fo ai ."S .46

Le f 6

0 4UabFe *:mhea.oo

0

4 om~eu .43.4" m



a ~ ~ -4d a~~~ a 8 Zaaia0v .a

@fwft o.aee f ftev..set

1.0

am*

Ai as e s - .

C-2



Ma

-4t aA~ftO.. 1ira .e..b@ Is

42

S.00 s cc CSOMMOO6- a I "MA J" ft dI..u

got USS-ig 6 50 S *
* 5

1000.00 0

Ca0 000 011 0 c oc c

-4 4.

C 1



SM Cx

410 5,I

46

C-2o



a 4

to * Wft.* U ' . . 04 S A . e .4

I ~ .4.04M pt .0P0

In mot W or g CMP

2w~ ~~le~o -. UP 4 .... *-ee

00 000 .

C--



10

.8 mug 00~ P

ob 00, -va,

.4lo a.,.0. *g S0 'a g fa~

I.4.
'5

40

'5



a
S
- arne.waqim�ehn. P-meb....sm

uteeve ten. ... v
U �N � *

S

**Sn.**mlh*UO *� � V@.ICUS
4 �q.@P�aVOim*.� �.mwbrnP.e.e53 m..u'�.esam CUP-OP.

* ,dineaV.mvrno �*mm w I
-s e..os..-.- -eguseg ag
* Sm 0

wI.

*eSiW..VU� a *.4P.*rS.,4Me.S* 4 .6C�CROj�Ch .8 *UUSUSFm.�
U EN P.PU*.U@.IS F p41W C U U.S P.4 * 54 *�fteeP.UVow U. P. humuS
U m ******** eggs.,,.

- *0 I
C3
�. a

0
* - 4a:
2

mm o@.mrn.rnoasa *S@SSUSUSOU
**i*P�eseea C�Susu.ew

a. � *****.**.
0 0 b isewmeu'an.mn. P.P. � 4S

4
*
b.a

e@ms.OUSC QU SOO@SOSOS@0
-. .muarnm*mu. *Umamum.in�. ffT'�fl�'

*... so� *�

* � eesmpea.ges *ournoemrnmrne
0 4 em. o� 0Cm cc C UPS @00W
* 0 .. UU98 vpuim a... .8

a � .o

U

('-.2')



00

im~

lb O

OR P.aqS~~ VA a sp0004

I-

CI..



.4.

0*0

6 IT am**m,. j .moo r assI

w WOUr assese

C-3



04

asp pk U;rCD 80W t 1 nIIa4 0vw 0 R40w-66.am .4 cop .0400 t m.#0. . I b001 a 10-ur4

IMIVft-0IP:' 0V SAAMD-...' A W0

It

0-

410

m *ggggg,,.-, -4.4005S



S

ft lp do 6 Wi

- .2

0,0 me" .. ;AX VIAe ft -oft 4 -0 &--

am wat am ._ ,_A m ~ wo

- EU bd-d..:ba nma5,u..•

-.4,

0 -

I ., .,

a Al4e .f

-3 M

0 W-
a. Tom 1 111

6--W

-C.3



r sM V0.

ap * a s *s m 9b - " 12

*e~3amgst zeefIetfa
be mi =O Nv A O C4p A& IM4tc

7 9

49 me ***

C-3



Arfta N .. ::Rw:7f;.* P6~

wo a ft 'a CA : ft ft . "*
0. so10 e 0 sl

'N

NoW

U Fdu~m4U.ePWD.V Do

C-3



IVI

in 21 :: mo t *

as

- .0111 
a

a's :6 00 Io cCo v
94"r l

lb 40% 0 V a 1 ( ., 3"



I

ae 0 a •uwt•we * e wum e rw fw eF* • -7 4.7777777 .,...... .. ~.4 . -.

* 44 -- vS* SS S ,,poor*800 tS & 60

too P J. *4z-j cM0X

- Ow I a I a C a 0 .0 1 0 00 1, 9 t!O .O fO *waft

I S 4.4h~a~CC mC *** ~ C ~ m ~~ %ib.4 S t

.* m.** m *...e.....O~l s****.e....gl..

z

i (Im

)S
L I• •HH iI I *C A I! I I I l • Vt I ~ l!I -l .... 1 U Ill



.11di

I ~ ~ mv v6dUbgqj ...i

N #6

C-3



2-

me ft. " "P M I" a - Omm42 4441ggi m i

Ga

dopqA.P~ sel al o# see @% Imemmf

000660000001000000000-* *....*..**** ..c.ease...



BWB

SSoo 0.4-4U.4-0-t S a I

Ia to s ts..or g s

Amm

II

I IIOII

A -0 -0.

!aIw IIs.l!*iriell !!Rsaa..' '''#i'°.. ,.. .. ,,.- s.

* ao

IL

a

(330060076

C-4



r0 0 l .-

S*I, ,*

t

'tS

Wip-0ul

b~~;; ~ ~ sl ilW..f a g3 'UCr-

UN ~ s* go



0

Paz 0 B6i 'i "

16 it do d4 64 .4. e.e 1-* | • eo

0

*ad

*c-42

I t "!i~t!!!3S 333 !!!!!!!!!t!t!'

so;Tisi
S

1..- S

.4•U .. lfjt q.i a.~u



ri
WA

- .

1 1111 °rn -gm

('4.



do' ° 'i °l..f l I =" 
I 

" P
Olt 

pli I I O l o ftW i 
I

0 t

•I~~~~~ ~~~ Tiioi in Ii l iii ol

P.U dII u! e-i ! i!III! "".f if afb e

I'

11 *isp HI M I i f fi l iIf 1 il I IiI F l 9

0;~~~~~ ~ A o4 '. d 4 o-44

* A4



r!

a Cai ftii '

, gt "ofs...I, , 111 !!; T'I ' "

14

U/

$oilM e o ese&.

0 IIII4IIHII4 ill4

('45



ili

B-f

e ewes ~ ~ r'

I-

I-

- as

- B..4o

CA



!I
S" S !ee }zag:sme. - -- - ---

| - ' - -*- - ~ am l- a

I

1' U I 4 I I I I ll l iuE
e1 ; .aass11.s 1..~ T fI? T

S."-,,!!!!!! 
!!!!!J . . '

( 'i



I,.I " --i-ll l li-.- ---- I...--" ' " ' " ,, .,..- -.--- -!.
T ~? T 7I*

sil

I I-T

IooT" 4T14"

....m~ s ....... ... .



I.I

6 Iv

T T

C-41



7 oE"7 "7 '

-- if770 see :I os Tae 806.104

'a 0 .. !* .. Z. = :-.A

40 104 " 11,P, l

El 3

:Ma 0.E --a a -W.£ is IVAgo. omftft oe ema.. o*m be

r 1! sel1Ie
0200 vs u i b333~~ ~~~ P.B ~ ~ 30 3o o



49

****~~*~0 on~ am . re

In92 a a

coc

C-5



lbIa V-

rg ,9.iRi

i llI

in ;::~ .0.4s~i~s. a- ~ dde.

a IL

04 04 0 Sop a ft
14 -0

-C 5



lob. . ..I. .'~U~~ *

*T l -6. a. I a0I a

"" &*Own ft a* A n a

4 '~~~"ed i~04P~ J 4v

ow0 0 bm ow

4

to W US S h W I .uU. U

62

a a ae 1 0 a Iae

a

**a aa e llleellg l *SSS SSBeel*

. 00

IoII I IwfiNý Waftlli4llll
- I~l II U@~c m antc m

(.us



II

-4 "f-v

i.

Ok *

a: 2.00 S9:0 S3 ggX4:

-.54



F0 1 C .

gi

g.E IsaL *

sel
W1m . pe .6 -a

~~d~.199111 sell$$ ~ *g ~ s

L me

IN1 6' TT

40



aa

6IF aOPS 000

I-

I-

a 40 o,,01 NO2

a-%,at w f i* f-Drwt p .N



.4. go ve~ -444 Wo . . ý

e1.0

~~oil

ora

A 00
SIo

d4



be nsoIy

~1

ES

*~0 0: -t . . -0..44.

4 .



I

*i * N...1 . I 4!IiIii~i

S- P "AR"MU -M

7 T 0." . 40 P ":0Z pi

--- -- -9-4.6 S'"

fm

Iii RI - I | ! !

16 4p-

I' - SI.,cm S

-04-- . 60.



Ow, 0 ftd4

~ *~me g ~ -94 .44

a X

asI

a * do .4 oI mSp- 4. .ipSS S& a0 5 a-a41.4 r f w
0SS 0



AI'I'INIIX 1). V)VI A [-ROM FHN11111 LLIENIINT STRIESS ANALYSIS
05 '(ib.IN('H 01) X( SN.INCH 11) M1OIhL 211(K) NIM() HULL ASq*MDlLY

ttv\t t I' tI i'it l rt1 I i I 'IgiL% 4 Itt I I k% I% vo, I I itliv iIt I sitriahit I tv o puliiIl Isi ldtu for thet
I tIV II v ii oIft Iitt I Vr is It iv hull11 vs iga t I( i)1.%. llIV tiuaw .I t'udIs tIwI prcd k:I vt I% troo, anid %I ra Its.
fo itl. hilt tile IIl titil Ijit I D1I and boittom iviIr.-ttIt !oil plateI Figure 21)1. To vorredutv

I lt'~tt~%~ UtiIail~ liiwi lii i~t~t tI)aitil 21) withl 11.si'it 'k uiItilgons ont th1v Modd
200011 \!%tilt I liull i. I w-it %lia' It~ to I% ltaltv ilIt. IN orivspondijigIitj itnnlimt tII ivitr% twiu ilt'I vt'itnti

I V Q , ItII tIIIIW1vI I( , Fig I rv .1IIIi .oI l aI. ll111I i u v

sill", 111t: tfink IL' 'tI11Ivi Strs I l~akI.i'sist was haot.d killtile assunipliolii I111 h til h s trts-
'1%t0 I'VIfi.'ltioit'ltip(it ni att. lit pl.isIiQ is lintal.ir undt' shtort taiitt mitdi~llpIIIi 111v 0-10.00(1 p~s
%t 1I V V I I Itt vit L lihI It'l t a It' tIV ' for90) pI) 1% lId'tros Iltit I ttic tdiij~ IF IgI~urt' 1) 1 Id .11)) taut
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