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APPENDIX A. CONSTRUCTION OF ACRYLIC SPHERES

- A.I CONSTRUCTION BY BONDING THERMOFORMED SPHERICAL PENTAGONS*

The procedure of producing an acrylic sphere by this process is graphically shown in
figures A.I  through A. 26.

A .l . l  Fabrication

The first step was to thermoform a flat blank of acrylic , 2 .5 inches (6.4 centimeters)
- - thick and 46 inches ( I  I 7 centimeters) in diameter , into a spherical shell sector with a 33-inch

(84 centimeters ) radius in a concave spherical mold. The blank was cut from a 4- by 5—foot
( 1 .2  by 1 .5 meters ) commercial sheet of 2.5-inch-thick (6.4 centimeters) acrylic. The thermo-
forming mold was a custom-built  a luminum dish with a surface texture of 32 microinches
(0.0008 millimeter ) .  Four 3/32-inch-d iameter (0.2 centimeter ) vacuum holes were drilled at

• the bottom of the mold. Before thermofor ming. the cylindrical surface of the acrylic blank
was machined to a 200-microinch (0.005 millimeter ) surface texture to promote a good
vacuum seal between the heated bl ank and the mold. Four 1/ 8-inch-diameter (0.3 centimeter)
by 2-inch-deep (5 centimeters) holes were drilled into the outside edge of the circular blank
perpendicular to the cylin drical surface and parallel to the flat surface of the blank for instal-
lation of iron-constant an thermocouples. These thermocouples were spaced 90 degrees ( 1.57
radians ) to each other.

After positioning the acrylic blank in the mold , bot h were placed in an oven and gradu-
• ally heated to 300°F l49°C~ over a period of 24 hours. The sequence of thermoforming

eve n ts was as follows:

a. 1545 hours: parts placed in oven with temperature at 165 °F (74 °C) and allowed
to re main overnight:  fan on.

h . 0745 hours: oven temperature raised to 3000 1: ( 149 °C’) : fan on.

c. 1030 hou rs :  acry lic blank sagged a constant amount  wi th  temperature at
254 ° F ( 1 2 3 °C) at 0.25 inch (0 .6 centim eter )  trom air-exposed surface

• 27 5~ F ( 13 5 °C) at both midpoints  of blank thickness
4 

297°F ( 14 7 °C’) at 0. 25 inch (0.6 cent imeter )  from mold surface
• - 299° I• ( 14 8 °C) at the mold surface
• • d. 1530 hours: oven temperature raised to 3 10°F ( 154 °C’) : fan on.

e. I 545 hours: all temperature s became 300° F ± 1 0 ( 149 °C) : vacuum of 25-inch
(64 centimet ers )  mercury applied to mold: blank immediatel y sagged and held completely to

— mold conto ur ~ fan on.
- f. 1 600 hours: oven and tan turned off: oven door remained closed : vacuum left

on all n ight .

• • th is  process was developed h~ the LS. Navy at the Naval Missile (‘enter. Point Mu gu . California. and at the Naval Civil
Ingincering Laboratory. Port llucneme , (‘alifornia . in 1966. The description of the process for a 2 .5.inch.thjck (6.4 cen-
tu n l et ers ) sphere with a 33-inch 184 centimete rs) radius is applicable to spheres of any thic kness and radius.
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g. 0800 hours : vacuum turned off : oven temperature at 110 °F (43°C) : oven door
opened and oven allowed to cool to room temperature : thermoformed acrylic shell removed.

Each ther rn of ormeci shell sector was stored in a contoured box with soft lining to
prevent damage to the acrylic surface. A vacuum-operated chuck was bui l t  to hold , ro ta te .
and position the acrylic shell sector for cut t ing and machining into a pentagonal shape. The
chuck utilized vacuum to hold the shell sectors in the f ixture , and air pressure to rolate and
index the shell sector for the five straight cuts to form a pentagon. The acrylic shell sectors
were firs t rough cut on a band saw into pentagon-shaped segments. Final machining was per-
formed on a numerically controlled automatic millin g machine. The milling cutter was a
2-inch-diameter (5 centimeters) . helical type that rotated at 3800 rpm and t~ d at 10 inches
per minute (25 centimeters per minute ) . A coolant of detergent-based water was used dur-
ing the milling operation. The resulting surface texture at the pentagon edge was 63 micrO-
inches (0.0016 mi llimeter ), which was satisfactory for cementing purposes. Two of the
spherical acrylic pentagons were conically bored f’or their  metal end plate insert.  These holes
were conical with their projected apex at the centcr ’of curvat ure of the spherical penta gon
surface. After the mac huii ing oper ation s . eac h spherica l pentagon was annealed at I 60°F
( 7 1 °C) for 24 hours to reduce residual in terna l  stresses and cr azin g p ot el i t i a l  in th e acrylic
plastic. Annealing was performed while the spherical penta gon rested in its contoured box.

A. 1.2 Construction

Assembly of ’ the 5.5-foot-diameter ( 1 . 7 meters ) acry lic hull  was accomplished by a
two-phase bondin g technique in which two quasihemisp heres composed of six bonded
spherical pentagons were bonded together into a sphere . To prepare the pentagon for bond-
i ng. the cemented surfaces were sanded with 240- and 400-grit sandpapers to develop ade-
quate joint strength. A bonding procedure . suggested by th e mak er of the I’S-30 poly merii-
ing cement , was to use a butt  joining gap of 1/8 inch (0.3 centimeter )  between the adj acent
2.5—inch—thick (6.4 centimeters ) acry lic pentagons . One polar pentagon with  its conical hole
and five reg Jar pentagons were hemisp herical ly positioned in an assembly f ix ture . The
assembly f ixture was preadjusted by means of an accurately dimensioned , dummy ,  glass-
reinforced plastic sphere to produce the 66-inch-diamet er ( 168 centimeters )  NI  Mo sphere.
The pentagons were spaced 0. 1 25 inch (0.3 centimeter ) apart wi th  0.25-inch-diamet er (0.6
centimeter ) acrylic spacers. Two spacers were placed on each 24- Inch-long (61 centimeters )
side ot the pentagon at 2 inches ( 5  centimeters ) from the corners. ih e  j oints  were matched
on the outside surface ( coiiv ex ) to form a cont inuous smooth contour  between adj acent
pe ntagons. Bcc:tus ~ of the va riation in t he  th ickness  of the I)~’t1l gt )t ls . the  i n side surfa ce at

t he j oin t s was not expected to be even. The j oin ts  were masked w i t h  cellop hane f iber tape
a nd prefor med a him mum foil to create a protru d ing bead of cetnet i I at th e 101111 to account
for  an~ shrinkage ol the bonded jo int .  The excess heads s~ete  poli shed a~ ~~ to en su re a
bo nded jo inl flu sh ~ t Ii t he sur fac e .

8 1
PS— 30 . the  po lvm er i i in g  acry lic ce ment .  L onsk t cd  01 ts~ o c Oll ) p Ot l e l l t  component  .‘.

base resin) and component B ( ca ta lys t ) .  The c a t a l v s l . 50 mil l i l i ters  of coiit~ on eflt  B . was
dissolved in 95() mi l l i l i t e r s  of the resin ~t 60° F ( 1 6 °C )  by st i r r ing  the mix sb ”. I~ be n eat h the
surt ace to avoid en t rapment  ut a ir  bubbles in the cement [he cement in ix  lure  v. :ts t hen

• place d tinder vacuum and degassed for 1( 1 111 inn  t c s  to remove a ll a ir l,tibbks h eIr  ~t i’ po u ri n g

I
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into the prepared joints. The pot life of ’ this mixture  was 30 minutes which was adequate for
degassing and pouring purposes.

The cement was poured simultaneously into two vertical masked joints at opposite
sides of ’ the hemisphere by means of funnels and polyethylene squeeze bottles. The cavity
iti the joint  area was filled by grav ity, while each funnel or bottle attached to the cavity was
kept ful l  to prevent air bubbles from entering. New batches of adhesive were continuously
prepared as ti le pour ing proceeded to maintain constant head in the funnel. This process con-
tinued un t i l  the adhesiv e f ’illed al l the joints in the hemisphere . including ti le other three verti-
cal joints. It ’ air was trapped in some of ’ the horizontal joints betwe en advancing columns of
adhesive , a hole was punched in the tape at tha t  location with a need le. After all the trapped
air escaped and the adhesive began to ooze out, t I le hole was sealed with a tape patch pre-
pa red for this purpose. U t i l i z i n g  this t echil i( ltiC . a cont inuous j oint was prepare d in the hemi-
sphere wi th  only a min imum of entrapped air. The few res ulting bubbles were less than 0.25
inch (0.6 centimeter ) in diameter ,  and in most eases they were located at the edges of the
jo in t  ‘.‘.hcr e they could he easily refilled wi th  adhesive after the tape was removed from the

• j o ints .

ri t e f i na l  assembl y into a sphere was p erformed by match ing  and bonding the two pre—
v~0Ll~l y constructed hemi sph ere s of six bonded pentago ns each. The cement was allowed to
cure at room temperature for —18 iu ur s before th e protruding head at the join t was ground
and polish ed. The whole l l u l i  was then polished to min imize  surfac e blemishes. The corn—

• pkled hul l  wa s annealed in the oven at I 6() i (7  I - 
( I fo r  24 hours and allowed to cool at a

rate of app r ( Jxima le l v  ~ I ( — 1 4  ( - 
I per hour un t i l  room temp erature  Was reached.

A . 1.3 Quality Control

The fi rst measurement was the thickness of each flat sheet of ’ acrylic used as the
the rmof orming blank.  The thickness of ’ tile acrylic sheet was within the MIL-P- 21 IOS C speci-
fications for t~ pe ( acrylic of 2 .5 inches (6 .4 centimeters )  thickness , which was +0.079 inch
(0 . 2 centimeter ) and —0. 181 inch (0.5 cent imeter )

[lie second mea sureme tl t was of the acrylic thickness after  thermoforming. In gen-
era l , the acrylic blank increased in thickness around its periph ery and decreased in thickne ss
at t h e  center a lter  the thermoforming operation in the female mold. The incre ase at the
periphery was approximat el y 0.080 to 0. 110 inch (0.2 to 0.3 centimeter ) .  At the center of
the thermot ’ormed blank the thickness decreased approximatel y 0.020 inch (0.05 centimeter ) .

\ th i rd  measurement was th e acryl ic  th ickness after anneal ing of a machined penta-
gun III) net change in thickness ~s as found between the thermotor med and the annealed

t — l~’i)lago n .

(‘lie curvatur e of an acry lic blank Was compared w i t h  the curvature of the forming
mold , l’he concave surfa ces of tile mold and the blank were measured by swinging an arc
W i t h )  t dial indic ator  about tile center of the spherical stirt ’ace.
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The acrylic blank generally appeare d ~o flatten near the apex and acquire increased
curvature in its skirt region. The largest deviation in radius was less than 0. I percent of ’ the
spherical radius of the thermoformed blank. It should be noted that the mold was made with
a shorter radiu s at the skirt region to compensate for an expected incomplete contact between
the thernioformed acrylic blank and the corresponding mold surfaces. As expected , the acrylic
blank acquire d less curvature than the mold in the skirt region , but  still short of the specified
33.000 outside radius ,

The convex surface of the thermoformed acrylic blank showed sonic mark-off where
the acrylic was in contact with the mold which had a surface texture of 32 microinches (0.0008
millimeter). These marks were less than 0.003 inch (0.008 centimeter ) in height and disap-
peared when in contact with water because of the small dissimilarity in index of’ refraction be-
tween acrylic (1.49) and water ( I  .33). Since nothing contacted the concave surface of the
acrylic blank during thermoforming . the acrylic remained unmarred on this side. When viewed
through polarized plates , the skirt region of the acrylic blank showed more stress pattern than
the apex region.

The radial mismatch between adj acent pentagons was less than 0.03 2 inch (0.08 cent i-
m eter) on the outside surface ; however , the inside-surface mismatch at the joint was depend-
ent on the difference in pentagon thicknesses. Typical mismatches were less tha n 3/ 16 inch
tO .5 centimeter ) on the inside surface. The mismatch on the outside surt ’ace was red u ced by
producing a faired contour when the hull  was polished.

Liniax i a l  tensile loads were applied to acrylic specimens wi th  PS—3 0 bonded io int s w i t h —
in I month of bonding. The test specimens were machined from acrylic samp les m ade by
duplicat ing the bonding procedure used to assemble the 5.5-t ’oot—d iameter ( 1.7  meters ) hu l l .
In three tests , the breaking stresses were 8779 , 8893. and 6573 pounds per square inch (60.5 .
6 1.3, and 45.3 megapascals ) . In compression . (lie samples could not he fractured at stresses as
high as 16 ,000 pounds per square inch (11 0.3  megapasca ls) . althoug h (lie PS-30 joint took a
permanent distortion of about 5 percent.

• To insure proper t’it into a sphere , dimensions t’or each pentagon were verified during
manufacture.  The assembled hull  was measured for diameter wi th  an improvised micrometer
and for curvature with a template and feeler gages. A total ol’ 30 diameter measurements was
taken in a controlled atmosphere room. am -i d time , temperature , and humidi ty  f’or each meas-
ure inent were recorded. To summarize these measurements , the meaii diameter of the h ull
across centers of the pentagons was 66. 126 inches ( 16 7 ,96 centimeters ) : across the corners .

• which are adj acent to the polar pentagons , it was 66.049 inches ~l67 . 76 centimeters) ; and
across the corners in the equatorial zone , it was 65, 982 inches ( 167 .59 centimeters ) .  These
measurements indicated that the NEMO serial number 0 hull was probabl y slightly prolate
with slight bulges center ed on the pentagons. The mean diameter  was 66.030 inches ( 167 .72
centimeters ) wi th  tile ‘ l a x i m u n i  diameter at 66. 158 inches ( 168 .04 centimeters ) and the mini-
fllUfll at 65, 920 inches ( 167 .44 centimeters ) . The maximum deviation on radius of curvature
of the hul l  surface was wi th in  0.5 percent of ’ (lie desi gn radius of the hull .

The 5.5-foot-diameter ( 1 . 7 meters) capsule assembly . includin g acrylic hull . sta inless—

• stee l botto m p late . and mating ring wit i l  the hatch at the top, weighed I 526 Pounds (692
kilograms ) . No optical distortion other than spherical aberration was noticeable , and the
transn i iss ivity was not affected by minor surface flaws at the water-to-acrylic interface.
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• Al thou gh the quality of the assembled capsule was structurally satisfactory and con-
strtm cted according to plans in terms of thermoforming and machining operations . (lie hul l
assembly procedure and (he bonding operations with po lymerizing acrylic cemeti t invited

— improvements in terms of cenient curing and elimination of undesirable voids in the joints.
• The joints also showed minor amounts of residual stress when viewed through polarized

Plates.

- ‘ A. 1,4 Conclusion

- Fabrication and construction procedures for a 5.5-f oot-diameter ( 1. 7 meters) . 2.5-
inch-thick (6.3 centimeters ), acrylic hull in the form of a spherical dodecahedron were suc-
cessfully developed using commercial acrylic sheet stock. Similar fabrication procedures
have also successfully produced 5,5-foot-diameter ( 1. 7 meters), 4.0-inch-thick ( 10  centime-
ters) hulls meeting ANSI/ASME PVHO-l and U.S. Navy specifications for pressure vessels for

• human occupancy.
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Fi gure A. l . Lifting a sheet of acry l ic plastic with a vacuum chuck f ro m the pallet.
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Figure .\ 2. Cutt ing a ~li’.c from the acryl ic sheet with a hand saw .
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Fi gure A.3. Transporting the disc front (he band saw to a millin g machine where
the edge of the disc will he n’ii lle d smooth -

• 
- 

I Fi g i c  A l .  M ill ing the edge of t he disc Sfl ltM ) t h so th at  an a i r t ig ht  seal with

. 
the con cave su r l ’act’ of 11w mold can he achieved.
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I igur e •‘~.5. Pl.t iu g the dt ~. u l t O  .i vacuum mold al ter  the  prot eL i R e
pap er it a~ been t r ipped I r oni t he  b nt out so r t ace
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Fi gure A o . Disc a l t e r  the prot ect ive pap er has also been stripp ed
from the top surface.
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Figure A .7 - Disc af ter  the rmt furni ing in a It ot i t  ~ ii ‘i ~ mIt e lIt emlo —
coupics used for measure me i t t  i t t  te n ipera I Li IC in lb .
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Figure A.8. Rem oving the therinofor med sector from the
mold with a vacuum chuck .
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Figure A .9. Checking the spherici t y of the spherical sector.
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Figure A lO. Vacuum chuck that  can he sequentiall y indexed
t o I R e  pos i t i o ns and held there  t ’i t i i t l~ d u i i i t g  c u t t i n g  and
nt i l l i i ig  ot the  ‘ i L l  l ie  sector.
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F igure  A . I i .  Band sawin g the sector int o pentagonal shape .

- 
S.

‘I.

I i g i i ~~
. A 12.  M i ll i n g t he sawed edges w i t h  a numer ically controll ed ~ t” neal mill .
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Figure A. 13. Checkin g the dimensions of the pentag on.

l i g i e  A. 14 . \ is ima l  inspection of milled ed ges on t i e  f inished spherical pentagon.
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Figure A .15 . Storage of finished pentagons
in individual padded boxes prior to their
assembly into  hemispheres. At this time
two of the pentagons have conical open-
ings machined in them to fit metallic
closures.
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Figure A. 16. Aligning spherical pentagons in the assemhl~ h g  prior to bonding.
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Figure A. 17 , Bonded hemisphere a t t e t  removal from the assembly jig.
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‘V.

Figure A l S . Al i gnin g two henii ~plier cs prior to bonding
ol I lie equatori a l ‘ ‘ i i i  t -
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Fi gur e A, 19 , Sanding and polishing bonded joints
on t he sphere.
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- Fi gure A.20. Comp leted sphere after annealing in a heated air oven.
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Figure A.2 I . Instruments used in quality control.
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Figure A ,22 , Measuring the spli erici ty with a temp late and feeler gages.
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Fi gure A.23. Measur ing th e external  diameter at selected location s
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‘ Figure A.24 . Vm~ual inspection of bonded joints t or presence of inclusions ,
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Figure A .25 . Inspecting the sphere for residual strains with the aid of polarized light.
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Figure A.26. Inspecting the operation of the hatch.
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A.2 CONSTRUCTION BY BONDING OF C/ ST HEMISPHER ES*

ri le procedure of produ cing an acryl ic  sphere b y th i s  process is graphica l ly  shown in
figures A .27 thro t tgh A .52.

A. 2. 1 Too ling

Tooling l’or precision casting of ’ acryl ic  p lastic hemispheres consisted of a m old asseni-
h ly , autoclave ca rt, and strong b ack.

The mold a s se t t i b l y  was a matched set of male and female molds. Considerable care
Wi.’t l t  in to  its design. It was to serve as the form t’or gell ing and po lym er i t in g  the  acryl ic
p lastic and also as a power— assisted jig b r  separat in g the po l y m erized casti n g from t h e m old
asse mbly.  In addi t ion.  the mold assembly  had to fit  the autoclave where p o lymerizat i on
occurre d under  el evated t cmp er at  t ire and pressu re.

The major  components of th e  assembly we re a fem a l e m old t servi n g as t’ou n da t ion  for
four flanged wheels) ,  a male mold se rv in g  as founda t ion  for six h y d r a u l i c  l i f t i ng  jacks and
si’. el evat ion  a d j u s t i n g  screws ) , and a m a n u a l l y  operated h y draul ic  p u mp  ( fo r pressuri zat ion
of h y d r a u l i c  jacks ) .  The ent i r e  assemb ly was fabr ic a ted  t rou t  welded low— c arbon steel.

i’he h y d r a u l i c  acks m o u n t e d  on the  ex tens ions  of ’ t he  male  mold served to separate
the  m ale n iokl from the  pol ymerized cas t ing  t h a t  gripped the  mold.  Since the  shr inkage of ’ t he
casti ng was known to be in the  5 to 1 0 percent range, a subs tan t ia l  sh rin kage gri p was exerted

• on the  m ale mokl h~ t h e ettr ed cast ing.  To overcome the  f r i c t ion  between the mokl and tile
casting , each j ack was designed to e’.ert  up  to 10 tons of t h r u s t  agains t  t h e  equa to r i a l  sur face
of the cast rig. A manua l l y ope rated hyd rau l i c  pu mp provided pressurized oil through flex—

• ible hoses to the h y d r a u l i c  j acks.

Th e t h r u st of the  h ydra ul ic  jacks was augmented  by air pressure appl ied  through a
• f i t t i n g  in t h e  bot tom of the male mokl to the  interface b etween the mold and the casting.

l’he provision for a p p l y i n g  a i r  pressure to this  interface was found d u r i n g  subsequent  cast—
T - ing oper at io ns to be very he lpfu l ,  as the h y d r a u l i c  jacks a lone could not a lwa y s  insure sepa-

• ratiot i  be tween the male mold and th e  cast ing ,

‘ri-i c sepa ration be twe en  the female mold and the casting was accomp lis hed by pres-
suri zed water tha t  was pumped in t o  the annu l a r  space between them through a f i t t i n g  locate d
at t he h ot toi i i  of the  mold. Af ter  they were fur th er  separated , an ini lux of ’ water  m ade t i- i c
casting l loat up in the mold un t i l  a l i f t ing jig could he at t ache ~ to it .

The elevation-adjust ing screws, located Ofl tile extensions of the male mold , were u sed
to adj u st the clearance betwe en the bottom ot ’ th e mal e mold and the female mold. They
a lso helped to locate th e  center of the ma le mold in the center of’ the female mold. With  the
h e l p ol t h ese screws it  Was possib le to center the  mal e mold wi th in  0.030 inch (0 .0~ centi-
meter ) of the  desired location.

• H fhe c, I s i i r lc  p i , ~ css was developed jo in tiy by ihe Nava l t ntle r s~a Center. Harbor Bran ch Foundat ion , and Polymer
P iodue ts in 1975, The desc ription of the I t r ilce ss is for a 4 250-inch-thick ( 10.7 cent imct e~s) sph ere with a 33 ,2~
inch 184.5 ~cn t Ime t r r st  ~i i i si d , ’ radius ; it also app lies is to sp h eres of other i i l j cknCssk ’s and radii .
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Flanged wheels , attached to the lower e: tern al  circu ii if ~ re n t i a l  s t i t f ~ ner on th e  female
mold , were designed t’or moving the mold assembly on rai ls  in and out of the  au toc la ve  lo-
cated at Polymer  Produ cts.  In th is  mann e r , the mold assembly could be easil y f i l l e d  w i t h

• c a s t in g  mix outside the  autoclave and then  wi thou t  d i s t u rb ing  (lie gel l in g mix  lure tnoved i t i —

side the  autoclave.

The strongb ack consisted of ’ a c i rcular  frame t v i l h  a l i l t i n g  sling. ‘I ’he d i ame te r  of the
c i rcular  t r a i t i e  was smaller t i t an  the outer d iamete r  of ’ the ac rv l  ic hemisp here to permit l i f t —
big of the hemisp here front the  female  mold af ter  the hemisp h ere was pa r t i a l l y  raised in the
t nold by forcing ~sa t c r  be tween  the cas t in g and the mold. i ’ht e st rong back was a t t ached  to
the cast ing by disassemb l ing it  i n to I svo h a lves , p lacing them around the  cast ing ,  and clamp—
ing them toget her w i t  It bolts.

•-~,2 .2 Casting Process

‘[he cas t ing  process develope d for th i s  purpose by Pol mer Produc t s  of ’ Oak land .
Cal i forn ia ,  consisted of f ive d i s t i nc t  steps: ( I ) m i x i n g  of resin w i t h  a d d t t  ives : ( 2 )  ~) Otir i f lg
the  resin m i x  i n to  the mold as sei ti bl y : ( 3 )  ge l lat io n of the resin mix  in the  mold at atmos —
pheric pressure and t e m p e r a t u r e  (4 )  pol~’ mer i z a t io t ’i of the  gelled restn mix  inside the  an to—

c under  e levated t empera tu re  and pressure : and ( 5 I removal  of the p olyn ier i z e l c a st i t t g
from the  mold ,

ix ing  t i m e acry lic  and the re qt i ired a d d i t i ~ e was don.’ t i n de r  a tmosp ht e r i c  pressure
and tempera tu re .  The basic cast ing mix  W J s  1 000 m i l l i l i t e r s  of ’ l)u Pont m e t h y l  meta cr late
monomer . 1 500 grams of l)u P ont pol~’mer 4 i ( ~~~

) pa~~ing n u m b e r  77 sieve . 2 crams of
Du Pont cata l~ st  \‘a,o 52 . ~nd 10 m i i l i l it e rs  of Sartomer Res i t i s  (‘omp an~ meth lene gl~ col
m etacry l ate  fo r  cross—linking.  The mater ia l s  were mixed together  wi th  art e lec t r ic  r ot ary
m ixe r and p laced u n de r SO t u i l h i m e t e r s  of ’ vacu t im .  A f t e r  ss’\ era ! m i n u t e s . th e vacuum ss ;is

relea sed , and the mix  ss as s t i r re d  tim - i t  i l i t  t h i c k ened  to a t h i c k  c ea t i t y  cons is tenc y  . \  t t h a t
t ime , t lie mix  ~ as poured in to the  mold asscmbl~ previous ly  cle aned v. i t h  t i t e t  l i yh  or d liv!
alcohol.  I ’lte m i x i  m g  of h atches  w ; s  repeated m n a t i v  t imes  u t t i  ml t he  a n n u l a r  space h e twee t i
the male and f e m a l e  molds  \s as coi t ip l e ( e I ~ f i l l ed .

( e l l ; i t i on  of ’ t he  c a s t i n g  inside t he  mold ; i s s c m m m b I ~ occurred t ind er  a t n m o s p hs’r ie
pressure and t e m p e r a t u r e  A l t h ough t he  l e n g t h  of ’ t i m e  varied w i t h  a tmosp heric  tempera-
t u r e . several h ours s~ c rc  ~is i ; iI !\ sub f i c i e t i t ,

Polv m eri , ; i t  ion of the  ge ihe d re sin n i i x t u  re took place in s ide  a h o r i z o n t a l  au toc lave ,
l h m ~’ r e s in—f i l l ed  mold a s s e m m h l ~ was rolled i n t o  the  ;u itocl avs ’ on t r ek s . e x t e m t d m n g  f r o m  th i s ’

~e mie r , l  a s scmimhl ~ area in to  the  i n t e r i o r  ot ’ the  au toc lave ,  and the door ~s as locked in pl ace ,
l h ~’ door ss a~ then  closed and pr ess n i / a t i o m i  w i t h  compressed air t n i i i a t c d .  • \ f t e r  approxi-
m a t e l y  o hours ,  th e  i n t e r n a l  t ir cssn r e reached 1 51) p~ ti t ds pe~ ssluar s’ i t i ch t  1 ( I S  nn s’ga—
pas ca ls ) .  Th is served as a sign ; ! fo r  i t t i t i a t i o n  of ’ the t h t e r i i t ; i l  cy c le .  wh ich  consisted of ra i s ing
the t e m p e r a t t i r e  of the  pr e sst irizes f au toc l ave  f ront  SI) to I 5( 1 I (~~~ to 52 ( 1 in 3 hours and
SI )  t t i ~ ii t i t s ’s . I h t i s  t e t t t p e r a t t l r .’ ~\ ; t s  t i t ; t i t i t a i i i ed  j r  I S hours.  —

The cooling dowtt  of the  pre ssur iied atm t od ay s ’ to I 2 () I -~~~ ( 1 took 24 hour s . A t
• 1 2 ( 1 I 4~ ( 1 , the  ; i t i t o s l a ~ e ~s as depres s t i r i i s ’sl . t he  door opened. the  t u a h e  mold set ’i; r , ted
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f ron t  the  cas t ing ,  and the unpressuri ied autoclave was allowed to cool down w 5(f F

( 2 7~( ’ ),

[he crucial  step in t i m e po ly mer i z a ( io t i  process was t h ie separat ion of t h e  male  mold
f r o m  (lie a l ready po lymer i t ed .  but  s t i l l  hot , ca s t ing .  The separat ion between (lie t i g h t l y
wedged male mokl and t h e  he mii is p iier ical ca s t ing  was achieved by s in i u l t aneon s l v  app ly i i i g
air pressure to time f i t t i n g  in t lie hot toni  of the male mold and h y d r a u l i c  pressure to t i - i c six
h ydr au l i c  jacks  spaced around t i s ’ s’ i r c t imn fe re n c e  of the mold.  \Vhi l e  the  h y d r a t i h i c  ja cks
a t tached  o tI - ic r im of I lie male mold pu shed agains t  ( l ie rim of t i l e  cas t ing .  co mn pi ’essed a i r
applied t ht roug l i  an opening in (lie base of (lie male mold to ti - i c in ter lace  between ( l ie  male
mold and t Its ’ cast ing s’l in t i  na ted (he vacuun i  generated by upward  movs’it ie i t  of the male
mold A f t e r  raising (lie in als ’ mold about  2 inches ( 5  cen t i t i tc ( ers  I , i t  \V ;ls placed on wedges
rest ing on t h e  rim of the  t ’enia l e mold.  Upo n comp le t ion  of t h is step t I t s ~ door to th i s ’ a u t o —
d ay s’ w:is closed again and (lie grad u ai hower i i tg  of ambien t  (ciii  ps’r;l (( i rs ’ i i i i  t ia ted -

1 Its ’ f i f ’t ing  of th i s ’ ma le mold generat cd a small  c learance t ie tws ’en (lie male  mold and
(l i e i n t e r io r  su r fa c e  of ’ th i s ’ s- a s ( imlg ,  Because of ’ t h i s  clearance.  the  cast tri g could he cooled
w i t h o u t  ge t ic ra t im tg  t ens i l e  hoop stresses in ( l tc  r im of the  hemispher ica l  cast ing.  I t ’ ( lie ca st ing
\~ as cooled to a mb i e n t  a tmosp h eric t e n ipe r a (L i r e  ~ i t l t o u t  prior release of ’ t he  mals’ mo ld .  ten-
sile cracks appeare d i i the  ca st  111g . 0 pet t in g  (his ’ au toc lave  doo m ’ and roll i t m g Ott I the  mokl
asss’i i ih lv  corn p icte d ( i t s ’ po lym er i i a t i o t - i  pross’ss

‘l ite sa st i f l g  was removed f ’rom ( I t s ’ t i i o hd asseit ihi  it t  t I m e  general  work area outs ide
t Its ’ au toc lave . I ’he male m old was cotni p ls’ts ’lv removed front ( l ie i n t e r i o r  of t he  ca s t i ng  wi I It
a f o r k l i f t :  th t e  c asti i tg ~ as p a r t i a l l y  raised ins ide  hs’ f ’s’male mold by m n l s ’ c ( t n g  t ap  ‘va te r
t I m ro t ig ht  the t ’io t (0111 of ( lie 11101(1 i t t  to ( l ie i i i ( s ’rt ’:ice bet ween t h e  f e m a l e  mold and t Ite ex te r io r
of ’ t i t e  s’ a s t i m i g  : and .  t h e  spl i t  s t r o i i gback  f r a m e  s~ as c lamped ar oim i is i  t h e  c a s t m mtg  p m’ o l rus h i n g
f rom th te  mold am id h i t ’ts’d \~ i t h t  t he  f o r k l i f t  f ront ( l ie mold.

•-~.2. 3 Inspection of Castings

A f t e r  removal front  t l t e  mold. t h e  s’; m s t i n g  s~ as s t ibje cted to inspec t ion . whose objec-
t i v e s  w s’rs ’ to dets ’r i n in c  t h e  q u a I i t ~ of the  p r od u ct .  I lie inspect ion took place in several stel) s

1 I visual  obs s’rv ; it ion , I 2 1 dimct siona l  i t teasure t t ie n i .  a t -id ( S I  test ing ( i b  mm t a t em ’ i a i  sh lccmt t i s ’flN

t or  the ( e r n i i t i a  t ioi of pit \ s i c ; i  I props’rt es.

I observation was conducted h~ u t  i h i z i t i g  t r a n s t i t i  I ted s u t i h i g h t  a’ ;; source of
i i l u n i i n a t  iom . i ’i t e observation focused on sn ioot i- iness of cas t ing  sur face .  c l a r i t y  of cas t ing .
and s i / s. and number  of inclusions  in (he s’ ; i s t  ing  I’ h ie com - ic:m~ e and s’oi ive x s u r f a c e s  posss’ssesh

t hii .’ s a i tme  st i rf ’ace roughtiess as did tIme m e t a l l i c  molds , and ito f t i r t h c r  t i t t i s h i n g  ‘s as required.

c’.cs’p( l ia r f ine  sand ing  :ini d poli sh j ug.  ‘[he equa to r i a l  s’tlgs’ Vs ;is mi - i ( I te  f ’orni of a i ims ’n iscus
wi t i t  a 2 inch  ( 5  cs’n t im c ( cr s )  dep th  caused by sh r i n k i n g  of ( Its ’ rs’s m n mix  dur ing  the po lvmi i-
e r i / a t m o t t  pu teess This v. as  , i s  ~‘s~ pcs’ted and allm% ’cd t ’or in I It s ’ ds’st gn of Ihs ’ m old ;ts ss’ii ib l y.

I li s’ s l , i r i t ~ n i  ca st ing was  s’qt i i v ; i l en (  to Pl s’x i g l as  ( i of ’ a s imi la r  t l t i c k m t s ’ss. A f t e r  f i t - i c  s and ing
and pof i sh i n g  of b oth il - i c eoii\ cx and concave surfaces. I l ie cast j u g  Vs as f o u n d  to sa t i s t ’v the
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A ~ Si •~S\1 I -P\ ’I  ho— i r equ iri’m cn b for c la r i ty * in aer h ic  p last ic  v i cw por ts  [lie a m o u n t  of ’

inclusions  va r i e s !  f’ro m ii  one cast ing t o an ot  I m e r .  Some of the  s’ast m t tgs  ws’rs’ com p le te ly  f ree  of
i m i s I t i s i o n s . wh i l e  o thers  con ta i n ed  sonic.

l) i i i ic i is i oi i a l  n ie as t i re m t i em i  Is \vs’rs’ to d e t e r i t i lm i c  ti - ic ac tu a l  wal l  t l i ick nc ss a( all  hoca—
( b u s  l ’here Vs as l i t t l e  t tce d to ch eck the sph icr ic i t y  as t h ie s ph t e r m c i ty  of a cast m u g a l w a y s
Joss’l\  co im for i rm s to the  sph er ic i tv  of ’ t ime  mold. Sit - ice ti - i c mold surfaces Vs crc mac h ined
w i t h t i n  ±0 .0( () inch  (0. 15 cen t ims ’tcr) of the  sp e c ih ’icd radius.  ( lie sp hs’r i c i ty  of r e s u l t i n g  cast—

• i t iCs  was more t i t a n  a ih c q t i ; i t s ’ to meet  •\ \S I  A SM 1 P\ ’i 10— I spcc~f m e a t m o m i s ~ * fo r  man—ra ted
sp h er ica l  pressure i t u l l s  of ’ a c r y l i c  p las t ic  ±0 ,5 pcrcs’n ( of cx erna l  rad ius ) .

i ’h te wall  t h ickn e ss of th i s ’ c a s t i ng  e~ as checked , since dur im i g asss’ii i h lv  of ( Its ’ u t mld s
the  male u m i old m i gh t  u o (  have bs’cn prop ei ’Is a l igned w i t h  respect to (lie f e m a l e  mols l .
If ’ t ime a l ig t imen t  bc wec m i the mito lsi s  Vs as not correct , the wal l  th ickness  ar icd from
point  to p o i ii (  OFI ( i t s ’ I i emn i is pht s ’re a i t l i o t i eh i  (he sph t e r i c i t y  of ( l ie  surf ’as- s’s \s’as w i t h i n
sp cc m fic : l (  l O l l ,

h its ’ ~va I l  t i i i c k i i s ’s”, of t u e  he i t t  i sp lter es  aris ’d f ’r om tt  ( - it - is’ loca t i on  to a n o t h er. (lie
largest ds’v i a t i o u i  in t l i i c k m ’ie ’ss be in g  f ’oi. i uid :11 t h i s ’ po ls’. S im is ’e ( lie v a r i a t i o n  in h is ’ (h i c k n s ’ss
Vs as less t i t an  ( l ie  sps’c i t ’is ’sl S ps’r s ’s’ t i l .  i t  Was  s’oui si s l s ’rs ’d in he w i t h i n  the  range ~ : e x i s t i n g
(ols’r ;in s’s’s iiiiposcd h~ mac h i n i n g  to i cra i’m s ’ es of t h e  mold amid ( h i t i s  acc eptab l s’.

Ph y s i c a l  propert ie s  of t i m e  c ; i s t ings  ws’rs ’ d e tc u ’mi tu i c d  h\ I s ’ s t m n g  n t a t s ’ u m : i I  s pe c mmm l s ’ns c u t
f r o m  the  poles of h e m isp h eres. (he f u t u r e  l o c a t i o m i  of m e t a l l i c  l t a tchcs .  1 vs ~ s l s cc mn t e n t s  were
used per test  f o r  each h t e n u i s p h m c r e .  [lie resul t s  of ( l ie t c s t s  were s a t i s t ’a c l o r v .  as ( l ie ph y s ica l
p rope r t i e s  of th i s ’ ma te r i a l  iu a l l  cass’s i i ie ( or surpassed t l tc  •\~s SI ‘ ,.\SM l~ PV 1 ID— I specif ’i c a —
( iom i s f ’or acry l ic p las t ic  in t i t an - ra ted .  rrc~~ ti m e - r e s i s t  , i c c s t r u c t u r e s ,

A , 2 , 4 Fabri catioi of Sph erical Hull

l: ; ih r i c a ( ioi l  of ( lie sph erical  submersible h u l l  cons isted of m a c h i n i n g  and bo uisl i i ig
• he m ispherical  ca st  im i g s . fo l lowed  by po hi s i in g  and tnspee tmmi g  t i - ic completed sphere . .‘\ t (he

s o m i c l i t s i o m i  oi ( l ts ’se opera t i om i s , ( his ’ f in ished h t m h l  \t ;i:s u t ia ted  yvi 0i a h t m n i i n t u m  inser ts  (h at
ss’rv~’s.l ;is h a tches and ps’ne tra t  ion p la t e s .

M as ’ h t i i i i m t g  t h e  h e m  spheres Vs as pr eceded by roug h g r m n d m  mig of ’ th is ’ s’s t t i ; i t or l a l  su r f a c ’e

s’. i t h i  a ro tar y  f i l e  . A f ’ts’r ( h ~ s’q t i a ( o r i a h  surface was ground down to Vs i t h in t  1 m n m c h ( 2. 5
cen t ime te r s )  of ’ th i s ’ f i n a l  d imens ion s , the  lis’n i i sp h ts ’rs ’ was m i t o t i m t t c d  in a vs’r t ic a l  m i l l  and the
polar p cm i s’t ra t  ion i n a c i t i n e d  to i t s  t’in ah d im cns io t t  At  icr  th i s ’ polar opening W as  completed.
the h ts ’tii i sp licr e Vs as t u r n e d  over in th i s ’ u t t i l l  a t id the  equa to r i a l  surfac e was machined  o i t s
fi n al d i i i i s ’mt s i on  M a c h i n i n g  h i s ’ e q u a t o r i a l  surface to its  f i n a l  d imen s ion  con-ipleted (he

iiia s ’h i i i t in g  opera t ions of ti - ic i tcmisp hcrs’s.

‘( is’, i r  pr in t  ‘i see 7 i t s  u s ’s I’cr c c . l u n t n  inch ,ind t (. k ’i t s’r s i ,  t u e  l inea r  m cii is be , te ; i r i s  s su ite when sis ’ws ’,i f rom

a d i s t an c e  F 2 11 incItes I ~ I ce n i i n l e i e r s )  l h r o ug h the  th us ~, uls-ss ‘1 mI l e c , t s t u u u ~’ isi i h . . p p u i s l m e  ta cs’ s polished.

or ( s6—i n c h — O i )  I i fs X s’ u t t t m , ’ t s - r s t  s p lt er is  ii h iu i l s  the n l a s i i l l un l  tss’r n u i t i s ’d u i e s t i t i o n  in sp lis’r icit y is ‘ 1 1 . 165 i n s t i
i ( i 4  19 cent imeter )
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B onsl ing the h ien’i isp hi ercs in t o  a sing le s t r uc tu r a l  e n t i t y  W; l s ac h i i e v c ’sh Isv p laci ng one
I teu t t i sphe r e  on top of (lie ot h er. The w is i t  hi of the joim ’l t was cont ro l led  l-~ p lac ing  small

acry l ic  p last ic  spacers of 0,25 m d i  ( 0.( cemi t iu t i e t e r )  t h i c k n e s s  be lwccn this ’ equa to r i a l

surfaces of ’ this ’ lk’niisphs ’res. T h e  jo in t  space b e iwcemi ca re fu l ly  al igned hemisp h eres was sub—

sc quen t l \  ma pc sl os s’r w i t h t  ad h esive— backed a l u m t ’m i n u m ’n f o i l  tape. [o f a c i l i t a t e  pour ing t h e

ashh esivc in to  th t e  j o in t  c a v i t y ,  three  pouring spouts svcrc p luu i ib ed to openings i i i  the tape

5’oys’r in g pr ay idest f o r  t h i is purpo se.

[lie adhte sivc ss as prepared by m i x i n g  the same m n g r e d i c n ( s  t h a t  mashe ‘I !’ ( lie basis’

cast ing mix .  The mix  was poure sl concurren t l~ in t o  th i s ’ I hrs’c pour ing  spouts  around t l te

ci m ’ c u m n t ’eretic e of (lie sphere , \ I the  same tim - i - ic .  the  u n i x  ss :ts also poure d mm - i t i - ic test block

i oim ’i ( , Th is block I a tc r  serve sh as a source of test sp cci ut i s ’ns f ’or d e t e r m m i i a t i on  of j o i n t

s t r e n gt h ,  -\ s  soon as (lie mix  gelhes l in the j O i i i ( s , t h e  sphere ;ussi ,’ mi i b l ~ wi t hi  t l te  associated

tes t  blocks v. as p lace sh i n to  ( l i t ’ autoclave , where ii was subjec ted  to f e n i p e r at u r e  and pressure

u n t i l  pui vms ’niat i out  of I i i ’ m i i i \  \s’i’V i m g  as a sil iesuve was comp leted.

Po l i s h t i u ig  of the  comp h et e sl  sph ers ’ consi stesh of roug h sans h Ing t his ’ es l ges of the  jo i n t

fo l lo w ed by ( ‘in c sanding ansi po l ishing i i i ’ Isotl i  t h s ’ m n I c r i - i a h  and c’s crn al  surfaces of t u e

assembled sp hi5 ’re.

.~.2 ,5 Inspection of Assenibled Sphere

In spect io n of ’ th i s ’ f ’in i ’~hi et l  sp hter e  s’nu is i sh e sl of sls’ta ihe s l  i sua l  observa t ion .  d i t n en —

sional measu r em i i en t s , and t s’s l in t i  of ’ b outsh sau i ip l e s . ‘l ’lie oh t ec t i s  e of t I - ic  ~i s t i a l  t ihse r~ a non

‘sa s to ascs’rt a ln  the  cf ’t cc t s  of ( I - i c  j o i n t  amid r cp amre d ~o i & h s  mt - i  ( l ie  c a s t ings  on (lie op t ica l

pr op crt is ’s oh th e hu l l .  F h ’  dims ’nsi onal mea su rem en t s  were pert  orm s’d (et she te r nu in e  con-

formance  of t h e  as -b ui l t  sp here d imen s ions  to the  spec i f ied d m m n c m stona l to ler at - i ccs ,  ‘Fi c

t s’sI ing of h om id s am u p les ss’t’ve sl as q u a h i ( v  co n t r o l  f o r  0i~’ bonding  t s’dh t i i i q t l s ’ t m s ~’d (or  j o in I ng

t he h icu n isp heres.

h h c  v i s u t a l  i nspec t ion  sltowes l ( l i ; i (  the  opt ica l  pro pert  i ’ S  of ’ ( l ie sp h ere arc imst iul l ~
mt io r c  t h ta t i  adequa te  f ’or unshe rwa te r  search. sals age . or Vs ork m t t i s s i o i m s  ti hs’rc l)aflor~ln1m c

v i s i b i l i t y  is of pa m - i t m ) t imt  t imm I l ) o r i a i id s ’. I ’hi s ’ onl y au ’ca on the  sph ere t h at shoyycsl opt i cal

d ic to r t io t i  55 as the  equa to r i a l  jo i m i t .  ‘[lie s l i s tor t i omi  was not ss’vs ’re enough to Iowcr smgnif ’-

i c ;mn t lv  ( l ie value of (lie ,tc r \  l ic  sp here as a pa n ora l - i i tc  observat ion capsule. I t  Vs as . h i owe~ s’r.

suf ’f ’ic icn t ft ss” cr c ’ to prec lude  ( l ie usc of c :lu tts ’ra s at th i s ’ equa to r  for p h o tog r ; ip h t m n g objects

on t sk he f i t s ’ acrv hic capsule .

l ) i u u c n s i o m i a l  t i i e : i s t mrc i l i en t s  of (lie cap sule  sl io~y c’sl t h a t  th i s ’ sh i ame te r  and angle  of hi e

top :iu isl hot ~~~ polar ops’u l immgs , as well  as the  1) 111 side d i am e te r  oh ’ t l t e  capsu le. were w i t h i n

- ‘ specified d i m c m i s m o u i a l  to ler an ce s

I m i s t a l  h a t i o m i  of pol ar in ser t s  consisted of p lacing thc top hatch and hot tomi i  p eu - i c (ra-

i t i i i  p late and assos ’i ; l  t s ’sh po lyc arbonate  gask et s  i n t o  (lie respecti ve Polar pcnei r a t i ons  and

lock inc t h em in p lacs’ by bo l t imig  I I- ic spl i t  r e t :m in i m l g  r ings .
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A.2.6 Findin gs

It us tech’ i n i c a h l y  feasible to f ’a br ica te  spherical  pressure hu l l s  of any  si.’s’ b y
homid ing  toget h er ac r y l i c  plas ic hemispheres  hiai  are pr s’cisioni cast j ut  me t a l l i c  mold asss’ mu—
(shies coiiiposed of male auid fem n ale niolsis.

2. Precis ion—cast  hemispheres  do riot req imire  st mb sc qu emi n i a c h i n i n g  on sl s i ie r ic ah
surfaces to sat m s i ’\ ,-\SM I~ spccmfie sl  to lcr am i ce s f o r  sp h ie r ic i ty  antI l h t i s ’k ui e ss ,

S. ‘I ’h ie p h t v s m i ~’al properties of f l i t ’ mmiass i s  s’ acr y l ic  p las t ic  castings pro thuccs h by
Polymer I’ro sluet s sat s t y  AN SI  ,.~S\l l’~ PV I ID— I specif ’ic a ( iomi s  f o r  a c r y l i c  p las t ic  used in
i t iau ’i—ra t e d ,  ex t c rmia l— or in te ru ’i ah—pressure  vs’sss’ls,

4 . B o i i t l i u ig  i Oiu i t s  w i t h  ( lie same resiut  n i ix  usesl to cast t ime h iemi i i s pht cr e s  produces
jo in t s  w m h  tensile s t r s ’nig h i mi - i excess of 900() p ot imisls pet’ square i u i c h i  s2 ui i s ’ga p asca ls  I.

5. Large hollow inclus ions  in u t i a s s u s  s’ ac r y l i c  p las t ic  h cmt ’i isp h i s ’rs’s can be success-
• f t m l l v  recast by f i l h i m i g  t h t cm i i  w i t h  s tam is hard  c a s t iu i g  resim ’i m ix  and st uhj s ’c t iu i g  ( l ie whol s’ l icmis—

phi ere f o r  a second ( lu te  to (he p o l y m i i e r i z a t iou - i  proes’ss

~~. The rep aired l iemit isp hi ere  is st r u c i u r a lh v  as st long uu isher  cx tc rna l  h iy tl rosta ic
loa th h i s  as is a hi em i i isphere  w i t h o u t  rs’cas( h ollow iu’ id l us i o m t s .

7. TI-ic repaure sl  h ollow inc lus ions  art’ op t i ca l l y  ohjes ’t iona Isle if located i t  t h e
crs’ w ’s mu a in fie ls h—o f— y j si (t i i ,

A, 2.7 Conclusion

Th e N I  \1() Mod 2000 B asss’ m n h s h v  i’ab r ica tcd  by bon di i ig  tw o precis ion — cast  as’r\ l ie
hemisp heres ntic t  all  t h e  ccr t i f ica iomi c r i t e r i a  f o r  n ian n ied  ss’m’ vic s ’ . [his ’ m a x i m u m safe opera-
t iona l  dep t h  of 2S00 f e e t  I 7(~2 u u e te r s )  is based on ,- \N SI  •\S M I i~\ ’i ID- I S a f e t y  S tandard
F o r  Pressure \‘s’sss’ls  For i i  oman  Occ u p am ic~ ari d (lie r c q t m i r e m e m i t s  of ,\ mi m er ican  Bur s ’au of
Sh ipp ing  ansi of I ) et  Nor ske \‘s’ r u t a s
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Figure A. 2 7. Male and fs ’m ah e nt old s f’om castuuig h is ’ uu tmsp hcres. Note t h u s’ tr acks
for nu ov ing the mold ass em imbl y m m  flu e autoclav e w i t hm ot i m d i s turbing thi s’

casti ng slurr y in thi s ’ molsi ass euuihl
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Fi gure A.2 ~t . Mold assembly. Note hydraul ic  jacks for lif t i n g ti -ic male unt old
out of ’ t his ’ s’a st ; u u e.
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OIL

HYDRAULIC JA CKS

L EVEL I NG SCREWS
E O R T H E MALE

MALE COMPR ESSED MOLD
MOLD —.

CA STING 

- 

PE MAL E MOLD

STEP A REM OVING TH E MAL E MOLD FROM INSIDE THE CASTING
WITH T UE A ID OP I H Y D R A U L I C  JACK S PRESS ING AGAINST
TH E ED G E OP CASTIN G AND 2 COM PRESSED AIR L IST INS ,
THE MOLD F ROY BE LOW

TAP W A T I R

S T E P S  REMOVING TH E CASTING FROM INSIDE THE F E M A L E
MOLD BY INJE CTIN G W A T E R  INTO THE AN NULAR SPACE
B E T W E E N  THE CASTING AND THE MOLD

Figure A,2 9 . Procedures ku r r em t uo v i mt g m ite  m u t a h e m u t o ld
a nd t hue ii casting Ir ( u m n t ime f em m uale mold,
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H
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Figure A , 30, Mixing ing r ediem t ts f ’iii thus ’  ca s t imtg slurry .
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Figure A.3 1, l)egassing a batc h of cast i ng slui is
umider vacu um prior to pouring i t  in io mi m e nto ld.

_ _ _  ~
‘1

• 

.

~~~~~~~~~~

1 ( Fi gure A ,32 . Pou n imt g degassed casting s lurr y  imt t o the an m tt ml ar
spat’s’ hetwee mt ( hue m i tale am -id f ’eu uiale n iolds.

A-27

I 
_ _ _ _ _ _ _ _ _ _ _

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .4 • ‘ W , ~ø~~~~’ ‘ ‘ •~



r 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -
~~~

I

.1

I

~~~ I

5’,-

Fi gure A S S. P la ciut g the s l t m r ~ ’ -fi lled mold asseuuib ly imi o an autoclave where
t h i s ’ .m~ I h ic s lu t r~ will he sub jected to heat amid pressu me ,
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Figure A.34 . Mold asscnthly after (lie ntal e mold it as been removed and ti -ic
casting has float ed up with water. -

~
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Figure A.35. Lif fing ring for the casting .
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Figure A.36. Pia citig the locking ring around ti - ic casting.
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Fi gure A,37, Lifting t h e  casting out of t h e  female mtt o (d.
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•

Figure A,38, Casting after re utiovah fro m mime mut old ,
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Figure A • 30 , u tical mu m ill  used itt mac lu in in g the equa l  oni al
jt n it m surface amid polar pt’ n et  rat  iou
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Figure A.40, Padded cart for trans portation of acry lic hte mi t isp iue r cs
* amid sp h eres if l t o the interior of mi me auto c lave ,
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Fig u re A , 47 , Measur ing t h e  external  diameter  of the sphere.

‘~~~~
•
~ 4,.

F r :
I - 

•

• ‘

Figure  \ .4 ~ Cuntp le ted spIt crc pi uu tEl ii Sl all a t m  on I l l  PCI i e t r a t I  I l IT cI ost i T s’s -

— 

NI I t s ’ th i at the eq ua (( uriab r oin t is al Il to S I i l l  501  hI1 ’

A-35

L ~~~i_ . • ~~~~~~~~~~~~ 
‘.——- - 

~~i~~_ _ _ • - -



___________ 
— ~~~~~~~~ ‘~~~~~~~~~~~~~~~~~~~~~~ “ ~~~~~~~5 - ’~~~~~~~~~~~~~~~~~~

:
~~~~~~~~~~piF~~~~~U~~~~~~~~~~~~~~~~ 

-l

~ 

_ _ _ _ _

.

.
‘

.

• ~~~~~~~~~~ \~~~~~~~~
.

.
~ ,• ;

• 4 ,.

“ ‘  1 4  - ‘
- “ ‘.. . .“ _* •

‘it~• 55

‘H 
~~~~~~~~ 

“

~ ~~~~~~~~~~

Fi gure A 4’i ,~ lu mui i l t u u1 i  p e m m e t r a t i o u u  cl os i i r s’ “‘ ‘I C i n g  as a
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APPEN I )IX B. CRITICAL PRESSURES ANL ) 1)I SPLACEMENTS
• OF CONICAL FRUSTUMS

B.1 SUORT-TERM PRESSURE LOAI )ING

Shm or — eri im pre sstlrt’ lo a i l imt g  consisted of ’ p r e s su rm/ i t u g  t h e  iewp or (  as semi ibly at a rate
°~ (~50 P oumisk per square inch ( 4, 4~ mne gapascals )  per uti  i u i u t e  t i m - i t  i l  c a ta st rophic  f ’a i lu r e  of ( i t s ’
winslow occurrs ’t h. l ) u r i ng  ( I ts ’ pr e ssur i / a ( ion . a x i a l  disp l ace m tien (  s.s ms m u i c asure sh at  th e center
of t h s ’ s~ indow s low—pres sure face .  Th is ax ia l  slisp lac em ei t (  r epresem its  (h - i c  s mu it i  of ’ th i s ’  wim ’i—

B s, h1 s’. ‘s dt ’his’s’t ion amid  slid in g  imi ~ i ihs ’ th e  conical mt t ouu  ing.

l ) a ta  gs’n era ( s ’sI l T \ ss imi d ows  t inder  s l to r ( — ts ’rit - i l oa th ing  ope ra t i ona l ly  rs’pre seiit t I l t ’ be—
h ta v ior  of w i i id ows  L l u r i n g  a il Vs by 1 subu t t e r s ih l s ’ or s h u r i n g  t Ime  prs’s s t i rmta t i °u t  pr oL ’ s’ss of a
li~ per (l:lri c c h i a u n h l e r ,  -\s s ( T e l m i  as ( lie sub m i ie rs ih le s C a N s ’s to s i m ik  or hi e h uvps ’rbaric  ch amber

‘s’ iss ’~ to h~s’ pu ’s’ss ur i t s’d by I t s  operator , t h i s ’ bs’h uavior  of t he ss in siow s t a r t s  ( ( 5  dev ia t e  fromit
s i io r ( —t er mi ’ i s la t a .  I t s  ax i a l  st i sp i ace ii is ’m i t i l i s ’rs ’ t ss’s s’Vs ’Ii t h ou gh f li t ’ pres suirs ’ loa th ing  r e t i t a i n s
L’ou i s t a u i (  amid  t h e  p t ( e t t ( i a h  c r i t i c a l  pr essu irs ’ va lue  sles ’rs ’ases , bo t h  is t ’u m u c t i uuu s  ol ’ t u t u 5 ’ auid
u u t a g m t i u i s l e  of s t i s t a imiesh  ll rL ’sst irs ’ hoa sh i t i g .

•\ s  a resu l t  of ’ t h m s ’ii’ ops’u’a t i o u m a h  h i m u i i l a t  l oui s , s b u i T r t — ( c r m u t  s h a t a  sh ou i l s l  he u t i h t t e d  only
ss thu  a 4-oin p ls’te um mishs ’ r s t a m t d i m u g  I l l  t h e i r  h i u t u i t a t t o t u s , 1 t s r  t h u s  re ason.  s l to t ’ l— ts ’i ’ii u u l a l a  are
gs’mie ra l l v  u msesh o m ih ~ f o r  f’otmr ITuur lls)ss ~s:

l s , i l u i a t i o n  I l l  ns’\V S V l i i s h l T s \  m n a t e u ’ials . t u i o t i u i t i u t g  she s i gu t s , t i i o t i m i t i m i g  seat f m n i s l i s ’ ’s .
jm i 1 h E s t h er sh s ’”,ig ut , i i ts l  m a t e r i a l  ~a r ij b l s ’s,

b , I ~ m l t m ; i t i o m  E l i ’ sl5 u m m t igs’ t E T  .1 w in slow im t I m e  f ’orm u of e ra ,mng .  seritc hi es , crack s.

s v e a t h m e r u m i s ’ ,  u u t i s ’l s ’ar r i s h m a o o u i .  s’ I s .

s I ) e t s ’ r u t m i n ~i t i u s m i  us t  t h i s ~ shis p las ’s’uuis ’rmts  E l f  \ V l I t s ! l l \ \  s s h t m r i u g t e m u t p s T r l r \

(IS s’i ’pu ’s’sst i t ’i f a t i o ) i t .

u l ,  l) s ’t s ’ r m i i i u t a t t o n  of h i s ’ s’r i ( i s ’ah prs’ssuu rs ’s of svm m i s l o sv s u m m u s h s ’r t em u ip o ra ry
I T S  s’rpres su ir i /a ( m o l t .

I lt s , uh a(a gemis ’ra(s’sh I1\ 55 t T i L l l T \ 5 ’. teshs ’sh in m t u o u u m u l u l l g s  ~ m t h t  I )~ 
I) f ’ = 1.0 (ss’ c l i m i r u s  13, 1 , 1

i m i s l  13. 1 . 2 1  are f r o n t  ( l ie ops’r a ( i o mia l  i ew p o i n t  s’ouss’r\a (i\’e, sins’e usuial l in opera t i omia l  s t e w —

p t s r t ”~ ~~ 
l)~ > 1 . 0 s s h t i c h t  is k n u sss n to u l i s ’ re ,ts e t h i s~ shu l r ( — ( e r m u t  c r i t i c a l  pr s’ssu ire amid  to shecre ase

t h e  s h i o r t - t s ’ ruuu  sh isp ta cs’mus ’ u t  I l l  , I l1 ~ ss ins lo w , Fo r ~~~~~~~~~~~~~~~ 1.5 r a s h i a m s) couucal t ’r u i s t u mn s ,

( l ie  bel is ’ f i s ’ i a h  s’i ’fects t t l  nm i u t er s’;iss ’d U
~ 

l ) f ’ t’a l i < )  Ott h i s ’ cr i t i cal  h) r s ’ss um ’u’ an d ax i a i  disp lace-
m u t e m i t  umi ds ’r sh r —I s ’ rm u t  l o a s h i m i g  b a se ls s’s’ mi s’’sps’ r i m u ts ’n a l l y es tab l i shesl  t ss’c t i l ln s  13 . 1 , 5  ari d 13 . 1, 4 ) .

i ) , i l a es ’t us ’ r , t t s ’ sh I T \  W i l l u h O ” s  at  , lmu t b l i s ’ mi t  roomut t s’u t t p e r a t t i r e  are sh i r ec t l ~ app licable  om i hv

L I 
t I  I ops’ u . l t  i o u m i l  s’( t I mI.l l t  b i t s  i i  mont Is’nt ps’ra l t m r e  ( 1 1 5  l o  ~~ I I f  I ~ to 24 ( I. i~~ r ops’r a t m o i t a h
t e i u i p s ’r a ( t i r e s  11511 155 rE b u t (s’mt tpe r a t t i r e  t h i s ’ r E R b m t u — t s ’n up e ra tu r s ’ sha fa  become s’Ou ) SL ’rV at  ivs’~

“ h i m  Is’ I or ts’it i  ps’r l  t urs ’s a t l E bVs ’ roomtt  ( e mit  perat  nrc , ( I t s ’ V ars’ ti u i a s ’cs’ p tab le  t u n I s ’s” , pr op s’rhy thi s —
— s’o u i t t s ’ tl , I ’h ie a m i u o u u t t s  ( h a t  t h i s ’ c r i t i c a l  presst u rs ’s f l u t i s t  be decreased and t h e  ax i a l  th isp h a s’s’—

m u i e n i s  l i l e r s ’,iss ’ u h can be s’s t i i u i i i e d  I rom rm ts ’st ’~ pert om ’u tte ul . t t  32. ~0. 70. a iis l () fl ~ (0 , i t ) . 2 1 .
a nd 32  ( 1 a l t t i l l s ’ u i t  ts ’u i t ps’r ; i t t i r s ’ oil c o n i c a l  f ’r u s R i m u i s  s v m ( h  a 5)0— degree ( 1 . 5  ‘ r a s h ia u t s )  inci t it led

• , t i u~ h~’ I s s ’ s l I t T l i s  13. I S  ~ut si 13 .1. 41 imi mitoun timug s wi li m I)~ I)~ = 1.0 and ~~ 
I)f = 1.5.
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~t los (  data  have l’ue s’mi gemier at et l  svi t hi mt i od cl —sc al s’ w m m i u h ( T \ \  s f ’ttr reasons of s’cout o!tt v .
Since it has been pru\’ eui . however , that  liters ’ is no s i/ c  effect for ac r yh ms ’ Plastic I while it us

k u t o w n  w ex i s t  for concrete ,  glass , a u td  oth er brittle m tta ( s ’r ia ls ) .  t ha ( a  I rou t u t t t t d s ’i ’scale s vim i —
511155 5 can be u sL ’th ss i fit conf ’ids’nc s’ f ’or ~‘mm ’ s’ t h m c ( i t t g  t Ime  p e r f o r r u t a  m t c~’ of ’ f ’tml l—sca le ,  as ’ r vh ic  p las t ic .
conical f ’r u s t t imu ts .  ‘l ’ htt ’ s’ri l  lea l prs’ssurs’s e amu be directl y i m s e s i ,  as the  s’ r i (  ical p m ’s’ss tiu ’ s’ f o r  mu tode l —
amtt l i ’u I l— scak ’  w i n d o w s  is (lie sante , if bot h h ay s’ flue san’i s’ int ’ lu mt i e s l  au i g l e  and ‘1

~ u ra t io  anti  are
(estes l iii m i toun t i n g s  w i t h  th i s ’  sante l)~ 

l ) ~’ r a t io  at i s l e n ( m c a l  a u m t h i s ’i i t (s’m t tp s ’ra tur es . • \ x i a h  di s—
p lact ’m tt en ( s  of ’ fu l l—scale  windows ca u t  be s’’,t rapo l a t es l  f ’n t m u u  s i i s pl a c s’ mu t e m u t s  u t  m tt odel— ss ’ak’
ss i mish osvs , if ’ th i s ’ th isplas ’s’r t t s’mi t s  of ’ ( lie mtu os le l— sca lc  ss m m tdo ss  s art ’ mm ’m u i l t i p h u e ~h I l\ a r,t i E b  E l f  f u l l—
seals’ 115 u t md e l—s cah e window t t m a m i i e t s ’rs .
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B. Li Critical Pressures (Varying Included Angle I

‘) ‘ hme da ta  1 m m t h u i s  ss’ e i i o m u  arc s’oiies’ri is’d w i t h  tI me c r i t i ca l  pre sst i rs ’ s of c E s mt l cah  f ’r u s t u m u i s

wi th  im ’i c lut t s’d angles of ’ 30. (sO, t)0 . 120 . a ntI 150 degrees (0. 5. 1 04 . 1, 5 ‘ , 2 , 0~
) . and 2. Fi

rad i au ts  t u mt d e r  sh or (— term i t  pre ssure b as t i n g at am u bi en t  r oommi (s ’m u t p e ra ( t i r s ’ in m t t o u n (  m u gs ss it  Ii

1)~ l) f 1,0* .

•
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B. 1, 2 Axial Disp laceit ten ts (Var y ing Included Ang le )

I ’ lts ’ sla (a in th is  sec io mi s’ conceritesh svi thu (lie a’s i al  sh ispla c eu i ’m e n t s  of cout ical  (‘r ims—

turns ss tb imicludesh an g ies  of 3d . ( 0 , ~0, I 20 . amid 150 degrees (0 , 5 .  I .04 , 1. 57 . 2,0~
) , ansI

2.~ r asl i a m i s 1 u u ts le r  s h i o r t — t e r m u t  loa t hing at a rnh i eu ’i t  r t ) Outt  t e u t i p e r a t  t i r e  in  m u i o u m n t m i i g s  sv i t h t
h )

~ 
l) f =  1.0,
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B . I , 3  Critical Pressures (Varying Temperatures )

l ’ lm ~ data  in th i s  ~s’~~t iOi i are concs’r nest w i t h  t u e  critical pressurs’~ oh comuical l’rtm sUmm tis
with  5)0—degree ( 1  .57 radians ) iu u c l u de s h amig l s’s um u s le r s l iort- termi t  p ressure loading at 32 , 50 .
70 , ansi ~)0°F (0 . 10 , 2 1 . ansi 3 (  ‘ 1 ambient  te mitp s’ratures in i t u o u m it ing s wi t l t  0.~)70 I ) j
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B. 1,4 .~~ ial Displacement s (Varying Temperatures ) ‘

I lk’ da ta  in thk ~‘c t ion are concerned with the axial displacements ol conical l’rus—

t u r n s  with 1)0-degree ( I - ~7 rad ians )  inc luded  angles under  shor t - term pressure lo adin g at  32 .
50 . 70 . and 1)001: ~0, 10 , 2 1 , and 3 2.1
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B. 2 LO NG-i ’ER M PRESSURE LOADING

t ,o ii g- t e r ni  p ’
~~~~”~ 

lo a ding  a,’or ic ic t ~ d of ’ p re ssur i / in g  th e  ~-ftIi4v poJ ’l assen ibly at a rate
&SI (-4~ () P () LI? ) IIS per square it i c l i  ( 4.4~ megapascal s)  i~er m i n u t e  to the  desired pre ssure. hold-

1’’ t 4 - it  for I O0() hours ,  , in d t h en  de~)re ssur izing to 0 P0t1J~ 1 per s~~Iar i inch  4 0 iuegapascal ).
t h e  w i n d o ~ ~, ~~ s,’F s .’ SUt ’lSCI . l I .I e I l t l \’ iI ls I) ect ed tor  cracks . measured I’or p e rm ane n t  det ’orma t i o i i .
and photogra phe d .  Mo ’-.t ( ç 1~~~(~~ \‘s cr c’ p erf or med ~-‘ i t l i  n~ode l—sc ’1ile ~ l~ l()ws at roon~ t eu ip cr a—
ture  in i n o u nt ~ ngs ~‘ i t h  

~~ 
- 1)~- I .0.

F lie a x i a l  di sp l ac e n i en t s  ol’ nho d el—4 - + c ale  w indo ~vs can he used to pr ed ict  the disp lace—
nle nt  0) fu l l—sca l e  \~ i I k i 4 ’ )~\ ’, , i i ’ the  dis pla c em en t s  of the  m od el—s c a le ~v i~ i1o~ s are l u u l t i p lied
h~1 - a r a t io  of th e  t’u ll—sca k’ to Iflo del—s c ale \ V f f l d 4 ) \~ d i am eters. Because the  te st data  were gen—
era ted I t  room t er n l) er 1lture . t l~ ’v are d i r e c t ly  app l ica b le  s ) I ) l \ ’  to oper al  i on a l  cond i t io n s  at

V roon) ten ) I ) er a tur e .  1:()r () 1) er at i ( ) T ) al  t e rn  l ) er :IttI  ra ,’~ below- roon~ ti’inpe r 5it  I I r ~’. the disp lace—
If l e i l t  da t a  lot  a g iv en  l on g— ter n i  p rL ’I-.~t l rL ’ l ol id ing hecon)e vcr ~ c () l ) ’-~e r\ 1it V s ’. as there is a ~ig-
ii i t i c a n t  decrease in llisp lac en ) ent  and pern1al )~ nt  tIe t o n n at i o r i  ~I ( lo~~c r t e lf l l ) er atur es .  l : ()r

t l’n lp era t u r es  111 1() Vs .’ 10 ( 4 - I l l  t e l U  pt’r at t Ire ,  (lie t l ispl ace ii ic n t dat a  ca l ) n ot  he +11 I c ly  used, I lo~ —

cva ,5r , b r  ten ~per aturc ~ up t~~s I t )~ I ( 4 ’) (‘ ) . i t  14-’ l ’cas ihle to u se  c x I \ t l n g  r o o 1 n — t e n ~I)eratur e

: d.lt . l  t ’or 1’s t i i n : i t I  ig ~lkp lac e iu en t s . i f t h e  opera t iona l  pressures for ~vh ich the di splace ni en ts
are xoug li t ar e I ) I t t l t i j ) l i e I .l hv a t a L ’t or s s t  I . :S , Thu s . . t ’ or e x a n ) p le to c+t i lna t e  t h e  disp lace—
Il I c f l t ’  ol ’ conical t r L N t l J I l ) ~ at  I 2 (4- 1 ’ 4-~~4 1) ( 4- t i n t l c r  3333- , (~(s(~(s- , and 1 3.333-pot ind-ps.’r-

~c l u4I r L ’ - inc l1  I 2 2 .~’ .4 ~ 
I )  . l I k l  5) I 1) l115. ’ L ! . l ) ) . 4 4 - ~s-’ 1lI c )  l on g —tc r n ~ pres~t i ’~’ load ing .  the  cx p e r i i u e i i t a l

~lI~ p l.s ~.
- L’ u1L ’ l~N ,t t r~

)() II) t e r u lx’ ra(t l rc l If l4k’ r ~O0U- . I 1) 000- . aiiil 0.000-pound- per-\qua rc- inch
( ~ 4 4 ~~,5 , 1 4 - , and I 37 ,’) I 1 4 L ’ i . l l . 5 ,t ’sL ’ 4Il4 - s 4- I ong— t e r n  pressur~’ loadi ng are 1I ’-.e d .

l~ a,’ a,’ . I1I ~~
, 

~IlI l o ng — ter m di c .p laL ’cn le l l t  1 , s I , i  hav e  hee;i ~‘a,’1 )L ’ I1 l1 ~’ 4’ l i l l  m ou n t i n g s  ~v i t h  4.—

I)~ 1
~t = I 4 - ) . t lie~ ,is -

~
’ d i r e c t l y  app li L ’1t hl l ’ on ly  hi  ope ra t i o na l  ~~tc\~ 1 4 1 r ( s  \ v i t l l  l ) ~ l)~’= 1. 0.

s ince t s - ) c r 5 I t io n a l  \ I L ’\ ~ 5 1 1 1 K  1111\a, ’ I u s 1u n h i n g ~ ~Vl t 1) I)~ 
I I )  > I .0, th e  da t a  ii - ~ - con s c t ’v a t iv ~ ’ H) {

~p1’ r1i t i5 h) . I . l 1 ) l ) I l s - . 4 t I 4 ) l 1~~. 1I~ \~ n do~ I1l ~~4-~ l 1 ! C C I I 1 C f l t c  in 01~ ’1~ t 10I )~ l v l c w p o r t c  ar e \~ S I ? 1 a , ’~ 1 illi t -
,

IS ,. ,.,. t h a n  t ho se  shown in t l1 l ~5 a 3 )pe n d ix  ls ~r co n i c a l  l r U ’s t l I f l l s .
S 

n
F lic p r i I l l . I ry  5 ) pe r a t i ~ J ) al  a p P l i c a t i o n  lot long -term disp l a cc ine i i t  da ta  is ~ se~~’c 115 the  U

t s ,i c i ’, or t i l e  ~c l e L - t l I l I I  ~SI l)~ l) t ratios in the design ot I U O L i f l h I I 1 ~!c b r  conica l t r u s t u ns to he
u+ed •t ~ \~ 114-dow’4- i i i  F ) r lFL ” rL ’~ i S ( i111 (  e \ v p s~ F t ~ . I ’lie ,n a e n i t u k’ of the  1) 4 l) f r a t i o  ge n er a I l \

~ ct ,shl ish ed h~ t o l l o w in g  t h  k procedure :

a. l ) e t e r m i n e  t r om the  o p e r a t i o n a l  L5 i I a r i o . t h e  n i a x i n i U n i  operat ional pr1’c~ i i r e

111111 the p re d i ct ed  d u r a t i o n  of it ~ a p p l i c a t i o n .  \ l i i l t i p ly t he  pred ic ted  value  ot nla\ i i l lUn4 -

op e r at i o n a l  pressur (’ h\ ,it lea ’ t a tactor ot’ 2. and use it to t i n d  th e  I f l a x i n l U m  1I\ 1111
s.li’.pl~Ice1l1eT1t -

h. Select  th e  ~ indo ’~ \ t I )~ on the  ha~ is ot ’ m a x im u m  op era t iona l  p r L ’s~1i r ’l ’. maxi -
mum o p e r a t i o n a l  t e m p e r a t u r e .  m a x i l u t i m  d u r a t i o n  01 ope ra t iona l  pre~~ur e .  and ~le ’5 i r ah le
cyc li c  t~i t igue  l i fe . I f  the ma .x im un l  ope ra t io na l  pressure ‘-

~ 0 , Ot H ) p ounds per square inch
(~ 3 o )  meiiapa~~’a k ) . m a x i m u m  operat ional  t e m p e r a t u r e  ‘ 1 5 1 I ( H ~~s (‘ 1 . the cyc l i c  fa t igue

li l ’c a t  m a x i m u m  pre s ci l  r~’ < I 0,00() I~~ d e c . t he  desi gn cr i te r ia  in cea,’t ion I 5 shou kI he used
to determine a c a f e  t l )

~ r a t i o ,  I t ’ any  ni the o p e r a t i o n a l  p ara m ete r c  c\ceed the se l i m i t s , the

dL ’clens ,’r m ud ca,’ l c c t  t he  t l)~ r a t i o  on the  h ack  ~s t a tlio rousili stiitlv of’ all structural and

oper a t i o n a l  variabl e s . 4 ?  l . ’ c ? i i i g  the  li f e ss l  t h e  acr ~ lid p las t ic  wi i i ~t o~ -
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5”, Find the i~~i x i i~ u i~ axia l disp ha c en~ent t ’ro i u e x p e r i m enta l  data  u e n c r a t e d  a t

5000— , I 0.000— , 1114-t I 20 , 000— p ound—per-square—inch ( 34.4 . ht t , 9 . an d I 37 ,9 ineg apas c a l s )

lon g—t er ul  pressure loadings. If  t i le m a x i m u m  opera t iona l  pressure d i f fe r s  from an~ pres —

sure s t i seil  to generate the exper im e n t a l  da ta  ill ap~)Ci1d ix B, in t e rpo l at io n  lut i s t  he used to

find the l1lax i Iuun ~ predicted axial  d i sp la c e in e n t  t in d er  long—term loading.

( I Se leet th e I l l in i l n u n )  v a lue  of the I 
~ 

l) f’ rat io on the b asis of P r4 ) ~ I 4 ’ l  in g the  coni—

cal f r u s t t i i i i  ~t i th  r a d ia l  st I l ) I )Ort  when it  is at i is  n iax in u t i l l  ca lcula ted  a x i a l  d i sp lacemen t
during the m a x i m u m  d u r a t i o n  of the long—term loading ,  The re la t ionsh ip  b et weeri the maxi-
mum predi cte d a x i a l  (li sp lacemen I of the ~. ndo~ and t h e  l) f in the ra t io  i .t expres sed  as:

Df = D~ 
— 

~~ L tan~~’ . 4 - 1 1 1 )

where

= noni ir i a I minor  d i a i i i e t e r  of conica l  trust U

non ’i ina l  minor  d iameter  of I lie conica l 511 in t he  v5 indo w m o u n t i n g

L m a x i m u m  predicted ax i a l  disp lacemen t

= in c luded  an g le  of the  conica l  f r u s t u m ,

It ’ the ca lc u la ted  s a lu e  of I )~ l)~- is smal ler  than the value sIiow~ in section 15 . the large r v a l u e

must  he used in the  design of I lie wu i d o w  n ioun  t i n g  seat .

e. I t ’ t he  D~ D 1 ra t i o  chosen f o r  the  ~ indo w m o u n t i n g  is 14.5 5 .5 small, dur ing  operat ion
of the  pres sur e vessel a? ni ax nit iiii pressure and Jul’11 I ion +if  loading the  nunor  d i ame te r  of the
w i n d o w  ~s i l l  e x t e n d  b ey ond t h e  minor  diameter of the seat in t lie mounting. I’lus is not  a

cause for i m m e d i a t e  a la rm :is c~i t ac t  rop ht ie  f a i lu re  w i l l  not  occur unless the lengt Ii of unsnp—
port ed e x t r u s i o n  is v e r \  gr e a t . as a rule in e\ de’~s of ’ it least 50 percent ot ’ the  nomina l  w indow

t h i c k n - . ~s . S t i l l .  e~ en if ’ the v~ ind ost  i +  not in n n i i n e n t  danger  of dl i t1 l s t r op ll ic fa i lu re ,  the s i t t i a —
(ion should he remedied by redesigi i . If not rede signed.  ( l ie por t  ion of ’ i l ie w i n d ow  ex t endin g

4 - l i s t  the min or dianie t~’i of’ the flange seat will e~ hihit cra/ing. minor  c r a c k i n g ,  and a cy l indr i -

ca l  det ’o r i i i a t i on  t hi1 it wi l l  siuiii fi c aii t lv decrease t h e cyclic fati gue life ss f (lie ~vi i i doss -
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B.2. 1 Axial Displacements (5000 Pounds Per Square inch)

The data in this section are concerned with the axia l disp lacements of conica l frus-

tums with included angles of 30, 60, 90. I 20. and 150 degrees (0 .5 , 1.04 . 1.57 , 2.09. and

2.6 radians ) under long-term pressure loading at 5000 pounds per square inch (34. 4 mega-

pascals) at ambient room temperature in mountings with D~/D 1 = I .0.~

0n in.iny figur ec in thi c appendix U1 is noted is I) or d. Th us t/I)~ 
= t!I) = t i d .
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- B.2.2 Axial Displacements (10.000 Pounds Per Square Inch)

- 
The data in this section are concerned with the axial displacements of conical frus-

- turns with included angles of 30, 60. 90, 1 20 . and 1 50 degrees (0.5 , 1.04 . 1.57 , 2,09. and
2.6 radians ) under long-term pressure loading at 10.000 pounds per square inch (68.9 mega-
pascals) at ambient room temperature in mountings with Di/D f = I .0.~

.4

- ‘On mj n \  figures in this appendix D~ 
is noted as I) or d. titus tf i)1 i/ i )  = t/d .
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8.2.3 Axial Displacements (20,000 Pounds Per Square Inch )

The data in this section are concerned with the axial displacements of conical frus-
turns with included angles of 30, 60. 90, 120 . and 150 degrees (0.5 , 1.04. 1.57 , 2.09, and
2.6 radians) under long-term pressure loading at 20,000 pounds per square inch ( I  37,9
megapascals) at ambient room temperature in mountings with D1/D f L0.~

p

1
1

L I  ~

- On rn. ,n~ fl~ure% in thi s appendix l)~ i. note d as D or d, t hus i/D~ lID = t /d ,
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B.2.4 Permanent Deformations

The data in this section are concerned with the permanent deformations of conical
frustums with included angles 01’ 30, 60. 90, 120 , and ISO degrees (0.5 . 1.04. 1.57 , 2.09 .
and 2.6 radians ) af t cr  1 000 hours of long-term pressure loadin g at 20 ,000 pounds per square
inch ( 137 , 4 -) megapascals) at ambient room temperature in mountings with DiID f 10 .
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,-~PP EN I ) IX C. CRl TI ( ’ .’~L P RI - .. SURES AN I )  1) ISPLAC EMENTS
OF SP I - IE RI (  -~L SECTORS

• Ci SHORT-TER\I PRESSURE LO .kI)IN G

Si lo r t—ter m 1FC~4’ .iIFL’ loading cons isted of p r e ssur IfiI1~ t u e  ewpor t  a’.’~eiiih i~ at a

r a tc ’ ot 654 )  po un d s per squ are  n c _ i l  4,45 i negapascais ) per minith ’ u ntil c_-aia ’ .t i ’o pliic Iailiire
of the window took place. l)uring till.’ pressui’ i ,ation . a\ ia i  di’5p iac _ ’c_ ’i nc_ ’ i it w a s  I1ll.’aslirl.’(i at

the center of the windo~ -
~ io\% — presstl re l ice . I Ill’. a\ial dls piac _’eillc _’nt rc_ - prc ’ .c_- I l t’ .  the sum ot

WilliIO\\ ilc_ ’ t i e c _ ’tlo Il dtl4 - l slil.Iillg ii iis id e u i 4 -’ L’01111.’ 4 - I i  IlloLII luiI lg.

I)ata generat ed b ‘.~indow’. nuder ‘ . i l I l l t — t c _’ r tu o,iiliiig oper. i t io i ia l lv  represent the be—
ha~ ior 14 1 ~ indow’. du r Ing  ill’. c_ ’ v.. subIllc _ -r ’ .Iblc _’ or 4-luring the prL’’.’.nrllat lon prI IL’L- ’.s of a
hyp erbar ic *,‘hall lhc_ ’r . \ ‘. ‘.000 a-. ti le ‘ .4 - IhIuc _’I’’.ihle c _ L ’ ,I’SC’ .  to  snik I l l  Ilk’ h~ perharic  c haulber
c_ Cd ’ .C ’ . to i)t, ’ pr _ ’’ . s u i i i , c _’d b ’.. ii’. opc_ ’I,I t l s I .  t h e  heli ,i~ or ~‘I t he wludll\\ ‘. - .Iart ’ . to de~ i at e  trolil
s h o r t — t e r m  da ta .  It - .  I \ ia l  d i sp l a c e m e n t  II lcn~- ,l- .c_’s e~ en t i loi lel l  the pressu re loading rc_-m aIns

coll’.t .lllt du ll the pot ent ia l  c r l t l c _ ’4 - l l  ~ l 4  x111 ~‘ \ a l lk ’  d~’ 4 u , ’j s4 ’ -.. bot h ~s I u I I 1 c _ ’ t l of l s  * tI  t ime under
a ci~ c _ l i  sul’.t a l i l c _ ’l.t p~ - ’+-.~ire loading

4-i l’I,’Stil t Il l  t l l l .’II I I)L~I i t 1* 1 114 - I l  l i m i t a t  Oil’.. III Iu - u— k’ I - l ll data  should be used 11nl\ ~~ it li
4- i c_’onlp ietl .’ u i i i d e r ’ . t a n d i n g  I I I  tik’Ii Im i l i l ta t l I l l i - .  I I liii’. reason. sh o r t — t e r m  d a t a  L I r e  g ener : i l l ~
used 11I)I~ I Ill tour purposes

I alii,i t loll II lle\% 5% 1114 -lOSS 1114 - i l .1 i,iI’., 1 11 1 4 -m t IIiu ~ dc_’’.itiim” . m oun t  nuui seal I ln i ’ . l l c _s.
,iIll.i ot I ll.’!’ d c _ s i g n  4 - Sti l l t i i 4 - l t c _’F I , I I  S .iri.I hles .

l’s . 1- sa lu la t lo l l  ot 4I , IIIl , I0 , ’ lo a 5\II1dI .S5 in t h e  ormn of ’ 
cl I /lule . v., rat ch ic_’s, erack ’ ..

‘IS L’4 - i t l i l . i II lL!, f l h i c _ I c _’~ r r .il.t I,ItiOn, ~‘Il..

4-’’ I ) c _ - t e r i m i i i i . i t m o m i  * ‘ l  till.’ disp ia.- e i l i c _ ’n ts ot ss l l l c_ t t1 ’ IS s duim ’ ing Ic _ ’iiipor.ii’\

0% ~‘ r prc_ ’ 5’. or 1/,111111) -

4-I, I ) c _ - t cnm i i l l i _ i t  11 1 11 01 I ile 111k .11 ‘i es- . In I’ ’ * 1 1 55 itidoss s under tc _ - m i i p orarv

OS er p ressum Fl /,1111 ‘Ii.

IIi ~’ 4 - i a t , l  nc_ - n e m a t e d  h~ S ’ I Iuu~i1l\’I - . t es ted  iii IllOulli t Ilie- . \SI t li l)~ l)f= I) (I) — 0,2 R i )
ire f F0 1 11 till. ’ 01)4--ra t I t l u l a l  s t a n d p l s l m l t  4-I I L L  I l\ app lIcab le. ‘ .111cc us u al ly iii ( 1i ’s4 -- m ’ 4-i t l I i m la l  S Il~\V—

‘‘It ’ Il pr~’ — .--4uIrc _’ S c _ ’ S5C h~ I)~ 
1) f I’. eIc _ . I I L ’ I 11 14 - i ll 1 1 0.

I ),it a L’4-’iil.’F4 - it I’t.l iv., 55 1 11 4 - lO SS ’. .11 , I i l i I ’ I4 n t room t l.’tlii’l 4-’ ld t u im ’ 4-’ 4ii’e direct l\ applicable
onl~ II ’ I 1 ; k - I_ It l om iah  L I l t i c _ I I I  (Ill’. ,I t r lloli l t e i l l p e r a t t l r l 5 I ~~ to  “ -‘ I ) ( I S  to 2—) ( I 1:or oper—
.1111 ’tLiI t 4 - I n i I I. l,I t U r4 -’s hL’ l I 4 \%  1(11)111 t 4 -’ i l l p4 -’I It l i r l .’ . t ue r l x ) I i l — t 4 -’ilipel’4-i t u i r4 -  da t a  bc_ ’conie p.’ons erva—

t i s  c_ S . 55 i t i le Ill t c _ - m m l p c _ - r a t l l r c _ - -. ,ihII\ 4 ’ rIOtmil t e n l p e r i t u l r e  the~ . 1 1  c_ ’ uinacl.’ep table uiile’.s properly

disc _-ou nted

\lo- .I d4 - m t , l  \Sc _ ’F~
’ g4 -- m l e r a t 4 -’4-l ‘Is ith ni ode l—sc _’ale ‘S iuidoss -. for rea511115 01 e c o n O m i l v .  Since

it has bceiu prtv.en. howese r , t li. it t i l c _ -r e  I’. no ‘.iie e t f e c _ ’t f or , I c _ r \  h ic _ - pla sti c I w h ile it is  known

‘H5 4 4 - l I T ’  Ill h i t s  , pt 4I ’nIII ’ . I’ . itt1 - Iul l , ’rn.li I 1 1 1 1 1 1 1 1  ~~~ hit ’ *..ind ,l\.. s ’ I I I I , 1 4 _ 1 ’ . i)~ IlI I 4 I ’ l l ’’ lht’ I I I If l , , r  lt l , l I l l t ’ l I .’I ,,t h ilt
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to ex Ist b r  ctlilc r 4-- t c _’. glass , and ot her bri t t le mna t l n a ) ’ . ) .  data f r o m model—scale ss i mi ~lo~~s c _ a l l

be u sd4-I wi th  conf idence f ’or preilict imig t u e per to m ma ncc_ - of full-scale. 4 - ic r \  ic p14- 1st IC, conica l
t’m’us t umiis. l’hit’ cr it ica l pressures cam ~ be d irecth ~ used , as t u e cri t ica l pr4-’ssu r4-’ for  miiode l— and
lull—scale ss I h i t I s s  s is the same. it ’ both have t u e  s4 - lmil~’ included aIlgIL ’ an d t I)~ r 4 - I f i u )  4 - m d  4 - l Ie

teste d in ilioulnt imlg’ . with the salue l) f 14 - h ill . Sliding am id axia l  dis p lac e m n e m its  of l u l l— s cale
s% itidosv’. can be C\ t r4 - lpolate d t m’oni t h e  4- lI~placen1euIs ol’ model— scale ‘5 udows . if ’ t u e  c_ h is ’
placement ’ . of niode l—s~’a Ie wmil~~~ are multiplied h~ t ht e r4 - it io of t ’ul l l—sc _ - 4 - I hc tO niuld4-’ l— scal e
wi mldl,)’45 ~hiamn e ters.

I he sliding ilisp lacement 55 4 - is i lIcasu re4- i along the sur face of ’ t h e  se 4 - I I  in the s t ee l
rnouutiiig lo obt4 -un t hi ’ 4 - I \ i 4 - I h  c_ ’Ol11poi1~’i1t o f s lidine ill tlic _ ’ n)ou intln g s ea l ,  the recom’ded
sliding values must be m ult ip lied b~ c_I) ’ . n 2 . w hem’e cs represe li ls the t o t a l  included 4- Iligle
of t lie spheri c_ - al se c_-tor.

C. I - I Critical Pressures

I)ata in th i s  section 4 - Ire cot ic_-erm ie d wi th the cr i t ical  pressures of ’ sp hem’ ica l se c_ -ton -.

ss it h i 30— , 60—, 4-)0—. 12 0— . 15 4)— . an d ISO—degree (0 .5 . 1. 04 . I .57 , 2.0~
,). and 3 14 radians )

in ctu ided ,iIInhc _’s u l I l4 - lc _’r short— t c_’rni pressure ioa4- ling 4 - It a nl b iemit room tenl pem’ at u l rc_’ iii t h e
mlloummi ting W it h l) f ( I)
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Material Grade G Plexi glas
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C. 1.2 Sliding Displacement

The data in this section are concerned w i t h  the sliding disp lacemen ts of spherical sec-
tors w ith 30— . (~0— . ~)0— . I 20— , I 50— . and I SO—degree (0 .5 , I . 04 , 1 .57 . 2, 0~

) , 2. o , and 3. 14 rad i—
4- il ls) included angles under short—term pressure loading at ambient room temperatures in the
nlout ’itim ’ig ~~ ith I)t = I l)~ 
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.- C.2 LONG-TER \l PRESSURE LOAD iN G

I o I lg - tL ’rln pressure lO4- IdiIlg consisted ot pressurl/ ing t h e  ‘ ie~ port 4- isseIlt bly at a r4 - t tL ’
oI~ 

(iSo P0L1I LIS per square itich (4.45 Il le g4 - i ) ) 4 - I ’- c 4 - I I s )  per m i n u t e  to t IlL’ desired l) Iess(il~’. (to ld—
ing it (or s~ ’~ er,I( i t t  intl L’s, 4-ii ld t hen depressuri,ing to 0 pollIld per sq u ar e  inc h ~ U mega-
p4-l sc4 - i l  1. l Ite ~ I IlLlO~\ s ~ ere siibseq uent lv  i i tspe cte d for cracks. llt(’4- I5 t l l L’tl b r  PerIl)4-llh’ttl

deto rniat iol l . 4- lild photographed. Flie t es t s  \ \-ere perto rnted \v I t h  t i tod e l—sca !e \~ iido~vs at

rooni tenl pe r4 - lt ure in Iuoui)tiilgs ~- ith I) 
~
‘ ( i)~ — 0. 2 R 1 ).

l~ ( lIe .I\I.il 4-h id slid i ng dis pl4 - icei l te nt s of il lOd CI-sC4- I k’ WI I1d()W5 can be used to Predict
the ,I\j 4 - i l  4-t i l l , )  sliding disp l4- iLeIit e t l t s  ot ’ l u l l—sL a te \~ l l~Io\~ ‘~. it ’ t ite displ4 - Iccl l lei l ts ol tile nlOdel—
5L~, it 1.’ \\ indos% s are iuultip lied b~ th e r4 - i t t o  ot Et l i i—sc 4 - t Ie  to t l lo ( ieI— sc4 - i Ie ~v indo~ d l4 - lnle t l- rs .
BL’ L , l t lse the t~-~ t d , I l 4 - i  ~ ere gL’I1L’ r4 - i t L’d at roolil te lnp er4 - I t t l re .  t i lL’\ 4- I r e d i re ct l y  4- Ippiic4 - ible onI~
t
~
) Il)~L’ r t  ti ~ li4 - Il L I I I 1 I , i I t  i(~ns 4i t r(n)nt tI_ ’ltij)L’T’4 - i tL llL ’ . I- Or . IpL’ t a t u)t l4 - l l  teI i l ; )er4 - it t 1r1’~ bek~ v rI~~ t l l

t e l i l pe r It t I re .  t h e  displ4 - iee lnet l t W i t a  hc~ oIliL’\ very coI lservat Ive 4 - Is t h e r e  Is  4 - I  sIgl i l l  ic4 - i l l t  &ie-
crease ill Jisp I4 - i ee tue l lt  j itil pei lnat te n t d e t o r t l t 4 - I t t O I i  at lower (e n it )e r4 - l t t l res .  For te m perat ures
4- iho~ e room telu pc ra t t i r c .  t i l L’ displacement d 4 - l t4 - I ,  4 - is shown, caililot be 5 4 - I IC I \  4 - ipp lied.

~ I I i ~~’ 4 - il l  long-term sliding 4-W d ,I\I~t l  dIsp l4 - lccntent d 4 - I t 4 - i  h4- lve been gene rated in
m ounting s with 

~~ 
1)1 = — (1.2 R 1 t. t lie~ are W e ~ii\ app licable t o  ~il) operational

vie~ port desIgns s~ ith D~ Di- > I .0. I losses er , to de termine the 4 - ict i la l  va lue t h e  Wi t Idow s
slitlit ig or _ l \ l , I l  dISp l IL -ent e l i t .  t h e  t i i t t e— dep endei i (  s lidIng IF , i \ I 4 - I i  llisp J4 - IL ’enlen t must he
added to the s; iliie to t  t h e  short-term slIdIlig or i\ I II  uIsp h 4 - I cei i le I lt  b r  the given pressu re

used in the long-term tests.

Die ~4 - Ih ules of io r t g —te r n t  ll iessulre 104-idilig were chosen II ) he cs~ t itan those or
sh o r t -ter m r it ic 4 - i l  pressure s. but erL - . It e r  than on e-hl 4 - i l t  of c r i t ie4 - i l  pressure under ~hort-ter ni
loading. Hills . th e pressure ,I1IRs for  loug-terni lo4 - i d I ih4 -s 4 - ire 2 to ~ t imes higher (( ian are the

ty pica l  ope r4 - I I iomi4 - i l  p rc ’ s I I res 101 sp herical s e c i o l s - I hie reb or e . t h e  dIsp l4 - ic ei f lent d , l t 4 - I  iii this

section ~‘4- i l1ilot be used fo r predIct ing dts p l4 - ic ei f leI l ts 1)1 sp h1~’rlcal sectors under tvp ic4 - i l  opr’ r—
4 - I t i o na l pressures . I hie~ ,ire se r ~ useful , however ,  for  predict ing d isp l 4-lcenlents d u r i n g

4-i cc identa l  o \L - rprL ’ss ur if4 - i t ion l4 - is t i ng  old\ 4- I f ew t n i t i l i te s .
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( . 2 - 1 Time— 1)cpenden t Sliding I)isplacement

Ihe data i i i  t h i i ~ sect ion 4 - i r e concerned ss th  the tm me-d ependet it sliding displace m ent s

ot ~pbier ic~i h sector s w i th  30- . (~O- . ~)0- . I 20- , I SO- . and I 50-degree (0 ,5 . 1 .04, 1 .57 , 2. 0~
) , 2. ft

4-md 3 I 4 r.id i .t l ts l  included angles under long—term pressure loading at 4- l in bie mil room tempera— —.

I nrc in the nioumi ting w ith Df (D
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V
C. 2 .2 Time-Dependent Axia l Displacement

I The data in this section are concerned with the t i m e-dependent ax ial displacement
of spherical sectors w i th  30- . ~0-. ~)0-. 1 20-. I 50-. and I 50-degree (0 ,5 , I .04. 1 .5 2.0k) .

I 
2,~. and 3. 14 radians included angles under long—term pressure loading at ambient room

temperature in the mounting with I)~ = ( l )~ — 0,2 R i ).
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