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SUMMARY
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incorporated in the design guidelines of this handbook.

Specifications for acrylic plastic are given to ensure procurement of material whose
performance will satisfy the structural , optical , and longevity criteria of this handbook.
Samples of quality contro l form s are also included which , when filled completely out , will
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PREFACE

In the early era of submersib les . each component of the system , including viewports ,
had to be subjected to an extensive test program be fore its incorporation into a manned sub-
mers ible system.

Ocean engineers had to repeat th is design validation process for each viewport design.
Some published the results of their test programs~ however , others because of lack of init ia-
t iv e. shortage of resources , or restnc t ive com p any policy did not and thus hampered the
de~ elopmen t of viewport technology.

After  approximately  three decades of vi ewport development , there are suff icient  pub-
lished data to warrant a brief summary and review of ’ this technology. It  is the purpose of
thi s re~iew , i.e.. th is  handbook , to highlight areas where adequate information is lacking. It
is hoped tha t  such an approach wil l  be of value both to designers. i.e. , the design of pressure
hulls  will he exp e di ted by t is l l lg  proven viewport configuratio ns , and to researchers . i.e. . sig-
n i t  l e ant  progress in unr esearc lled areas will  be achieved with a minimum of time needed for a
l i te ra tur e  search.

Several approach es could h ave been used in sunini arizing and reviewing published
studi es on ‘-Iewport development. The approach chosen is a design handbook rather  tha n a
research monograph . Fhe selection of this  approach was based on the prem ise tha t  the view-
port designer is the key element in provi ding safe viewports b r  pr essure-resistant hulls  of sub-
imi e rs ible habi t ats . p ersonnel t rans fe r  capsules , and deck compression and medica l treatment
cha mbers . If th e designer is aware of all factors tha t  a ffect the per formanc e of an acry lic
plastic windo w , a sound engineering appraisal  of ’ th ese fact ors ca n be used as the bas i s for a
safe viewport design.

This repor t part ic u larly refl ects thi s  design handbook ph ilosoph~ in section 1 2 and
t he three append ices. Factors such as mate rial s , fabrication processes , distribution of stresses
and strains in selected window shapes. critica l pressures, and surface finishes are discussed
1 m m  the vi ewp oint  of a designer. Since this is the person u l t ima te ly  responsible for the per—
f’orniance of’ t h e viewport in service , all pertinent information is presented in a manner  that
~ ill make the desiener ’s dec ision valid. J o  h elp achieve this , an attempt has been m ade to
differentiate between guidelines based on f’acts and guidelines base d on postulates. (;tmide—
lines hased on f ’ac I s represent tim) conclusions tha t  can he applied with confidenc e,  while
guidelines based on the author’s postulates must be app lied with caut i on as they represent
only i n fo rmed engineer ing opinio ns th a t  fu ture  studies may prove inac curate.

Al tho u gh  there is adequate in f ormat ion  in the book for the design of any viewport
shape 1w a comp etent Ocean engineer , a special chapter  has been included tha t  makes the
desig n of stand ard viewport shapes a ‘‘coo kbook” app roach. The f i f t e en th  chapter is a re-
prin t of the s i x t e e n t h  draft  of append ix A in the A N S I / A S M E  Safety Standard fo r  Pressure
Vessels for Human Occupancy (PVIJO). I t  represents in a condensed to t -n i th e engin eering
p u dg n l en t  of exp e r t s  on the proper des ign . mater ia l s ,  f a b r ica t ion , a nd acceptance test proce-
d ure s t om aci~ li e wi ndows in viewport s  of manned  subm er sihk s.

Windows designed on ti le basis of ru les specified 1w ANSI / A SM F Safety Standard
l’\ 1 1( 1— I . App endix  A. have amassed an enviable safety record , i.e. , there has been no loss of
l i f e  because ul w indow t’ai lur c . Because t l~e sa fe ty  s tandard is accepted by ma ny domestic
and foreign regu latory agencie s , i nsurance societies , and classification societies , i t is h ighly
recommended as a design basis b r  prospectiv e viewpor t designers . The designer must  remeni-
ber . however , t h a t  tile s a f e l y  s tandard is subj ect  to peri odic revisions by ASM I - and t h at i t  is
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always necessary to ascertain what  changes hi~’ve been made. As a rule , these revisions tend to
make the safety standard less , rather than more , conservative: thus section 1 5 will probably
remain a reliable and conservative design guide for standard acrylic window shapes.

Two sections in this book are not directly applicable to design , but  are back ground
material. Section 1 is a hi storical discussion of’ the development of viewport technology, and
section 3 introduces the sources of’ data subsequently utilized as the basis for the design
guidelines. It is believed that the desi gner who develops a historical perspective of viewport
technology and understands the limitations of ’ the data sources is in a good position to apply
the information within this hook to design standard , or to develop . viewpomt shapes.

In addition to the 15 sections , this book also con tains thre e appendices with detailed
experimental and fabrication data. These data have been placed in appendices to make basic
data available to the designer without  the use of re fe rence materials . The appendices become
especially valuable for the design of windows whose operational requirements diffe r drasti-
cally from those forming the basis of the ANS I/ASME Safety Standard PVHO- l .  In such a
case , the designer must consult the basic data contained in the appendices and formulate
safety factors that surpass those in the ANSI /ASME Safety Standard PVHO— I.

It is hoped that this handbook will satisfy an e,~~-ting need on the part of’ designers ,
researchers , and students for an overview of acry lic plastic viewport technology . Hopefully
the field of viewport technology will continu e to grow rapidly and thus make this book obso-
lete in a rather short time. Pe rhaps at that time the information contained in this book will
be updated , ex pa n ded , and rearranged to re flect the higher level of sophistication in the field
of vie wport technology .
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SECTION 1 .
THE QUEST FOR PANORAMIC VISION UNDERWATER*

I . 1 INTRODUCTION

The h ist ory of submersibles and submarine s has been wri t ten  many times. In each
case, the emphasis  has been on describing the par t icular  system in terms ol’ its depth capa-
h i I i t ~ , sub merg ence t ime.  and work tasks . Only peripheral a t tent ion has been directed to
what  could well he the most important  elem ent in the design the means by which the
ocea n s  depths are v is ua lI ~ studied.  From the days of Alexander  the Great and his “glass
barrel ” submersible to tod ay ’s most sophisticated system , man has wanted to examine
v is ua I I~ t he ocean depths .  10 achieve this  objective , windows for submergence systems .
suhmcr sihk s with panoramic vis ib i l i ty ,  hig hl y sophist i cated te lev ision cameras and receivers,
and ingenio us optical arrangements  have been developed .

M ans of the approaches are now only of historical value , while some are as tech-
ni calI~ and operat ionall y viable as when they were invented ,  If there is any generalization
that  can be made concerning them and their  designers . it is tha t  man will  not cease to invent
new optical  s~ stem s unt i l  submersibl es can provid e at any depth the same visibil i ty now
possih I~ wtt h automobiles and air craft .

The earli e st reliable record of the actual use of a d iv ing  apparatus is that  contained
in a hook wr i t ten  by Franci sco de March i  and published in 1599 . The apparatus , des ign ed
and bu i l t  b~ Gug lielmo de Lorena , was First used in I 53 I in an a t tempt  to raise Caligula ’s
pleasure gall e~ s which had su nk  in Lake Nem i .  The most interest ing thing about this  diving
hell was t h a t  it contained a glass window directly in f ront of the operator ’s face (re ference
I .1 ) . Fro m the sketch available,  it appears that  the window was simply a flat piece of glass
sea led, probably w i th  pitch , into the wall ol’ the bell. As the diving bell was used in shallow
water.  the window presented no significan t problems.

Another  approach to reaching the ocean floor was at tempted with the “Aquatic
(‘orse l et ” which can best be described as a forerunner  of a diving helmet amid suit .  Accord-
ing to Fat h er Schott . this  dev ice was made of leather and contained t iny  panes of glass
(reference 1.2 ) .

In both thes e early devices , the windows were used I’or visual contact .  In 1 690,
Dr. Edmund Halley, who later became an astronomer , designed and bui l t  a wooden diving
bell with a large glass window in the top. Th is window was included so that  light from the
surface could enter  the bell (re ference I . 1) .  Halley himself ’, on several occasions , stayed
on the bottom at a depth of 9 or 10 fathoms for over an hour.

This S(’(’fiofl ~~~ ((m,vihufra lu I I.. A Ikerson u~ the ,Vew York // ,,turrcal S’o(ien .
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As the years went on. refinements and advances were made on all these basic des i gn s.
Metal instead of wood or leath er was used ; diff ’erent shapes were tr ied : and the dep ths  to
which the various devices were employed were extended.

In 1903 , Giuseppe Pino designed his sophistocated hydroscope which allowed an
observer to remain on the surface while viewing the st~ab ed through a series of te lescopic
tubes; the lower end of the device was an optical chamber containin g 12 lenses (refer ence
I .1,. In this , as in the previous windows, glass was used.

At the depths to which these diving machines were used , i~ was possib le t o use g l ass
because the state-of-the-art was sufficiently advanced to make safe designs feasible. To reach
greater depths , it became necessary to design more elaborate vehicles , to improve the mater i-
als used to provide visibi lity, and to incre ase knowledge of window and flange designs.

1.2 BATHYSPHERE

In the l930s , the zoologist , William Beebe , and his associate , Otis Barton , reached
the unprecedented depth of 1426 feet (435 meters) in the “bathysphere.” The old style
of rig id diving suits . i.e., a steel cylinder f’urnished with portholes and hung from a cable ,
was the basis for the design of this system (reference 1 .3).

The vehicle was a sphere which weighed 5000 pounds (2268 kilograms), measured 57
inches ( 145 centimeters) in diameter , and had steel walls that were 1 .5 inches thick (3.8
centimeters ) (reference I . 1) .  It contained three plane circular windows made of fused
quartz: the windows were 8 inches in diameter (20 centimeters) and 3 inches thick (8 centi-
meters ) (re ference 1.2). The pieces of fused quartz , manufactured by General Electric ,
were the largest pieces made to this tini e (reference 1.4).

From the standpoint of the evaluation of underwater visibility, these windows
were the first serious attempt at what is now called “window technology.” There are three
reasons for this claim . First, both Beebe and Barton believed that sight is the most impor-
tant  of the senses, as approximatel y 85 percent of all knowledge is acquired throug h sight.
Beebe , as a zoologist , felt that he had to be able to select his samples under visual control
and , there fore, the bathysphere had to have accommodating windows. Since windows had
t radi t ionally caused the greatest di f f i cul ty  for all deep-diving bells and helmet s (reference 1.2 ) ,
they started the discipline ot’ window technology by attempting to solve this problem.
Second. they designed the windows from an eng ineering stand point. Fused quartz was
recommended by Dr. F. E. Free, an authority on optometri cs in the 1930s (re ference 1.4).
There were two reasons for the selection of fused quartz: ( I )  it was the strongest traiis-
parent substance known at that  t ime and (2) it would transmit all wavelengths of ’ ligh t
(r eference 1.2).  Third , these windows departed from past tr adition , as various gaskets ,
flanges, sealants, and retaining frames were tried and the optimum approach selected. Pre-
vious windows had tended to be plane rectangular plates of glass held in place by caulking.
The fu sed-quartt windows were fitted into cylindrical projections in the front of t h e  sphere ,
sealed in the moun t ing  with a paper gasket and white lead paste . and sec u red i n place with
a li ght steel frame bolted over each window (re fe rence 1.2). Six inches (15  centimeters )
of the window ’s diameter were f’ree of the supporting flange (reference 1.1). and the windows
were so arranged that a shaft of’ ligh t thrown out of one could be viewed from another
(re ference 1.4) .
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In 1 934, Beebe and Barton had to dispose of all three windows, since they had de-

~eloped cracks and one had broken under  dangerously low-pressure tests. In addition , the
windows had developed peculiar smokey patches which at’t’ected their usel ’u lness for l ight
transmission (ret ’erenec 1.2).

I)uring the numerous dives made with bathysphere there were times when the win-
(lows leaked. However, each time it was l’ound that the window had not been seated
correctly. The soundness of’ the window ’s design , material , flange , and gasket was proven
m a n y  times. The ultimate success for the system , and foi the windows in particula r, came
when Beebe amid Barton reached their maxim um depth of 3028 t’eet (923 meters) and showed
that life was t’ound at this depth (figure 1.1) (r e f ’erence 1.5).

The bath ysphere was the culmination of knowledge concerning pressure-resistant
windows. There we re som e expe r i m en ts , espe cia ll y in regard to the windows, which were
basically a break with the past. However. based on their works, the author believes that
Beebe and Barton were not as concerned with the windows as with other aspects of their
system , i.e., they believed that visual contact was critical hut once their design was proven ,
there was no further experimentation. This is verified by the fact th at when the bentho-
scope (Barton’s successor to the bathysphere ) was built fused quartz wa.s again used w i t h
the same thickness but with a somewhat smaller diameter (figure 1.2) (rel ’erence 1.4).

The contribution to window technology made by Beebe and Barton was significant.
By showing an interest in engineering detail s . they convinced designers of’ later submersible
windows to exper iment  with materials . des ign s. shapes. tianges , and sealants.

1.3 TRIESTE

In the late I 920s and early I 930s. Augtistc Piecard became interested in the strato-
sphere amid began experimenting with the effects of pressure , or lack of pressure, on variou s
bodies, materials , and designs. In 1 Q3 I lie ascended in his balloon in to  the stratosphere to
a height of approximately 10.5 miles (17 kilometers (reference I .I . He then esper imnented
with new materials and designs that were related to exploration of the atmosphere . Having
shown the validity of his theories concerning atmospheri c pressure . lie turned his attention
to the ocean the other source of great pressure diflerentials .

In studying the ocean . Piccard reali,ed that there ,mre ‘‘so n 1uT1~ que st ions , so n l anv
mysteries , it is only by going down to the tlep tlis of ti m e ~~~~ I li ii  we can h ope to c lear  them
up ’’ (reference 1.3). lIe began hi s  si uid~ of the o~eamm h’ i - .’~ eu ~ng all tha t  wa s  kiio~ n con-
cerning submersible design. It was at this time t h u  Bartoii ..md Beebe ~ crc m i m a k i ng their
dives in the bathysphere. Piccard noted that ‘‘it is no e’..igg e r at ion  t i  say t h a  t i t  is lie
(Prof’essor Beebe) who opened the doors of the  ab yss to man ” ( reicrence I .3 t .  Pme ea r d .
however , did not like several things about  the ha t  ii ~ sp here

The ocean bottom could not he st tidi ed u s ing  a t e l  t i ered ~IssL ’mhI ~ , since t i m e
wave—induced motion of the support vessel would m a k e  time ba t h ysph ere bounce , ma k i n g
tile occupants sick and possibly stri l:iru g the bottom (reference 1.3).

2. The poss b ihit y of the cable breaking could iiot he completely eliminated
(re ference 1.3).
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3. Time window material was subject to brittle fracturing (reference 1 .6).

4. The shape of the window had to be changed to eliminate the possibility of
leaks at great depths .

When TR1LSTE I was launched (fi gures 1.3 and 1.4), Piccard said , “These windows
are perhaps time finest feature of time bath ysphere” (reference 1.3). Made of’ acrylic plastic
(Plexiglas), the windows were truncated cones with 90-degree (I .57 radians) included angles
that measured 5.91 inches thick (15 centimeters ),  3.94 inches (10 centimeters) at the inside
diameter , and 15, 75 inches (40 centimeters) at the external diameter  (reference 1 .3). The
window was directly set against a conical metal seat machined into the pressure hull. Lubri-
cant was generously applied to the window and acted like a high-pressure seal (refe rence 1.6).
Through experimentation , Piccard found that the windows would withstand a pressure equal
to 18.6 miles (29.9 kilometers) of water (reference 1 .3). The windows were conical frustums
(plane discs with conical bearing surfaces). Piccard selected this shape because the window
seated more securely as the pressure on the exterior face increased , wh ich reduced the need
f’or sophisticated gaskets or retaining rings. Acrylic plastic was used since it , unlike glass or
fused quartz, is plastic and yields under compression without fracturing. Piccard found th at
if a window became overloaded beyond its limit of’ elasticity, it bent slightl y and passed the
excess load to the adjacent parts, in this case the pressure hull (reference 1.3). According
to Piccard , it was this last feature that explained the success of’ the windows.

When TRIESTE II was built , the same basic design was used for the windows. The
windows were made by laminating two sheets of acrylic plastic , and the thickness-to-interior-
diameter  rat io was set at 1.56 (reference 1.7). Eventually it became necessary to replace
tile TRIESTE II  windows because of scratches on the viewing surface and apparant discolor-
at ion.  However , no window ever failed in service or were there any leakage problems.

Auguste Piccard and h is son Jacques contributed significantly both to submersible
design and window technology. By experimenting with materials and design , th ey provided
a standard of excellence with which to measure the next generation of submersible windows.
In addition , they caused the nonmil i ta ry  submersible communi ty  to realize the importance
of visual observations.

1.4 WINDOW DESIGN (TRIESTE TYPE)

Following Piccard ’s successes wit h the conical frustrum acrylic plastic window ,
most submersible designers adapted both the design and the material to their own require-
ments. Hence , most commercial subniersihles had conical windows of some size that  allow-
ed tI m e aquanau t s  visual contact with tIme ocean. In some submersibles , time aquanauts were
given windows only 2 to 3 inche s in diameter (5 to 8 centimeters );  in others , t hey were as
lar ge as in TRIESTE.

There were. however, drawbacks to the TRIESTE-type windows. First, they were
limited in size. It became increasingly obvious to those experimenting with window design
that to increase time diameter of the window for panoramic observation at even a moderate
depth , e.g.. 5000 feet (1524 meters), time window thickness had to increase significantly.
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This introduced se~era l problems. Since it was very d i f f i cu l t  to obtain thick enough m aterial ,
time only p ossibility was lamination whic l m also introduced problems. In addi t ion , i f t ime  win—
(lo w ’s t imickn e ss was increased , it was also necessary to i imerease time moun t ing  flange th ickness ,
thus  si gni f icant ly  increasing the weight of tIme pressure hulls. The result ing decrease in buoy-
ancy in turn decreased the payload and thus operational value ot ’ the submersible. A second
problem was tha t  the aquanauts  were not satisfied wit i m viewing the ocean thr ough wimat  was
a t iti y “peep h ole. ” They wanted windows in many places so that  time sea bottom could he
seen from all planes and in all directions. To satisfy this need , it was n ecessa ry t o cut  w i n dow
holes at numerous locations in time Imull , whic im meant  a greater hul l  thickness , st ron ge r areas
around the windows , add it ional stress conc entr at ion s, and elastic stabil i ty discontinuit ies .
Nevertheless , submersib les wit l m mul t ip le  windows were successfully designed , bui l t , ami d oper-
ate d to dept h s in ex cess oh ’ 1 000 t’eet (305 meters ) (f igure 1.5). Today, subm ersibles wit h mul-
tip l e vicwports operate successfully at depths in excess of 10 ,000 feet (3048 meters ) ( f igure 1 .~~~~~.

1.5 MORAY , DEEP JEEP , AND DOWB

Su bm ersible desi gne rs next  began to th ink  of other ways to achieve vis ib i l i ty  which
would not include a viewport t’or direct use by an aquanau t .  Three examples are provided
by MORAY , DEEP JEEP , and DOWB.

1.5. 1 MORAY

MORAY was a test veimicle bui l t  by time Naval Ordnance Test Station (NOTS). China
Lake . California.  It  h a d  an operational depth capabi l i ty  to 2000 feet (610 meters ) ( f igure
1 .7) . The pre ssure imu l l  was a 5- foot—diameter  (I .5 m e ters) cast a l uminum sphere which
conta ined  no viewports (figure 1 .8). All visual contact was i m m ain ta i ned  via television and
sonai mr efe rence 1. 10) .  This system, howeve r , did not provide ideal observation . i.e.. tile
direct I ine—of - s i g l mt vision was negated . time cost was high , it req u i red  much po wer to operate ,
pano ramic vis ibi l i ty  was not avai la b le , and it was subject  to rower failure which made th e
operators vir tua lly blind.  For an unmanned vehicle , MORAY’ s approach would have been
acceptable . b ut w imen  car ry ing aqua r mauts  timis lack of visual s t imulus  led to claustrop imobi a
a nd seasickness. T lmus . w imile an in teres t ing approach , MORAY was n ot adopted by t i m e
com imie rcial lmydrospace engineer ing c o r i mmuni ty .

1.5 .2 DEEP JEEP

DE I P  J E I P , l ike  MORAY , was desi gned a nd bu i l t  by N O ] S . (‘ i mina L ake.  A small
two- m a im submersib le . DI h.P ii’ EP was a 5-foot-diameter ( I  .5 meters ) steel sphere with a
m a x i m u m  depth of 2000 feet (610 meters ) ( f i gure 1. 9). l i m e  acry lic p last ic viewing port
was a conical f rus t rum 5 in c imes in d ianm e ter  ( 13  c e n t i m e t e r s ) and 2 in eimes (5  c e n t i m e t e r s )
th ick:  hmowev cr . it was r iot used direct ly  b y the a q u a n a u t s .  Instead , observatio ns were made
t i mroug im monocular viewing scopes (one per operator )  (fi gure I . 10). The scope allowed the
ope rator to view imydrospace wi t imout  placing his t’ace close to time window. This opt icai
ar rangement  provided a fi eld—o f-view of 40 degrees (0.7 rad ian ) .  I lowever , p a n n i n g  could

im l y he ac hieved by r o t a t i img t u e  ve lmicle . In a ddi t ion , DEEP i i i  P cont a ined :i ~i osud—
c i rcu i t ,  b l a c k — a n d — w h i t e  te~ev isio n system wi th  t ime  camera mounted outside. l i m e  corn —
himm e d viewing systems l)rov ided a degree of visual contact , hut  as time pr incipal  designer
and oper ator . Wil l  i orma im , poi nted out . iii future submersi b le designs time eu iip l masis  I m a d
to be placed on m a x i m u m  visib i l i ty  instead ol tim e tunne l  vis ion approach provided by
t h is system ( r e f e r e nce I .8)
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1.5 .3 DOWB

l)O WB was bu i l t  for time General  Motors 1)e ferise Researcim Laboratory . It  was a
thre e— man submersible with an 80—inch (203 centimeters ) steel pressure sphere and a un i que
optical sy s tem designed by Ko l iniorgen ( f igure  1 . 1 1 ) .  The system had two , exter nal , I SO-
deg ree (3.14 radians ) ,  objective lenses t imat were served by eyepieces inside time press ure
sph ere ( f igures 1 . 1 2 amid 1 . 13) .  1 wo eyepieces were available for eac lm lens syste r m i so t h at
at any ti me two of the t imree aq uanauts  could use th meni . One optical system was oriented
di rec t l y  down tinder the vehicle anti provided an undistorted view ol’ a 90—degree cone ( 1 .5 7
radians ) .  The other  had time objective lens located forward on time bow amid was oriented so
t i mat  i ts  axis pointed downward 35 degrees (0.6 rad ian)  below t u e  im ori z omita l .  F im us, a view
of t ime bo t tom approximately  10 f’ee t (3 meters ) ahead of the bow was provided (re fe ren ce
1. 9).

Fiie problems wi th  such an optical system were those associated wi t im all  comp lex
optical syst ems: Ther e was less than panor an iic v i s ib i l i t y ;  claustrop hobia an d seasickness
we re easi ly induced :  and there was a signi f icant  loss of li ght  i n t e n s i t y  bec au se of in t e rna l  i- c-
f lections in the optical t ra in ,  In addit ion , t ime DOWB system h a d  a t endency  to defocus
at operat io nal depths , the resul t  of deflectiomis of the acryl ic  p lastic win dows t l mat  were
used as t ransparent  bulk imeads on time ex te rna l ly  located , i mage transmission tubes. Th is
nece s sitated the use in time eyepiece assem bly of ’ corrective lenses especially tlesigned b r
various depths. These lenses were manua l ly  inserte d by time pi lot  or copilot at the appro-
priate depth .  Time need for  several correc tive lenses was later el inì i miated b y l) lacing a
si n gle lens in a n i oun t ing  whose location , re lative to the eyepiece , could be adjusted with
a rack and l~i m i i omi adjustment .

1.6 PA N ORAM I C WINDOWS

Time lH . S. Navy became interested dur ing time I 960s in time pr oble nm of vis ib i l i ty .
n ot beca use of a n y n eed f or visual obse rvation l’rom com bat su b m a rines h u mt beca u se of
time need for  a h yd rospace explorat ion eff ’or t paralleling tI m e outer-space explorat ion pro-
gram comiduet ed by NASA. Time key to h ydrospaee exploration lay in the d evelopment of
deep-ocean tec hnology which would allow man to s tudy tim e ocean bottom at any dept l m ,
first on time co n t i n e n t a l  sh elf and later at greater dep t lms. As a result , projec ts arid programs
wer e in i t i a t ed  and supported , the objectiv e of which was time development of deep-ocean
tec hnology for both time Navy and the ocean- engineering c o m m un i t y .  All naval laboratories
pa rticipa ted in t h is program according to their  technological special t ies.  One key lahora-
tory was time Naval (‘ ivil Eng ineering Laboratory (N C EL )  at Port 1-lueneme , Ca hi I ’or n ia.
Because of N CEL ’s interest  in materials , structures , amid so ils , a Deep-Ocean S imula t ion
Facil i ty was constructed in 1 964 to study the beh avior of’ materials , s tructures , amid soi ls
in a deep-o cean envirom iment .  The presence of time fac i l i ty  and time availabil i ty of funding
for researcim attracted a group of’ engineers interested in deep-ocean technology. Among
t h e m was Jerry Stachiw , a recent graduate  of Pennsylvania  State Universi ty who became
intr igued by time s t ruc tura l  potential  of acrylic plastic w i mile  ut i h i i ’.ing this material for con-
struction of torpedo si meil mode ls dur ing h i s  doctor al research program . His long range
plans were to ( I  ) comp lete rese arc lm on time conical f rustum acrylic plastic windows imii t i atec l
by l’iccard , ( 2 )  standardi ze the desi gn of fl a t  disc windows proposed by diving contractors ,
and (3 )  i nven t  anti q ua im f y for manm i ed diving systems an optimized window design tha t
would maximize  time fi eld-of-visi on whi le  at the same t ime decrease time wei g i mt of time
window-f lange assembly. His exper iments  included conical f rus tum windows with other
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th an 90-degree (1 .57 radians ) included angles. As a result lie was able to establis im the design
para m ete rs t’or windows wi th  included angles of 30 , 60 , 120 , and I SO degrees (0.5 . 1 .04 , 2.09
and 2.6 radians).  Although adding to data on the desi gn of conical frustum windows for deep
submerg emi ce velmicles , thes e experiments did not solve the riced for significantly larger windows .

Flat disc acrylic wimidows were also extensively investigated by him sim ice they have
several desirable f ea t ures for use in shallow-diving submersibles and Imyperbar i c chambers.
1 liese features inclu de easy fabrication from commercially av ailable flat stock by si m ple
n iac hmine sh op tools and ease of mount ing in the pressure hul l. TIm e flanges required for such
w imidows are very simple , amid tIme window itself can be seated and sealed in the flange wi t im
ordinar y gaskets or rings held in compression by the window which , in turn , is securely at-
tached to time flange wi t h  bolts and a simple retaining flange . However , no sign i ficam i t  increase
i n panoramic v is i b i l i t y  resulted from t h is research , and the wim idows Lould only be used by
submersibles ami d d iv ing  bells in the depth range of the cont inenta l  shelf.

The window that  f inal ly began to provide panoramic visibili ty ,was time sp herical sh el l
sector acr y l ic  window ( figure 1.14).  These windows had been considere d by Stac lmiw t’or
h yd rospace onl y si n ce tim e late 1 960s as t h ey represented a con side rabl y more comp lex shape
than conical f’rus tuni s or flat disc window s. Numerous experimental test s showed that acrylic
ti nder un i formly  dis tr ibuted biaxial  or triaxial compressive stresses can withstand consider-
ably  h i g her stresses than  if the distribution of ’ stresses is nonunifo rm , as in a conical frustum
or flat disc window. Stachiw also showed that a spherical shell sector window , alt lmough
riot a co mplete  sphere , retaim i s time high-criti cal-pressure a t t r ibute  of a spherical shell even
in t he presence of new restraints , e.g., unyielding steel window flanges not present in com-
plete spheres. The sp herical shell sector window with parallel comivex and concave surfaces
also h a s  decided optical advantages: ( I )  it gives the aquanaut a larger field-of-vision for a
given dia meter  opening im i the steel flange ; (2 )  it acts as a lens with a m agnifi cation of less
t h a n one. wh i ch p rovides the aquanaut  an undistorted view if lie remains in tim e center of
the window ’s curva ture ; (3) and it peniiits tI m e aquanaut , if the opening of the flang e is
su lh i ci e n t i ~ large , to place his head inside the window and use the window as an observa-
tiomi cupola.

However , before large spherical sImell sector w imidows could be desi gned for sa f’e use,
four empirically established relationshi ps had to be developed :

a. The relat ionship between the window ’s critical pressure and its t ’D~ ratio.
h. Tue relationship between the window ’s critical pressure arid its t/R

~ 
ratio.

c. Time relat ionship between the h ydrostatic pressure amid magni tude of ax ia l  dis-
placement for windows of dif ’ferent sector angles and t / R 1 ratios.

d. The relationship between test results obtained with scale model s machined
tro m blocks of ’ acrylic  plastic and results obtained from full-size spherical sector windows
ia hr ic ate d b~ t lm er n iot ’or rn in g of thick acrylic plastic slm eets

Iii August 1969 . Stac lmiw published his findings on these relationships for acrylic
spherical sector shell window s in the Tra n,sa ctiam of the /1 ,nerü an Soc/e n of -tiec/ manica l
I :n mv, 1 (( ’, s . It was now possible to design and build windows of almost any size t h at could
l’unction as time ent ire  nose section of a cylin drical-bodied submersible and provide vastly
increased vis ibi l i ty .
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Time first submersible to incorporate findings of ’ his experimental studies , and thus
ti me fi rst working submersible to have a large spherical sector acrylic window , was PC-8B
which had an 800-foot (244 meters) operational depth capability. Built by Perry Ocean
Engineering, PC-8B had a pressure hull  104 inches (264 centimeters ) long, an inside diam-
eter of 42 inches ( 107 centimeters), and a 114-degree ( 1.9 radians) spherical sector acrylic

— plastic bow window ( iigure 1 . 1 5 )  (re ference 1.5).

Foday most commercially produced submersibles with a continental shelf depth
capability have acrylic spherical sector windows in t imeir bows figumre 1.16) and even old
submersibles have had their bows remodeled to accept these windows , e.g., BEAV I R and
MERMAID 11. Spherical sector windows have basically satisfied all thre e conditions f ’or
t h e accep t an ce of ’ a new design : ( I )  they are reasonably economical ; (2 )  they provide
unobstructed forward visibi l i ty:  and (3) they are safe . TIme U. S. Navy, American Btmreau
of ’ Shipping, and the Norweg ian s lmip classification society (Det Norske Veritas ) accept
these windows , if they are built  according to the design criteria established by St ae h miw
and codified in the American Standards Insti tute ’s ASME PVHO-l Safety Standard on
Pressure Vessels I’or Humami Occupancy (section 15).

Commercial users of ’ submersib les are very satisfied with these large bow window s .
In most cases , the  single spherical sector window located in the bow provides all v is ibi l i ty
needed to operate a working submersible at continental shelf depths for half the cost of
mult ip le  conical frustum windows. However , regardless of the size of a spherical sector
how wir idcw , it st i l l  remains only a tra n sparent discontinui ty in an otherwise opaque
emiclosure . Only when a transparem it materia l is substituted for the opaque metal as the
only load-carrying material of ’ time pressure I mu ll  will the search for panoramic visibility
be ended ( f i gure 1.17) .  Such a hull now esists and it , like the spherical , conical , and flat
disc windows, is made of acrylic.

1.7 ACRYLIC PLASTIC SUBMERSIBLES

Time first reaction to acrylic plastic is that it does not appear to be a feasible material
f’or constructing pressure hulls.  Its low compressive strength , low fracture toughness. and
sensi t ivi ty to stress risers in tension make it a poor replacement for metal.  Fortunately,
howeve r , its strength-to-weight ratio makes it equivalent to low carbon steeL its plasticity
permits it to tolerate large stress concentrations in compression; and its abil i ty to adhere
well to specially formulated adhesives makes it feasible to join acrylic structural shapes
by bondi ng. In addition , because acrylic has desirable optical qualit ies , it is aim ideal I mul l
material f’orsubmersib les working above the 3000-foot (914 meters) level.

Pioneering work in t Im e development of acrylic plastic submersible hulls was ini t ia ted
by Stachiw in 196 1 ami d con t i n ued  f ’or many years un t i l  spiier ieal acrylic pressure hulls for
submersibles became a reality. While at the Ordnance Research Laboratory . Pennsylvania
State Univers i ty ,  Stachiw bui l t  several torpedo -shaped . acrylic plastic , ins t rumenta t ion
capsules t l mat  per formed exceedingly well in a sea envi ronme n t. The opportunity to apply
this experience to large submersible I mu li s  presented i tse l f  at NCI- L. Whi le im ivestigating tim e
i ierformance of acrylic p lastic in windows I’or submersibles , lie was app roac h ed by
Mo l denhauer  of time Naval Missile Center to assist the ( e n t e r  in the desi gn amid construction
of a te t h ered undersea observatory. Semisimig t ime oppor tun i ty  to match  time transp arency
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of acrylic plastic to a system requ iring panoramic visibility, lie submitted to NMC a revo-
lutionary hull  design in which the use of acrylic plastic was maximized and steel minimized.
Time design called for an acrylic sphere with a 1000-foot (305 meters) desi gn depth amid a
4200-foot ( 1  280 meters) implosion depth.

At this t ime (1964), there were no data available on the mechanical properti es of
time t imick acryl ic castings needed for man-sized pressure hulls , the strength of bonded
joints between thick castings , and the corrosive e ffects of seawater on acrylic. In addit ion ,
there was no engineering design or fabrication technique available for making a th ick-
walled pressure hu ll  of acrylic and data were needed to make perfom mance pr edictions.

It took until 1970 to develop the data and fabricat ion techniques necessary to
certify NEMO (Naval Experimental Manned Observatory ) (figures 1.18 and 1.19) , Spon-
sored by the Naval Facilities Engineering Command , NEMO was the firs t transpar ent
submersible to be approved for manned service and it overcame many obstacles inherent
in aim experiment al approach: By choosing time spherical shape , resistance to crushing was
maximized , the design was simplified , and the utilization of interior space was optimized.
Using the modular assembly technique ( 12 spherical pentagons bonded to form a sphere ) .
the fabrication process was made reliable , and by therm oforming tim e pentagonal modules
t’rom flat sheets the f’abr icat ion technique was made economical. By placing all penetra-
tions in the top and bottom poles of the capsule , the aquanauts had a panor amic view of
time exterior.

To establish the applicability of such an acrylic pressure hull for manned submersible
operations , it was experimentally proven t lmat the acrylic hull possessed an adequate safety
m a rgin for the chosen operational depth and that failure of the hull in a submersible could
be predicted accurately and reliably on time basis of model- und full-scale acrylic hulls tested
to destruction in deep-ocean simulation facilities. Both points were proven by h ydrostatic
testing of 23 model-scale capsules , 15 inches (38 centimeter s ) in diameter , and two full-
scale capsules , 66 inches (168 centimeters) in diameter , in time pressure vessels of the Deep-
Ocean Simulati on Facility at NCEL . During time approximately 100 ,000 hours of hydro-
static testimig, all model- and full-scale hulls were tested to failure , yielding the data that
subsequently became time basis for the certification of acrylic hulls for submersibles by
the U. S. Navy,  the American Bureau of Shipp ing, and Det Norske Veritas.

Since panoramic vi sibility had become a reality with NEMO , the evaluation process
now began to focus on the incorporation of the hull in other submersible designs and the
determinat ion of it s depth capabili ty.

Time second submersible to utilize an acrylic hul l  with the same modular construction
as N E MO was JOHNSON-SEA-LINK (figure 1 .20). (‘onceived by Edwin A. Link as a self-
propelled , undersea , diver-deco m pression chamber , it combined time best feature s of a 1-atmo-
sp im enc , transparent subnm ersi b ie with that of a roomy, diver-compression chamber with under-
sea lockout capability. The acrylic cockpit for the pilot and scientific observer allowed them
to guide the submersible to its objective through visual contact (figur e 1 .2 1) .

Since t i me Smithsonian Institution , w lmi c lm owm m ed the JOHNSON-S i A-LINK , was
interested in exp l orim m g time ent ire continental shelf , the submersible was fitted in 1971 wit h m
a 4 -i nc lm-th i ck ( 10 cent imeters)  acrylic hul l  which gave it a 1 000-foot (305 meters) opera-
tion al depth capability.
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The third submersible to use a NEMO -type hull was the MAKAKA I built  by time
Naval Undersea Researcim and Development Center , Kaneohe , Hawaii (figure 1.22) ,  Conceiv-
ed by Wm. B. McLean , the submersible represented an answer to the needs of the ocean
explore r with high agility requirements. The mounting of the acrylic imu ll above t h e  cata-
maran-like structure iiisured unlimited visibility while a pair of pi-pitch cycloidal propellers
mounted belmind the acrylic sphere gave time submersible maneuverability in any direction.
In addition , one of ’ the novel features of MAKAKAI was time ability to transmit command
si gnals from time interior of time capsule to the propulsion and guidance systems outside the
sph ere by means of am plitude—modulated ligh t beams , rather than by time customary wire
transmission lines.

It is possible to state that these were the first generation of acrylic submersibles.
Th eir dept h capabilities , based on certification , varied from 600 to 2000 feet (183 to 609
meters ) .  Timey showed the versatility of acrylic hulls and opened the doors to their unl imited
use. i-however , increased deptim capability, as well as panoramic visibility at lower cost , was
still being sought. With this in mind , McLean and Stachiw began to study other fabrication
processes which not only would make the hull s less costly but would also allow time acrylic
submersible to reach 3000 feet (914 meters). Combining research efforts with those of a
producer of large cast acrylic structure s, Bruce Beasley, a new hull cast in two hemisphere s
and bonded toget h er wit h a cast-in-place acrylic layer was introduced (figure 1.23). The
hull  had time same diameter as NEMO , 66 inches (168 centimeters) outside diameter , and a
wall t h ickness of 4.25 inc h es (10.8 centimeters).  After extensive tests , the h ull was approved
to depth of 3000 feet (9 14 meters) and is being used on JOHNSON- SEA-LINK Il l .

The possibilities for using acrylic hulls at continental sh ell depths arc unlimited , e.g.,
observation bells . imispection vehicles , and underwater work vehicles . (underwater tractors ,
manned transfer capsules , and exp loration submersib les) (fi gure 1.24). All of these are
commercial ly  feasible , and several are now in various pl anning stages.

1.8 SUMMA RY

The transition from tiny glass windows placed directly in f ’ront of tIme observer ’s
f’ace to totally transparent subn~~rsibles has taken many years amid mnuc i m engineering eff ’or t.
However , the search for panoramic vi sibility at all depths is not conmp lete. Acrylic is defi-
nitely depth l imited.  New materials , like transparent glass ceramics and ch emically tempered
glass, promise to extend the depth capability of sph erical windows amid pressure s hulls  from
3000 feet (9 14 meters) to the bottom of the abyssal depths. Time exploratory work con-
ducted by Stachiw at the Naval Undersea Center , San Diego , Calif ’ornia , imas already resulted
in small glass cLran1~L and chemically tempered glass sph erical sector wim idows w i t h  a 40,000-
foot ( 12 , 192 meters) depth capability (figure 1 .25) (reference 1 . 1 1 ) .  Only time lack of fund-
ing presently prcvents the apph icatiom i of glass ceramic and chemically tempered glass to
full-scale sector windows with abyssal depth capabilities (figure 1.26 ) .
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Fi gure 1.1. Otis Barton ’s bathysphere , an earl y deep-diving observation bell , is sh own witim time
exp lorer William Beebe, During 1934 , tIme ba th mysp here witim Beebe and Barton aboard estab hislmed
time world’ s dept h record at 3028 feet (923 mmme ter s) . (New York Zoological Society photograph.)
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whic im provided the crew with panoramic visibility directl y below and in front of the subm ersible.
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SECTION 2.
INTRODUCTION TO ACRYLIC PLASTIC *

2.1 INTRODUCTION TO PLASTICS

Plastics are synthet ic  organic materials consisting of combinations of carbon with
oxygen , hydrogen , nitrogen , and other organic and inorganic elements. Although solid in
their finished state , at some Point in time processing they are liquid and thus capable of being
formed into various shapes by the application of heat and pressure. Plastics in finished form
consist of long chain molecules (polymers) that result from combining single molecules
(monomers). There are approximately 30 distinct familie s of plastics (table 2. 1) ,  and within
each family there are many different types , each capable of being produced in a variety of
forms. Thousands of plastic types and formulations exist; however , in practice , selection for
a given application is limited to a relatively small number.

Table 2.1. Plastic families.

Thermop lastics Thermosets

ABS Alkyd
Acetal Allylic
Acrylic Casein
Cellulosic Epoxy
Chlorinated polyether Melamine
Fluoroplasti c Pheno lic
lonomer Polyester
Nylon Silicone
Phenoxy Urea
Polya llomer Urethane
Polycarbonate
Polyimide
Polyphene lene oxide
Polysu lphone
Polyethylene
Polypropylene
Polystyrene
Vinyl

( * This section Icas contributed hi’ II. Mukamal . ~. 6’. Nixon. and K’. lamaguehi of Swedlow . Inc.
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Plastics are divided into one of two groups: thermoplast ics or thermosets . The
thermoplastics become soft when heated and then harden when cooled (this  l)rocess occurs
regardless of the number  of times it is repeated). Thermosetting resins , conversely, undergo
a chemical change when heat and pressure are applied but  cannot be resoftened . Thermo-
plastics can be generally grouped by their  load-be aring abilities , capabilities to withstand
various weather condition s , and general-purpose qual ities : they are normally used in an un-
filled state , In contrast , thermosets are generally used in conjunction with filler s and rein-
force mnents which are added to enhance a normally weak amid easily fractured polymer ic
structure. Compression mold ing is the most com mon method of for mimig thermosets ,
whereas injection molding is the principal process for forming th ermm ioplastics.

Each family has identif ying characteri stics , which render it most suitabl e for specific
applications. The characteristics of these m aterials , as well as general physical pr operties , are
contained in numerous references and can be used in conjunction with information on cost
amid miiethod of mnamiufacture to select a plastic for a specifi c application.

Acrylic is a material family within the thermoplastic group amid is distinct from all
other members because of its chemical structure and unique physical properties and charac-
teristics. A study of acrylic not only provides the necessary too ls for its successfu l use , but it
also provides a framework for evaluating and understanding other  families.

The information which will be presemited in this section is necessarily brief amid gener-
alized. Specifi c processes and material properties should be cotisidered as approximat ions
and verified prior to applica tion , Physical propertie s , in particular , are typical values amid must
not be applied as minima.

2.2 INTRODUCTI ON TO ACRYLIC

The term “acrylic ” is generall y used to describe that  group of glass-like thermo-
plastic resins and resulting d erivatives that is made by polym erizing esters of acrylic or metha-
crylic acid . The most common interpretation of the term is a polymer km iown as po lymethyl
methacry la te  which has been sold in simeet form under t h e  trade names of Acrivue , Lucite ,
Plexiglas , and Swedcast. In a general sense , acrylic momiomers can be polymerized to form
materials which range from soft and rubbery to hard crystal-like substances with properties
that can be tailore d to fit a variety of appl ications amid requirements.

While evaluat ing  acrylate pol ymers and copol ymers of methyl methacry late for
appl icat ion as an in ter layer  or l amina t ing  medium between sheets of glass , the unique  nature
of po lymethy l  methacryla te  - - a rigid glass-like thermoplastic material was discovered by
Dr. Ottom Rohm . In 1933. lie patented a process I’or the manufac tu re  of s tructures.  such
as panels or simeets , from this new resin. This original work fornied the foundation for current
acry lic techmio l ogy, and polyni ethyl mn et h acry l at e usefulness has subsequently pre dominated
in the acrylic l a mn i ly .  Several companies have cont inued to extend this technology and the
processing of acry lics. United States firms such as American Cyamia mid Co., E. I . du Pont tie
Nemours & Co.. Rohm & Uaas Co., and Swedlow , Inc. . have provided signifi cant  technical
adva mi cem u en ts and nmat e ria l  pro di m etiomi capabilities along with  commtribut i omi s  from several
European and As iami firm s. In miumera hle  fabricato rs have provided important  l)rOd uct and
processing innovatio ns tha t  were necessary to achieve the current ly  expanding product base
t’or acrylics .

1
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2.3 MANUFACTURE OF ACRYLIC MONOMER

A methy l meth a cryla t e  m onomer is industrially produced by reac ting h ydrogen
cyamiid e with acetone to yield acetone cyanhydrin.  This acetone cy anhydrimi  is mixed with
comicemitrated sulfuric acid and heated to form a crude methacryla mide sm .m l f ’ate which is

— 
reacted with methano l and water , yielding methyl  methacrylate and am,non ium h isu l fat e :

0 OH CH 3OH Cff ~II HCN H 2S04 I -

(‘11 3 C Cu 3 Cl-I s - - 

N 

- - Cu 3 CH 2 = C -- - COOR + (N I I 4HSO4 )

This process has its ori gin in natural  gas which yields propane to form propylene , then
msopropy l alcohol, and finally the necessary acetone for subsequent reactions. The major
producers of methyl  methacry iate monomers imi the United States are E. I. du Pont de
Ne m o imrs & Co. and Rohm & Haas (‘o.

2.4 ACRYLIC POLYMER iZAT ION

Most acrylic monomers are polymerized commercially by a mechanism of free radical
induct ion * which occurs in one of three basic polymerization processes: bulk , si ngle-phase
dilute solution , and multiphase dilute solution (fi gure 2.1) ,  The selection of a par ticular
polymerization process is determined by the necessary requirements of the derived polymeric
material. In addition to the effect of the process selected , the resultant physical properties
depend on the process conditions amid are modified by the use of different acrylic monomers
or monomer mixes. The wide range of properties obtainable has been si gnificant in the con-
stantly increasing scope of acrylic applications. The bulk process yields m aterial imi sheet
form: the single-phase dilute solm. mtio m i process yields liquid materials like cements , adhesives.
and impregnating resins ami d coatings : and the mult iphase di lute  solution process . wh ich is
further subdivided, yields extrusion-type pelle ts in the case of the suspension method and
paints in the case of the emulsion niethod. The general character of m aterials derived trom
these processes cami be more clearly understood by ex amin ing  the key features of each
polymerization method.

Bulk polymerization (fi gure 2.2)  is accomplished without  any diluents , i.e.. with the
monomer act ing as the solvent me diumn. This process accounts t’or t he m ajor i ty  of sh eet
stoc k , rods , and tubes amid is achieved by pouring monomers or monomer-polym er mu ixtur es
into suitable molds. Control of the chemical reaction rate whic h occurs during t h e  cure
cycle ( the  Traumsdorff period) is an important  key to this process. At this  time there is a
hi gh concentration of growing polymer chains and thus high exother mn i c  heat generation.
Success in bulk polymerization requires a careful reaction rate control (slowing down) to
avoid bubble formation and other problems. During this polymeri zat ion process a volumetric
shrinkage of about 1 percent occurs with an accompanying increase in specif ic  gravity.  The
chief a ds antages  of bulk polymerization are (1) the outs tanding optical q u a l i t y  of th e trans-
parent grades of this material ,  ( 2 )  the possib lity for at tainmnemi t of hi glm mol e c iml ar weigh t
polymers , and (3 t  the capabi l i ty  to achieve hi ghly cross-linked struc tures thro u gh th i’ use of
additives.

-I,, initiato r such as a peroxide or azo compound is usually used,
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Figure 2.2. Typical bulk polymerization cycle .

Singk-pliase solution polymerization uses a nonpolyrner izable solvent in conjunction
with the monomer to reduce viscosity am id control the rate of heat production. The process is
carried out im i a chemical reactor or kett le and directly produces materials sum ch as coatimigs ,
ad h esives , and cements , i.e., acrylic polymer solutions. These materials are usually formulated
to be of how mn o l ec imlar weight.

M u m l t ip hase so lumtion polymerization is performed using a monomer insoluble phase ,
su ch as wa ter , as a carrier , and is divided into suspension and emulsion methods. In the eniul-
SiOfl method the polymer remains dispersed in the water mixture , and in the suspension
method polymeric beads are formed and extracted from the water mixture . The advantage
of this process lies in the economy and safety derived from the use of water as the polymeri-
zation medium and the completeness of the polymerization reaction. Again , material of a
fa i r ly  low molecular weight is usually derived.

2.5 MODI FICATION OF ACRYLIC

Du mr in g polymerization , acrylic can be modified to produce optimum combinations of
properties. These modit ications include molecular wei ght control , cross h inkimig, molecular
mod i lm c at i on . and the incorporation of ’ additives.

The molecular  wei ght of pol ym e thy l  methacrylate is the most important  property that
must be def ’in ~ d f’or the polymer. The umse of chain regulators (usually mnercaptans) results in
lower molecular weight .  Low molecular weight polymers are extensively used as the pellets
for  ex t rus io m m and compression molding.  Such a material results in reduced levels of melt
v iscosities and hence easier ex tr u msion or capabi l i ty  to be molded. When the molecular weigh t
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is red u ced , however , there is an attendant reduction in weatherability and allowable usage
te mperat u mre . Hi gh molecular wei ght polymers , pro duced by low rates of polymerization ,
are generally f’abricated from monomeric percursors , i.e., a bulk polymerization process.
These materials  u ms u ma hl y have improved resistance to weathering and solvent attack amid
improved physical properties when compared with extruded parts.

Ln ..orporation of crosslinking in polymethy l methacrylate is accomplished by the
use of ’ e i ther  a d i l ’unctiona l monomer such as ethylene glycol dimethacryhate or by a chemical
reactant involving a reactive monomer incorporate d in the polymer. The first results in a
crossh inked product during t’ormation of the shape , e.g., cell casting; the second can be made
to occur after the formation of the sha pe , e.g., during thermal treatmemit.  In either case , the
res u m lti m ig polymer has iniproved thermal resistamice , excellent resistance to solvents , amid
iniproved physical properties.

Pohymethyl methacry late can also be modified by using comonomers to alter specifi c
properties. The incorporation of acrylate comonomers in small quantit ies in the polymer
formation is usefu l in increasing the ther mn al stability of’ polymers. In large quant i t ies , how-
ever, these comonomers lower the ceiling temperature and increase t h e  softness of the pol y-
m n ethyh methacrylate. The impact strength of polymethyl methacm’ylate can be increased by
the imicorporation of polymeric rubbers to produce two-phase systems , in which the pol y meric
rubber is uniformly dispersed in the polymethy l  methacry late matrix.

Additives also play a significant role in niodifying the basic properties of polymethy l
methac ryhate. Some additives and their effects on the resulting material are in table 2 .2.

Table 2.2. Additives used to modif ~ pol ym n ethy l  meth iacrylate.

Approximate
Additive Usage Quantity, %- Effect

Dyes 0.001 to 0.1 Coloring and reduction of light
transmission

Polymers 0.0 1 to I Diffusion of ligh t

Pigments 0.01 to 5 Translucency, opacity, and color

Glass spheres 0.01 to 10 Translucency and density
reduction

Inorganic fillers 0.1 to 70 Increased hardness and decreased
f lammabi l i ty ,  opacity, and
translucency

Flame retardants 0.0 1 to 10 Retarded f lamn iabi l i ty

Ultraviolet stabilizers 0.000 1 to 0.1 Light stability



By selective mmmodi f ic a tiomi , specific properties of po lymn ethy l methacrylate can be
enhanced to satisfy the needs of new nmarkets. Modification can be done by the use of
add itives or copol ym ne r i i a t i omi  with other resins during the pohymner formation stage . In
bot h solut ion and emm iu m h s io m i polymerization , endless specifi c formulations can be obtained
fo r spec ialty products , sim eh i as inks , adhesives , binders , coatings , and paints. Modification
d im r i mmg po l ymm me r t ormmiat i om m in suspension polymerization is m ore l imited th an for solution
or emulsion p o ly mn er iza t io n .  However , the powder or granules can be blended wi th  other
resins to achic~e specif ic objectives: hi gh-impact-resistant extrusion amid molding mat erials
are good ex a m n p les . Imi general , however , some property is sacrificed to obtain the selected
impru \  em n em i t , e.g.. I’or imm m pa ct - resis tant  acrylic products of copolymers there is usually a
lower t h e rm m m al  de f ’orm u at ion l im ii i t  t hi am i for those made of acrylic hom opolymers.  Specific
additives can also he included in the polymer formulatiom i to increase temperature and craze
resistance , which are important in aircraft-grade acrylic sh eeting.

Modifications in catalysts and casting techniques offer the potemiti al in bulk polymeri-
zat ion for cas t in g  nmassive acrylic shapes. Techniques have been developed to produce su ch
c a s t i n g s  u s i l i g  a mno r mom n er -p o lymer slurry in conj imnct ion wit h the modification of conventional
cell-casting technm que s .  A l t h o m .mgh these do not have the ph ysical properties of conventional
c ast ing s . the y  are q u i t e  acceptable For applications where increased wei ght is tolerable and
the use of normal cell-cast acrylic mn ater ia l would be prec lumded.

2.6 CONV E RSION OF ACRYLIC RESIN

The bulk polymnerization process produces sheets, rods, and shapes through batch cell
casting. comitinuous casting. amid slush casting.

T im e proc edure t’or cell casting is shown in fi gure 2.3.

acrylic gasket
monomer

glass

Figure 2,3. Cell casting process.
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The cell is pr epared from two pieces of tem npered glass whmch are large r than t h e  desired
fin ished castin g size. The plates are separated at the peri p lmery by a f lexible gasket , s u c h as
plast icized po ly vimiy l-chhoride tubing. Time gasket is held in place by sprim ig c l amn ps or s imi la r
des ices which permit continuo ums contraction of thickne ss as p o lymermzat io mi proceed s When
tIm e cell is prepar ed . a corner is left open to allow fi l l in g with a predetermined q i man t i t y  of
um ono m m ie r or syrup (monomer-polymer mix ture ) (see fi gure 2 4 > .  The monomer or syrup  is

Io rm mm u l ated wi th  all necessary modifiers and imigredients , such as the catalyst ,  chain regu lators.
cr (mss h im l k e r s . c  olorants. and mold-release agem its. After cell t i l l i n g ,  t ime corner is sealed am i d
Ll amm i p e d .  The mn ater i a l  in the filled cell is polymeriz ed by placing the ce ll imi wa te r  tanks.  a mr
O S L -n s . or pres sim ri zed autoc iave s for a specified tem m iper ature / t im e cycle which depends upon
th e  mat erial ’s commmpos i tion and thickne ss. After  cooling the cell and str i pp i n g t h e glass molds
from t he sheet , the po lymm ierized acry lic can be annealed to relie ve imiternal s trains or possibl y
post-cured to fur ther  chemical reactions within t l me sheet.

In the late l 960s , Swedlow . Inc.. developed a continuous casting process (figures 2.5 .
2. ( .  amid 2. 7) . This process utilizes two endless , polished , stainless-steel belts which are verti-
ca l l y separated by the pressure exerted through a continuousl y injected and po ly mnerizin g
syrup. The syrup is confined to the belts by two flexible polyvinyl-chloride gaskets at each
side of the belt. The u pper and lower belts move at the same speed and at a rate determined
by the nature of the product produced and the thickness of the desired casting. The material
held between the be lts proceeds at a const amit speed through temperature zones of varying
lengths and emerge s from the belts as a completely cured sheet. The on ly size h im i iitation is the
b elt width.

Another approach is to use a slush-casting process. A polymer -catalyzed monomer
slumrry contaim iing 50- to 90-percent polymer is mixed amid placed in a mno l d , which may be a
stat iona ry or rota t ing type (figure 2.8). Beca umse of the presence of the pre formed polymer imi
the mixture , the heat generated by the polymerizing monomer is reduced and more easily
di s s ip at e d .  If t h e  fo rmu la t iom is  of the pre formed polymer and catalyzed monomer are simnilar
and if the pre form n ed polymer is not crosslinked , then a totally clear h omogeneous product
result s . Extremel y large castings . such as clear submarine nosecones . tubu lar  hyperbaric
chambers , and massi ve d iamond-qual i ty  art obje cts . have been prepared using this approach
(figures 2. 9 . 2. 10 . and 2 .11 ) .

The extrusion and compressiomi mn o l ding processes use pellet s prepared through sus-

~~mm si on polymerization (tig u mr e 2 .12) .  These pellets are heated and pressur e s applied wit h im i  a
die unt i l  the niateria l is in a molten state and capable of Il owimig withim i the control cavi ty.  1 m m
the case of extr u m sion , both heatim i g ami d pressure applications are developed wi th in  a barr el by
means of a screw that runs inside its length . The molten mii ateria l is extnmd ed out of the
end of the barrel and into a mold cavity. (‘ompressiomi molding relies omi a moveable section
of the mold cavity for pressure application and time mmiater ial is heated within the mold. Be-

cause the resu lt ing products are norm al ly  for m ’mh at cd to be of ’ low molec u mlar wei ght. the
mecham i ica l p roperties are general l y lower than those for bulk polymerized Prod ucts.
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I mgure ‘ 4 I I h i i ’  I ca s l in g  cell w i t h  acry lic monomer  mix tu re .  Cell is composed of two pieces of
~L is\ spaced apart  at the edoes h~ an c last omeric  tube gasket. (Pim ot ograp h by Swedlow . Inc . )
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acry l ic monom er
co ri t i no us casting belts

I - igur e 2.5. C ontinuous casi ing n i eth od.
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Figure 2.7. Rolls of acry lic sheetin g.  a product of the continuous casting process. (Photograp h by
Swedlow . Inc . )
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Figure 2,8. Rotary slush-casting method.
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acrylic granule hopper

system

Figure 2.12. Injection molding method.

2.7 ACRYLIC PROPERTIES

The three main product performance requirements which are satisfied through the use
of acrylic and which usually account for its selection in pre ference to competing plastic mater-
ials are its ou mtstanding weather resistance , excellent optical clarity, and superb colorability
and color retention.

Bulk-polymerized methyl methacrylate is virtually unsurpassed in its resistance to
outdoor weathering. This property, coupled with color retention , accounts for acrylic ’s
dominance in the outdoor sign market (fi gure 2.13). Signs of acrylic are commonly guaran-
teed to be weather resistant for more than 15 years. In addition , acrylic paint finishes and
coatings are well known for their long and durable life ,

In the visual range of ligh t , the transmission of acrylic approaches perfection (figur e
2. 14).  Transmission of 91 to 92 percent is normal for material thickn esses less than 1/2 inch
( 1.27 centimeters ) with 92 percent the maximum achievable for a material with an index of
ref ’rac t ion of 1.5. The transmission is reduced slightly as the thickness is increased because of
absorption (figure 2.15).

Acrylic sheets , paints , and moldings are vir tually unlimited in the variety of colors
which can be achieved. Sheet stock is available frommi most sumpp l iers in a broad range of
standard colors with special colors available on request. The resistance to color change with
ti me, or color stabil i ty,  is dependent upon t h e  p i gmn ents used , but  it is generally outstam i ding.
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Figure 2. 14 . Crystal clarity and optical qual i ty  of acrylic plastic is readil y apparent in this spher-
ical viewpo rt for suh mne r sib les. (Photograp lm by Swedlow , Inc.)
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Figure 2. 15. Typical optical properties of acrylic.

2.8 COMPARISON OF ACRYLICS

Bulk-polymerized acrylic sheets , plates , and custom castings are available in various
government specification grades (table 2.3). The most common is the unshr unk ut i l i ty  grade
which conform s to federal specification LP-39l. It is available in sheets and plates of 1/ 16 to
4 inches (0. 1 5 to 10. 16 centimeters ) in thickness and a variety of sizes. This material ’s
length amid width dimensions will decrease about 2.2 percent , while the thickness will increase
about 4 percent , when the sheet is heated to fo rming temperature. Acrylic conforming to
MIL -P- 542 5 is the preshrunk grade of acrylic , which is used in products that demand improved
dimensional stability. It can also be obtained in a wide range of thicknesses and sizes. Acrylic
c ( m m i f o r m i n g  to MIL -P -8 184 is a crosshinked grade. When this material is biaxially stretched
( fi gure 2 . I N .  it conforms to MIL-P-25690 and has im proved crack-propagation-resistance
properties . These la t ter  two grades are used in structural applications , such as aircraft cano-
p ies and seaquar ium windows. Other available acrylic materials , although not qualified to
t hese standards , can be discussed on the basis of these grades.

Acrylic  mnat e r ia l  properties can be examined by using molecular wei ght as a frame of
r c lc r en c c .  This categorization can be established by considering the grouping of materia l in
table 2 . 4 . which is based on approximated molecular weights. As noted previously, weather-
abi l i ty  and resistance to chemical attack improve with increased weight amid the heat distortion
also increases . i .e. .  the upper service temperature imnproves. However , the capabil i ty of h eim ig
processed is also a ffe cted ,  with increasing weigh t r es u m h t i ng in a reduced capability.

Table 2.5 l i s t s  the proposed m i n i m n u m  acceptable val u mes for acrylic sheet ing to he
used in man-rated hyperbaric chambers , and tables 2. (i amid 2.7 compare the properties of the
various grades of ’ acry lic.  I t  should be noted t h at these properties are average va lue s  and do mi~s l
def in e minima or range s of values. As such . they should be used wi th  care amid the appropriate
saf e ty tact o rs  applied or mm io re detailed tes t ing l’or specifi c liroPerti es t m n d er take t i .
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Table 2.3. Government specifications lor acrylic.

Frame of Refe rence ,
Qu ma h if ied Acrylic Grade General Characteristics molecular weight*

LP-39 1 Non crossh inked , low molecular 1 ,000,000
weight , dimensionall y unstable
at elevated teniperatures

MIL-P -5425 ~ Noneross h inked , low mno lecu lar 1 .000 ,000
weight , improved hi gh temper-
att ire dim n em i s i omial  s tabili ty

MIL-P- 8 184 ~ ( ross h inked.  high e ffective 4 .000 ,000
molecular  weight , high heat
dis tor t iomi temperature

Ml L-P-2 5690 Cross linked , high effective 4 .000 .000
molecular weight , im proved
general properties developed
t h rough biaxial stretching

* These ~ne only appco ’.imations; inoL ecu~ t r weigh t  definitions do not apply to crosslinked-type mat er i a l s .
h ut  the ~-~ n cep t  of large molecular .,ILCS or mair ices is useful  in judg ing general m a ter ia l  c h a r a c t e r i s t i c s .

Table 2.4. Grades of acrylic and molecular weights.

Frame of Refe rence ,
(;rade of Acrylic mole cular weight

E xtruded and corn pression mn o lded acry lic 190 ,000

Com itin ui ous cast acrylic 400 ,000

Util i ty-grade acrylic MIL-P-2 l 105 amid MIL-P-5425 1 ,000.000

I-I ighly crosshimiked acrylics MIL-P-8 184 and MIL-P-25690 4.000,000
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Table 2.5. Proposed minimum requirements for acrylic sheeting
l’or mar t -rated hyperbari c cha m bers. *

Property Required Value

I od—m i o t c l med im i mpac t  s trength 0.3 f t—lb / in  m in imum

Refract ive  im i dex 1.49 ±0,0 1

W ater  ah~orptio n . 24 hr 0.25~2~ m is ax im n u m n

(‘omn p r es~ive deformation , 4000 psi at 122 °F 1.0% m nax imummi

Tensile
Ul t ima te  st ren g t lm 9000—psi min imuni
Elongation at break 2~/ ni inimuni
Modulus 400 ,000-psi m i n i m u m

Compression , yield strength 15 .000—psi min imum

Modulus 400 ,000-psi m in i m n un m

Shear , u l t ima t e  ~l re n gth 8000—psi minim tim

Rockwel l  hardn ess M scale , 90 mn initnum

Flexure u l t i m a t e  strength s 14 ,000—psi mini muni

Specifi c gravity 1.19 ±0.01

Residual  mom iomer
Methy l  methacrylate 1 5(/ m ax imu mni
E thy l acrylate 0.0 l~/ maximum

Ultraviole t  ( 290—330 t im)  light trans n i it tance SY maximum

(‘lar i ty .  visually rated Must pass readability

(‘o e f t m c i e n t  of l inear  th ermal expansion at
—40° F 2.8 maximum ( in I 0~~/° 1 ’ )
— 20 °F 3.0— 0° F 3.2
+20 ° I 3.5
+40° F 3.7
+60° F 4.0
+80° F 4.3

+ioo ° t~ 4.7

* Reference table Al  ol ANS 1/AN ~5 II - PVl tO -t . Pressure Vess~ is for Human Occupancy. Appe ndi x  A
Acryl ic  Viewport s .

I psi = 6.8947 57 I +fl 3 Pa
— 3 2 / l . 8

I I r- lh = 1.356 8 18 l- +00 N—rn

t i n 2. S40 000 1 —02 m
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2.9 CHEMICAL RESISTANCE

Acrylic  is generally unaffected by most inorganic solut ions. th igh concentratiom is of
oxidizing acids and concentrated basic solutions attack acrylic , and acrylics are soluble in
harsh organic materials such as ketones , low esters , and aromatic and chlorinated hydro-
carbons. Organic solvents which can be used to clean acrylic surfaces include aliphati c
naphtha (200 thinner)  and isopropyl alcohol.

Chemical resistance does not consider the combined effect of stress acting on the
material.  Tensile stresses acting in combination with chemicals which otherwise show no
at tack on the acrylic can result in crazing.

Table 2.8 slmows the effect of various chemicals on general-purpose acrylic.

Table 2.8. E ffect of chemicals on acrylics.

Chemical Negl igible Attack Strong Attack

Ac i ds

Weak

Acetic (5~~) X
Chron~ie (40%) X
Citric (1 0’~ X
I-hydrochloric ( l 0 Y ~) X
Nitric ( !O~~) X
Sulphuric (30~ ) X

Strong

Hydrochloric (40w ) X
t-Iydro fl i,moric (40’~ ) X
Nitric (40Y ) X
Sulphuric t~)8’~ ) X

Bases

Weak

Ar nm on it mm h ydroxide (28 %) X
Sodium carbonate (20’~ ) X
Sodium hydroxide  (60’~ ) X

Stro n g X
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Table 2.8. Cont inued.

Chemical Negli gible Attack Strong Attack

Organics

Weak

Naphtha (aliphatic) X
Isopropy l alcohol X
Heptane X

Strong

Chlorinated hydrocarbons
Chloroform X
Trichloreth ylene X
Methylene chloride X
Carbon tetrach loride X

Ketones
Acetone X
Methyl eth y l ket one X

Alcohols
Meth y l X
Ethyl  X
Butyl  X
Toluene X

2.10 PRODUCTS MADE FROM ACRYLICS

A wide range of products is manufactured froni acrylic materials because of its
resistance to outdoor weat h ering and its resulting lomig-term material beauty,  or in the case
of transparent acrylic , its retention of visual clarity. Examples of the diversity of acrylic
rroducts are given in the following list:

Aircraft  transparencies (figure 2 . 1 7 )
Canopies
Windshields

Windows
Arch itecture (figure 2.18 1

Signs
Facia
Glazings

2-27



Naval transparencies (figu res 2.19 and 2.20)

Gunshield windows
NEMO-type submersibles
Viewports for pressure vessels

L. Automotive recreational (fi gure 2.21)
Automobile bodies
Camper shells
Boat hulls

Armor transparencies (figu re 2.22)
Tank vision blocks
Windows

Decoration (figure 2.23)
Infinite variety, usually selected for visual clarity

Molded and extruded shapes
Rods , tubes
Tail-ligh t covers
Lenses

Paints , adhesives , and coatings
Furniture (fi gures 2.24 and 2.25)

Chairs

Tables
Shelves
Partitions
Sinks , bathtubs , and showers

The size , form , and functional needs of these products vary over a wide spectru m , and ,
as such , the manufacturing methods must be tailored to product demands. Acrylic material
must be shaped , machined , finished , and joined in various ways on its way to becoming a pro-
duct. However , underlying the processing are two fundamental concepts: (1) acrylic is a
thermoplastic material and may, there fore , be shaped when heated (thermofo rmed) and (2)
acrylic may be machined by using wood-working or machine-shop equipment and basic
machining techni ques with only minor modifications.
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Fi gure 2 .1 7 . Aircraft canopy during final buffing operation . Not e the edge attachment for bolt-
ti -m g the canopy to the aircraft.  (Photo grap h by Swedlow , Inc .)
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Fi gure 2. 19 . NEMO -type pressure hull for a submersible with 1000-meter depth service . Hull built
from adhesive-bonded thern ’moformed spherical pentagons. (Photograp h by Swedlow , Inc.)
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2 , 1 1  DESIGN CONSIDERATIONS

A~ w i t h  the  conversion of nearly all mater ia l s  in to  produ ct s . it is necessary to under-
sta nd time p h ysical  propert ies  of the mater ia l  am sd observe the recommended practices for
i t s  use. With plas t ics , in par t icular , it is necessary to give care ful consi deratiom i to the  methods
or processes w hich are used to shape and join the materials , as the possibilities are q u i t e
d ive rse  and the  material ’s performance can be altered by the selected process. Desi gn of the
process is often as importan t as the desi gn of the prod umct itself. Other consideration include
the following.

I - T lmerm ’na l cham iges must  be given carefu l a t tent ion , as propert ies of p lastic are mLich
more sens i t i ve  to sud s changes  than are most other materials.

2. Properties of plastics are t ime dependent , and pa ram e ters suc h as l oad du rat io n
and load-application rate in com rm bi n at io n  with t h ermal changes must  be carefully evaluated.

3. Plastics exh ib i t  a ra ther  uni que f a i l u r e  nie ch ianism known as crazing, which can be
at t r i bu m ted t o th e action of stress , solvents ,  amid en viro n mu enta l  exposure.  Th is degradation can
result in failure by fracture  of the part ai md, as simch. it must be understood if the proble m is
to be avoided. ( r azing is defined as the format i on of ’ fine cracks which can extend over or
under  the surface ot a plastic. The cracks are d i f f i cu l t  to see , and whem i magnified they appear
as a three-dimensional lacy ne twor u: ( f igure 2 .2 6 ) .  They appear on the tension surtac e of an
oh ect and are norm i mal ly  o r i ented  per p endicular  to the direction of ’ m a x i m u m  tensile st i  es :.
When crazing occurs in a randoni fashion , it is normally t h e  result of solvent action and is
known as sn l ve n t  crazing. Crazing reduces the load-carrying capabil i ty of a mater ia l  and acts
as a stress riser. Residual mn onom i ier can act as a solvent and result in crazing. It  is an irrever-
sib le process and cannot be e l imina t ed , except  by the physical removal of the crazed material
through gr inding and polishing. To salvage a part which has been crazed, the part can be
a nnealed ami d the craze physicall y removed. This results im i an overall thickness reduction , but
it has the advantage of removing the stress concentrat ion caused by a residual tensile stress
developed durim i g fabrication.

There are many exa im s pies of ’ the improper  design of products m ade of plast ic :  the
radio ease which becomes dis tor ted  whets ieft in the sun or the plastic case which takes ah u ~ i ’~e
tr ea tmiiemi t when fir H purchased but wh ich breaks after a few months. These problems can he
avoi ded t hr ou gh ca u tious an d co n side red appl i cat i on of good desi gn p rincip les , which are
developed th rough a good unde r s t and ing  of the material ’s properties and are avai lable  f r o mm m
suppliers,  e i ther  in wr i t t en  form or th rough  direct  con tac t .

2 . 1 2  T FIE R M OFO R ~ 1ING ACRYLIC

Therm im oformni n g  of acryl ic  req umires heat imig t h e  mater ia l  above its gIas- ~ tr a t i s i t i .
t empe ra tu r e  and app ly ing  sum f l i c i e n t  pressure ’s and load while  hot to obta in  the  de~u .
While m n ain ta in i mig  the app lication of load , the part is cooled and the shape is th er cl ’ ’.

I - I r m!I :g  t e m i m p e r a t u r L ’s vary comisiderably and are related to time grade - ‘ ‘

peratures are umsually fro im i 230 to 360°F ( 1 1 0  to 182°C) . s~ tIm the  exdL r t  I - ‘

acrylic  which  is formed at 220 ° I - ( 1 04° (’) or sli ght ly  lower. The lo rn imi  -
part icular  acrylic and the  req u mire d shape n stmst be care ful l y commtro l l e d  in .. -
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too low, the shape may not be retained because of the high residual stresses which can also
cause craz ing in service: if it is too high, the acrylic can tear during formation. An optimum
forming temperature is dependent upon the grade of acrylic, the thickness of the material,*
the method of formation, and the required shape. Forming temperatures are commonly
derived from test data defining the tensile modulus of elasticity as a function of temperature
and are subsequent ly refined on the basis of forming experience (figure 2.27).

100.000

10,000 —

0.

1000 - 

27~~~~~~~~~
M

~~
:5425

100 - 
of curve 

Pa
t~ = (t~ -32) 11.8°C 

::~r
10 I I I

0 100 200 300 400

TEMPERATURE ,°F

Figure 2.27. Tensile modulus of elasticity as a function of temperature .

In many cases, the desired shape is a free-formed surface which requires only periphery
contour control, while the body contour is developed through the application of pressure
and the free movement of the material. More complex shapes may require the use of full-
surface dies for either a single surface or a matched two-surface configuration (figure 2.28).

Application of the loads necessary to move the acrylic to the desired shape can be
achieved by pressing a die surface against the material through the reaction of a matched die,
applying a vacuum pressure between the material and the die, or applying pressures greater

* Thin material is normail~ heated slightly more than thick material because of its more rapid cool.down during the
formation operation.
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than ambient to the surface of the acrylic away from the die. In the case of free forming,
either vacuum or positive pressures are used. Some instances require combinations of these
loads and variations in material temperatures.

The rate at which the shape is developed and the rate of cool-down are important to
the quality of the product. As previously noted, residual strains, which can cause surface
crazing, result if careful control is not exercised. These strains can also cause the part to
distort in shape, resulting in either an inherent deficiency or a mismatch when the mating
surfaces are joined.

If a temperature which exceeds the forming temperature is experienced subsequent
to forming the acrylic, the part will relax and tend to return to its original flat sheet form.

2.13 MACHINING ACRYLIC

Routers, band saws , table saws, shapers, lathes, milling machines, and drill motors, as
needed for woodworking or metalworking, can be used to machine acrylic (figure 2.29).
Experienced woodworkers or machinists should have no trouble in working acrylic shapes;
however , they must understand the properties of the material being shaped to achieve good
quality finishes and to avoid damage. The coefficient of thermal conductivity, coe fficient of
thermal expansion, and tensile modulus of elasticity are the most important properties
affecting the machining of acrylic (table 2.9). The low thermal conductivity prevents heat
generated by the cutting tool from effectively flowing away from the cutting zone; the high
thermal expansion causes reductions in the clearances of the cutting tools in the machining
zone, which can result in tool binding; and the low modulus of elasticity results in material
deflection at the cutting point, if proper precautions are not taken.

Table 2.9. Thermal conductivity, thermal expansion, and tensile modulus of elasticity.

Thermal Thermal Tensile Modulus
Conductivity, Expansion, of Elasticity,

Material BTU . in/hr . f~2 . °F in/in °F lb/in2

Silver 2900.0 11.0 X i0 6 11.0 X 106

Aluminum 1570.0 12.6 X 10—6 10.0 X 106

Yellow brass (65-35) 830.0 11.3 X 10—6 16.0 X 106

Nickel 420.0 7.2 x iø 6 32.0 X 106

Mild steel (1020) 360.0 8.4 X 10~~ 30.0 X 106

Stainless steel (304) 155.0 9.9 X 10~~ 28.0 X io6

Acrylic 1.2 35.0 X l0~~ 0.5 X 106

Notes:
1 BTU in/ft 2 

‘ 1 .441314 E-0 1 W/m K

I in = 2.540000 EM2 m
0 . . 0 . 0I ~ 1 = I in/in = 1.8 C

I lb = 0.04536 kg
I 1n 2 = 6.451600 L-04 m 2
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Figure 2.29. Milling of edges on spherical pentagons used in the assembly
of NEMO-type pressure hulls for submersibles. (Photograph by U.S. Navy.)
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Routers are commonly used in edge-finishing operations. These machines should
have a minimum no-load spindle speed of 10,000 revolutions per minute. Cutters used with
these machines should have a back clearance of 10 degrees (0.17 radian) and 1 5 degrees
(0.26 radian) of rake. Two or three flute cutters smaller than 1-1/2 inches (3.81 centimeters )
in diameter produce very smooth cuts. At slower surface speeds for the cutter , more flutes
may be desired. The direction of cutting tool movement can be either conventional (up) or
climb (down), depending on the desired cut geometry and chip formation (figure 2.30).

Part A. Climb cutting. Part B. Conventional cutting.

Figure 2.30. Cutting tool movement for routing acry lic.

Drills should be operated at 1000 to 5000 revolutions per minute, depending on the
bit diameter. The larger diameter holes should use a reduced speed. High-speed, standard-
steel, tw ist drill bits are recommended, but should be modified to a 60-degree (1.04 radian)
tip angle, 0-degree (0 radian) rake angle, and a 12- to 15-degree (0.21 to 0.26 radian) clear-
ance angle (see figure 2.31). The material being drilled should be backed with wood or

tip angle, 60° cutting direction

clearance
I 0 0

angle, 12 to 15

1 deg = 6.894757 E+03 rad

Figure 2.31. Drill bit dimensions for machining acrylics.
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j c r’, 1k Ott the bii.esiiing ~ t u t a t  e h i’r~ L’flI sp.illing. T ue bit should be fed and backed
oft P~r,odit .*lt~ ~~ ffl~~jfl. t iut  rt’,fl()~~l and in provide cooling time. As in all drilling
o~:craIit),l., h i t  bit mual it t i l  ~ t Iik and t h e  workpiece must be held securely to insure
tl u~ltt ~

Aer~ 1k .~ t be •m ~~~~ ~tf . t t ,  band, jig. or sabe r saws , depending on the desired
ul. (‘ a rt ular ~~~ sh~ IUItI O~ . u t  ~1 ~ l 11$) ii) I 2.000 surface feet per minute. Blades should

be hoIli~~ ground ~ III ~higJi t$ ~ wi tee th 0.010- to 0.01 S-inc h (0.03 to 0.04 centimeter)
c learante k~ rl in-b lade P and Ii.j ~~ a ( I’ In I 0.-degree (0 to 0.17 radian) rake angle. If possible ,
11w hljdcs should he ~l’ Ited to pre~cnI h~aI warpIng. The number of teeth per inch decreases
as the ~~ r~piete iht~ Lnv~~ u~ ase s \~ in 11w cutting of wood , a chip breaker plate should
be used to prevent spalhiiig. Baud saws should be operated at 3000 to 5000 surface feet per
minute. Metal-tuiiiiig blades are prefe rred , and uniform feed rates should be observed with
caut ion e~ercase d In prevent binding. When using jig or saber saws , the workpiece must be
held secure l~ 1(1 pre~eni crackitig This is especially true in the case of thin material. As in
all cutting operations , sharp tools are required it problems are to be avoided and quality
dnd efficiency achieved. In many eases , carbide-tipped cutting tools should be considered.
Single-point cutting of acrylic should be done at about 500 surface feet per minute. The
cutt ing tool should be ground as shown in figure 2 .32 .

end cutting edge

side 

~~~~~~~~~ 

~7rake

side~~~~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _ _ _

end relief
side relief

Figure 2.32. Single-point cutting tool.
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Cutting fluids can be used to help machine acrylic. These fluids primarily act as a
coolant, secondarily provide lubrication for chip removal , and finally act as a chip removal
medium. The preferred fluid, when used, is water with some wetting agent, such as a
detergent , as an additive. Other cutting fluids should be used with caution to avoid acrylic
crazing.

It should be noted that unshrunk acrylic undergoes a 2.2-percent shrinkage when
heated to forming temperature. This factor must be allowed for in trimming acrylic. Under
these same conditions, the thickness increases approximately 4 percent.

2.14 SANDING , POLISHING , AND CLEANING ACRYLIC

Scratches , gouges, and marks on acry lic surfaces can be removed by hand or machine
sanding. Wet or dry sandpaper should be used, with a coarse enough grit to remove the
blemish and progressively finer grits to finish the process. The sanding surface should be kept
wet with water to minimize generated heat and to prevent clogging of the sandpaper. A uni-
form and flexible back-up pad, such as neoprene foam, can be used behind the sandpaper to
help distribute pressure . A slightly larger area should be covered with each finer grade of’
paper to prevent localized sanding distortions.

Scratches left by the sanding, or hairline surface scratches developed in service , can
be removed by buffing and polishing (figure 2.33). Such finishing can be done for purely
aest hetic reasons or, in the case of transparencies , to improve optical quality. Used first is
an abrasive wheel, w hich consists of a buffing pad made of stitched cotton or flannel and an
abrasive compound composed of very fine alumina, or similar material , combined wit h
tal low or wax binders. The wheel should run at about 1800 surface feet per minute. After
this operation, a buff of only tallow is used to refine the acrylic surface further. A high
luster is finally achieved by carefully buffing with a wheel without abrasive or tallow. These
operations should be done with extreme care to prevent overheating the acrylic surface and
the developing of a rippled surface which has the potential for subsequent crazing.

The pre ferred method of cleaning acrylic is washing with mild detergent and water.
A soft , clean cloth or chamois should be used with only a light application of pressure. Oil
or grease spots can be removed with aliphatic naphtha. Do not use alcohol, gasoline, acetone ,
benzene, chlorinated hydrocarbons, strong caustics , lacquer thiiiner, or household window
cleaning compounds.

2.15 SURFACE COATINGS AND TEXTURING

Several types of coatings are applied to the surfaces of acrylic to improve resistance to
abrasion , provide reflective qualities, and enhance visual transmission and electrical conduc-
tivity . Films, such as paints and inks, are used for either decorative purposes or to provide
special opt ical effects. The basis for successful application is substrate preparation , cleaning,
and a compatib le coating chemistry . Each coating is usually intended for a limited range of
acrylic grades.
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Acry lic sheets are made significantly more resistant to abrasion through the app lica-
tion of special coatings (figures 2.34 and 2.35). One coating is described by its manufacturer
as crosslinked fluoroplastic polymer containing silica. Other manufacturers are working to
develop coatings based on different polymer systems. In general, these coatings improve
light transmission , reduce haze, and improve the solvent resistance of coated surfaces. They
are characterized by excellent resistance to weather and environment , and are finding appli-
cation in the areas of public transportation, buildings, and display windows.

Vacuum-deposited and chemically plated thin films of alum inum, silver, chromium,
or gold are routinely applied to acrylics. Film thicknesses range from I to 1000 microinches
(2.5 4 to 2540 meters —8). In the case of very thin films (approximately 1 microinch (2.54
meters 8)), the materials can be transparent and are used in heater elements, radio-frequency
shields. passband filters, and ant ireflective devices. Thick films (approximately 1000 micro-
inches (2540 meters ’8 )) are opaque and are used in decorative products or reflective items.

Acrylic can be easily painted. A special application involves back painting clear
acry lic material, a procedure which protects the paint from damage and provides a unique
beauty, Inherent in this application is the need for clean acrylic surfaces. Oils or greases can
be removed by using aliphatic naptha , isopropyl alcohol, hexane, kerosene , or w hite gasoline.
For general cleaning, water and a mild detergent , followed by a thorough rinsing, is preferred.
Acry lic-based paints are recommended for outdoor applications with alkyd paints acceptable
for indoor items.

Acrylic can also be effectively silk-screened, a process widely used in the sign industry .
It is possible, using this process to form shapes from flat silk-screened material, thereby sim-
plifying the color application process.

It is also possible to obtain acrylics with various textured surfaces. These textures
are applied either during polymerization of the stock or as a secondary operation by using
embossing techniques.
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2 .1 6 JOINING ACRYLICS

In most applications , acrylics are joined to some other structure by conventional
bolting or riveting, clamping, or adhesive bonding. The effects of the differential thermal
expansion between members and the basic mechanical properties which affect structur il
performance must be considered if the bond is to hold.

Acrylic can also be joined to other acrylic elements to form complex shapes by
direct bonding to form butt , scarf , lap, or of fset joints (figure 2.36). Acrylic adhesives or
solvent-based cements are used. Each joint has features which make it particularly suitable
for special types of ’ loading (figure 2.37).

lap joint

scarf Joint

butt joint

offset joint

Figure 2.36. Different joints used to bond acry lic.

acrylic adhesive-bonded
edge attachment

acrylic 
_______

/ 
metal 

_ _ _

_
~JJ

elastomeric — A —

adhesive

Part A. Acrylic directl y Part B. Attachment materials
to structure. bonded to acrylic.

Figure 2.37. Bonding of acrylic.
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The adhesives used to form these joints can be either reactive or solvent and are
selected on the basis of the grade of acrylic being bonded. Reactive adhesives are commonly
acrylic based and are used on cross linked grades. Solvent adhesives rely on their ability to
soften the parent material and are used with low molecular weight , noncrosslinked grades.
The solvent adhesives can be used as either straight solvents or as combinations of solvent
and acrylic materials. These adhesives have varying degrees of strength and can be optically

— transparent; however , in most cases they yellow or otherwise discolor with age.

Before and after bonding, it is recommended that the acrylic be annealed to remove
stresses and absorbed moisture. If this is not done , the joints will degrade with time. Anneal-
ing is a t ime~at~temperature phenomenon and is dependent upon the thickness and grade of
the acrylic: the thicker the sheet , the longer the annealing time. Annealing temperatures
are normally above the heat-distortion temperature of the material , i.e., from 200 to 230° F
(93 to 1 10°C), and the time is that period necessary to bring the material to thermal equili-
brium. Cooling is a necessary part of the operation and must be controlled to prevent part
warpage cau sed by residual stress formation. The cooling period is normally considered to be
complete when the midplane temperature is below the glass transition temperature of the
material.

Acrylic can be bolted or riveted to substructures, but normally edge attachment
mater ials are first bonded to the acrylic to provide a way to distribute the fastener load.
Acrylic is somewhat “notch” sensitive and diffe rential thermal expansion must be consid-
ere d (figure 2.38).

In summary, the weak link in the structural chain is usually the joining mechanism ,
w hich means that carefu l attention must be given to the method used, the structural design,
the acrylic ’s notch sensitivity, and the effects of differential thermal expansion.

acrylic

load distribution strip

metal

fastener clearance
for expansion

Figure 2.38. Normal bolted or riveted edge
attachment.
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2.17 LAMINATION

In many applications, it is necessary to laminate acrylic to other acrylic layers or
different materials, such as glass or reinforced plastic. This need arises when the properties
or the acry lic composite structure offer design advantages which cannot be achieved when a
single material is used. One example is an aircraft windshield which is composed of glass, a
flexible interlayer, acry lic, an interlayer, and acry lic (figure 2.39). This provides a structure
which is lightweight, resistant to bird impacts and windshield-wiper abrasion , and fail-safe
(figure 2.40). Another example is the use of as-cast acrylic, an inter layer , and stretched
acrylic to form a window which can tolerate high temperature s on the as-cast acrylic face
while experiencing only moderate temperatures on the stretched acrylic side. Many times
it is desirable to place decorative films, wire grids, reflective coatings, or other elements
within an acrylic composite to achieve various e ffects.

Laminating materials or interlayers can be rigid (high modulus) or extremely flexi-
ble (low modulus), depending upon the service environment and the materials. Two important
considerations in selecting an interlayer are the differential loads being carried by each struc-
tural element and the differential thermal expansion of each element , The difference in
deformations of these elements must be reacted by the selected interlayer material . Exampks
of materials commonly used for interlayers are modified acrylics, urethanes , polyvinyl butyr:!~.
and silicones. Some are manufacture d in sheet form and ac~ iaminated through the application
of heat and pressure in an autoclave. Other materials arc cast in liquid form between the
members to be joined and polymerized in place, normally with the application of heat.

Table 2. (0 lists general characteristics of some common interlayer materials used in
laminating acrylic to other materials.
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se alant coppe r tape ground strip

0.050 Chemcor glass sealant
ant istatic coating

.25 silicone
rubber interlaver

antiice coating

.90 stretched acrylic

0.05 silicone
rubber interlayer .90 stretched acrylic

Figure 2 .40. Cross-section through an impact .resis tant windshield for modern ,
high-speed, aerospace vehicles.

(
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Table 2.10. lnter!ayer materials.

Identification Type Typical Usage Comments

Polyvinyl butyral Sheet Bonding glass [las good optical properties above
(BGH plasticizer) face sheets +32° F (0°C). Helps prevent shattering

— of the laminate when impacted .
Polyvinyl butyral Sheet Bonding glass Adhesion of the face ply to the inter-
(LBS plasticiLer) face sheets layer minimizes particle scattering.

Sensitive to water ingress. Delamination
from face sheet at edges. Limited to
+160°F (71°C).

Silicone Sheet Bonding glass Has good optical properties and good
face sheets for elevated temperature properties (300°
high tempera- to 400°F)(l49 to 204°C), Sensitive to
tore applica. H20 and SO2 with severe cracking.
tions High cost. Availability unknown.

Acrylic Cast-mn-place Bonding acrylic Provides laminates with flexural proper-
face sheets ties equivalent to a monolithic

configuration. Will not provide fail-safe
capability.

Polyester Cast-in.place Bonding plastic One of the first cast-in-place interlayers
face sheets developed. Permits lamination of plastic

materials with different processing ‘I

cycles. Improved thermal capability
over polyvinyl butyral.

Silicone Cast-in-place Bonding plastic Excellent for applications requiring a
face sheets, wide temperature capability: —100°F to
glass face sheets, +450° F (—73 to +232°C). Has excellent
and glass to toughness and optical quality. Provides
plastic excellent adhesion to both plastic and

glass. Does not become brittle or rigid
at depressed temperature. Maintains its
excellent tensile strength and elonga-
tion characteristics over broad tempera-
ture range. Excellent compatibility
with conductive coatings.

Polyurethane Cast-in-place Bonding plastic Most recent of interlayer materials.
or sheet face sheets , Characterized by higher tensile strength

glass face sheets , with respect to temperature. Has natural
and glass to tenacity to most materials.
plastic
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2.18 SUMMARY

As the previous sections have shown, acrylic plastic is a many-faceted material whose
properties can be custom-tailored to meet the requirements of different applications. Still,
it has not found the wide application to which it is entitled. The reasons are not high cost ,
lack of fabrication capabilities, or absence of requirements for transparent materials with
structural integrity. Rather , the absence of acrylic structures, or large structural components
in otherwise opaque structures, can be explained only by lack of confidence and experience
on the part of architects, structural engineers, designers, and building inspectors . Only if
these people acquire the needed confidence and experience will the use of structural members
fabricated from acry lic plastic increase significantly. It is hoped that this chapter contributes
in a small measure to this goal.
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SECTION 3.
SOURCES OF WINDOW DESIGN DATA

3.1 INTRODUCTION

Most engineering fields basically rely on two sources of data: analytical and exper-
imental , The unusual aspect of acrylic plastic structural engineering is the preponderance
of experimenta l data , the reasons for which are rooted in the history of viewport develop-
ment and the inability to predict analytically the viscoelastic behavior of acrylic plastic, In
1948 when Professor A. Piccard introduced both acrylic plastic and the conical frustum
shape to viewports in submersib les, the analytic tools and the material science necessary
for accurately ca lculating the distribution of stresses in an acrylic plastic window shaped
like a con ical frustum did not exist. There fore , the selection of appropriate window dimen-
Sb us was based sole ly on experiments conducted in Piccard ’s high-pressure laboratory. These
data now form the cornerstone of al l experimental data generated for acrylic viewports.

Since 1948, the sciences of both materia l behavior and stress analysis have made
enormous strides. The response of materials to triaxial stress fields is well understood l’or
most materials and numerous theories exist t’or the prediction of their failure. Stresses can
be calculated f’or structures ot’ almost any conceivab le shape by utilizing finite-element
stress ana lysis techniques. However , the prediction of stresses in acry lic plastic structures
under long-term or cyclic loadings is still less than satisfactory for two reasons: First , the
response of acry lic plastic to cumplex three-dimensional stress lields is not completely
understood, particularly its creep and relaxation functions. Second , finite-element analysis
h as not yet been sufficiently refined to consider creep and re laxation rates that are not
only f’unctions of time and temperature , but also of the stress-field configuration and mag-
nitude of ’ individual stresses.

As a result , expenmental eva luation of acrylic structures and structural elements
must he performed wh ether analytic calculations or general engineering experiences are
used to determine the dimensions , particu larly when the structures are used to house men.
Thus, experimental data generated by testing full- or model-scale structure s are the major-
ity of the structural data used in the design of standard -shaped windows and pressure hulls.
These data are augmented by results from tests under standard loading conditions , e.g.,
tension , compression , flexure , impact , and fatigue, on material specimens. Since these
data are general in nature , they are often used to expand the applicability of existing cx-
menmental data.

Ana lytic stre ss analysis techniques should be utilized wher eve r feasible to arrive at
the proper dimensions of acry lic structures. However , until they are used more ot’ten arid
the response of acry lic structures to complex stress fields is fully understood and the
init iation of fracture predictable , existing experimental data from testing of acrylic struc-
tures and material specimens remain the basis of design and the ultimate way to compare
the performance of operational structures.
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3.2 EVALUATION OF STRUCTURES

32.1 Viewports

The acrylic plastic windows for viewports are generally tested to obtain four types
of data: critical pressures , disp lacements , strains, and crack sensitiv ity. All are important
for the proper understanding of window behavior , but only the first two are absolutely
essential for adequate design of the viewport assembly and evaluation of its performance.
Other data that should be considered include impact and dynamic shock resistances.

32.1.1 CRITIC AL PRESSURES. Critical pressures are experimentally generated by
placing a full- or model-scale window in a mounting and subjecting its high-pressure face to
hydrostatic loading until the window loses its structural integrity, i.e., until it leaks or disinte-
grates catastrophically (figures 3. 1 and 3.2). Since acrylic plastic is a temperature-sensitive
viscoelastic material, the magnitude of critical pressure varies significantly with the ambient
temperature and type of hydrostatic loading to which it is subjected. For this reason, the
ambient temperature must always be maintained within a specified range during testing.

Destructive testing of acrylic plastic windows is usually accomplished by placing the
viewport in the pressure vessel’s end closure with the high-pressure face of the window facing
the interior of the vessel (figure 3.3). To eliminate any undesirable restraint on the window
by back pressure, the low-pressure face is always directly in contact with external atmospheric
pressure through an opening in the vessel’s end closure. Upon failure, the window fragments
are ejected with explosive force through this opening. For this reason, pressure vessels used
to generate critical pressure data are generally placed outside in a barricaded area. When this
is not feasible, a container is placed around the low-pressure face of the viewport mounting
and the entire assembly is placed inside the vessel. The interior of the container is vented to
the atmosphere by a long tube with a small orifice restrictor that immediately becomes
plugged by fragments when the window fails, thus preventing any damage to the immediate
environment of the vessel.

The magnitude of critical pressure and the associated displacement of the window
through the mounting prior to failure largely depend on the design of the window’s mount-
ing. Therefore, it is always necessary to describe the mounting arrangement used to generate
critical pressure or displacement data (figure 3.4).

3.2.1.1.1 Short-Term Critical Pressure. This is always numerically higher than the
critical pressures generated by long-term or cyclic loadings. Since these pressures are opera-
tionally easy to generate , they predominate in the published data. The Navy has generated
the majority of short-term critical pressures by pressurizing windows at 650 pounds per square
inch (4.48 megapascals) per minute in a room temperature environment. Since the magni-
tude of the critical pressure varies with the pressurization rate, ambient temperature, and
type of mount ing, these characteristics must be known when comparing or combining data
from different sources.

If comparisons must be made between data from different sources with different
test conditions, it is preferable to match them by ranking the effects of different test
parameters on the critical pressure. For such purposes, temperature is ranked tirst~ type
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of mounting, second: and rate of pressurization, last. The following ranges of variation in
test parameters between different sources of data are considered acceptab le, as their effect
on the critical pressure is probably less than 10 percent: ±5 °F (2.5 °C) for temperature and
±300 pounds per square inch (2.07 megapascals) per minute for rate of pressurization. High-
er pressurizat ion rates and lower temperatures produce higher critical pressures and smaller
displacements , while lower pressurization rates and higher temperatures produce lower
critical pressures and larger displacements. Since the e ffect of the mounting is a very com-
plex subject and varies signiticantly with each type of window , it will be discussed later in
the sections on the appropriate w indow shapes.

3.2.1 - I .2 Long-Term Critical Pressure. These pressures are always lower than short-
term critical pressures. Since the magnitude is a function of sustained loading duration and
temperature , it is best represented as a family of static fatigue curves for a given window design
(figure 3.5) . The curves are generated by individually subjecting a series of identical windows
to different leve ls of sustained constant loading until failure occurs. Since temperature is an
important factor, a series of tests must be conducted not only at room temperature but also
at other ambient temperatures. Long-term critical pressures are essential for the design of
windows in underwater habitats , deep ocean simulators, and saturated diving chambers ,
where the magnitude of hydrostat ic pressure is constant and applied for long periods of
time.

Since long-term critical pressure is very sensitive to temperature , comparison of data
from different sources is only feasible when the ambient test temperatures are identical. A
difference of 5°F (2.5 °C) can generate at least an order of magnitude difference in the dura-
tion of sustained loading prior to failure. The pressurization rate to sustained loading,
however , can be ignored, as its effect on durations in excess of I day prior to failure is
insignificant. The effect of the mounting is as important as it is for short-term critical
pressures, and for this reason only data tested in similar mountings can be compared.

3.2.1 .1 .3 Cyclic Loading Critical Pressure. Such data are generated by individually
subjecting a series of identical windows to pressure cyc les with diffe rent maximum pressure
leve ls and different ambient temperatures. This generates a family of cyclic fatigue curves for
a given window design (figure 3.6). A typical cycle consists of’ pressurizing the window to
a given pressure level, maintaining this pressure for a fixed period of time, depressurizing
the window , and then allowing the window to relax for a fixed period of time. Pressure
cYding usually cont inues until the window begins to leak or fails catastrophically. The
cyclic fatigue life, expressed in number of cycles at a given pressure, is a function of
pressure level , temperature , duration of individual pressure periods, and duration of re-
laxation periods. The fatigue life is decreased by increasing the pressure level , increasing
the temperature , lengthening the duration of individual pressure periods, and shortening
the relaxation periods.

- Because the length of pressure cycles varies significantly with investigators, care
must be used in ccmparing or combining data from different sources, since little is known
quantitative ly on the relationship between the length of the sustained loading period in a
pressure cycle and the cyc lic loading’s critical pressure for a fixed number of cycles. Thus,
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for examp le, there is no proven way to compare the cyclic critical pressures of two window
designs when one was pressure cycled at 1 minute per cycle while the other was cycled at
100 minutes per cycle , even if t he ambient temperature were the same. If, however , a com-
parison must be made , the duration of all sustained loading periods should be added and
used instead of the total number of cycles. This recommendation is based on experimental
evidence that the total duration of the sustained loadings in a pressure cycling program has
a larger effect on the cyc lic fatigue life of an acrylic plastic window than does the number
of cyc les.

From an operat ional viewpoint , the only cyclic fatigue data that are directly applic-
able are those based on pressure cycles of approximately the same duration as those for a
typical operational pressure loading. Since these loadings vary in duration and the cyclic
fatigue lives of different window designs must be compared , a typical pressure cycle has
been established for experimenta l studies , i.e., a cycle that consists of 7 hours of sustained
loading at max imum pressure followed by a relaxation period of at least 7 hours.

3.2.1 .2 DISPLACEMENTS. Displacement data arc generally the byproduct of tests
for critica l pressures. Only in isolated cases have tests been conducted with the sole purpose
of measuring displacement. In either case , the window is mounted in the pressure vessel’ s
end closure with the low-pressure face exposed to the atmos phere .* Measurements are
usually made only along the axis of the seat ; displacement has been measured along the
bevel angle of the seat surface in only a few instances. The basic approach consists of
mount ing the bodies of displacement transducers on some rigid benchmark surface while
the active elements of the transducer contact the low-pressure face at one or several loca-
tions. In arrangements where t he face is visible to the observer , the displacement can be
easily measured with mechanical dial indicators. Because of cost of these indicators , mea-
surements are generally performed only at the center of the low-pressure face ; only in a
few cases have measurements been performed at enough locations to provide a reasonably
accurate topography of the window ’s low-pressure face under operational loading
(figure 3.7).

The most reliable measurement technique consists of a very thin wire anchored at
one end to the low-pressure face and on the other to a small weight that rests atop a mechan-
ical dial indicator (figures 3.8, 3.9 , and 3.10). To minimize the e ffect of experimental errors
the wire is attached to the window ’s face via an acrylic post bonded to the window ’s surface
with room-temperature-vu lcanizing silicone adhesive. Because of the large weight on the
other end of the wire , the friction of the pulleys does not introduce any error. Another
advantage of this technique is its insensitivity to distortion and cracking of the low-pressure
face , as the flexible adhesive retains its bond even in the presence of surface cracks and flex-
ing. Thus, this instrumentation technique is used exclusively for measurement of displace-
merits on windows undergoing destructive hydrostat ic testing.

Another technique consists of mechanical dial indicators clamped to the end closure
with the contact points resting directly against the window ’s low-pressure face. Absence of
pulleys, weight , w ire, and anchor post makes this an elegant displacement measure ment
tec hnique. Its accuracy is very high, if crac king or major flexing of the low-pressure faces
does not occur (fIgure 3.7).

* Because of experimental dij ficuliies posed by measuring displac~’men1s on the hzigh ’press ure j ~ce , measure,nenls are
usually done only on the low-pressure lace.
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Electrical transducers in t he form of ’ linear potentiometers or transformers have been
used only rarely for measuring axial displacements. The basic reasons are the high cost , cali-
bration requirements . waterproofing, and requirement for accurate readout instrumentation.
Linear I)Otentiometer s are usually used only for measuring the axial displacement of the high-
pressure face , which is inaccessible to mechanical means of measuring displacement
(fi gure 3.1 1).

3.2.1.3 STRAINS. Strain , defined as unit deformation of material , is experimentally
measured wit h photoelastic techn iques or with electric-resistance straingages that are bonded
to the surface of ’ an acrylic window. W hich technique is chosen depends on whether the
strains are to be measured only on the window ’s face or also in its interior. Since maximum
strains occur only on the exterior of the window , measurement wit h the straingages generall y
suff ices. It is only when the engineer must see the comp lete strain pattern that the photo-
elastic investigation is used.

3.2 .1,3.1 Electric-Resistance Straingages. These gages provide satisfactory dat~i for
engineering investigations , if certain precautions are taken in attac hing gages. selecting
readout equi pment , and recording the readings (figure 3.12).

Gages have been satisfactorily bonded to acrylic with niany types of cement with results
that varied from excellent to disastrous. Eastman 910 contact cement provides consistently
good results and is preferred. The wrong choice of cement can result in low strain readings
because of slippage between the gage and acrylic and can also initiLte stress cracking under
the gage, resulting in high strain readings and premature failure of the window. Most adhe-
sives containing solvents wi ll attack acrylic plastic and for this reason should be avoided.

The same problem is encountered with waterproofing the gages, where the use of
coatings that attack acrylic plastic can initiate stress-corrosion cracking in the plastic when
it is subjected to hydrostatic loading. Room-temperature-vulcanizing silicone rubber (RTV) .
a very e ffective adhesive and waterproofing compound , initiates such cracking at very low
stress levels and should not be used for waterproofing of straingages on acrylic plastic. Gage-
cotes 2 and 5 (manufactured by Bean) provide excellent waterproofing without initiating
stress-corrosion cracking.

Heat generated by the gage is another source of error in strain readings. As the ener-
gizing current flows through the straingage it generates heat that causes the surface of the
material to expand and thus generat es false positive strain readings. For this reason , strain
switch-and-balance units that energize the individual straingages only at the moment the
strains are read arc pre ferred . Rapid switching from one gage to another also accomplishes
another objective: it allows the investigator to obtain a complete surface-strain distribution
pattern for the window in real time. Thus switch-and-balance units that balance and record
at rates of 0.0 1 to 0.1 second per channel should be used. These are particularly va luable
during measurement of strains under short-ter m loading conditions where , at any one pres-
sure leve l, the stra ins change rapidly because ui creep, e.g., 2000 microinches per inch per
minute (0.2—percent strain per minute). Data from short-term tests w here the recording
rate was slower than I second per channel should he viewed with suspicion , as the magni-
tude of recorded strains can he off 10 to 20 percent. part icularly if the window was
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instnimented with many gages. During long-term loading, the reading of strains is not as
much of a problem , since the creep rate fina lly stabilizes itself at a slow rate and real-time dis-
tribution of strains can be obtained , even with manually operated switch-and-balance units.

3.2 .1 .3.2 Photoelastic Strain Measurement. This technique is generally used when itV is necessary to determine the distribution of strains not only upon the surface of ’ the window
but ako within its interior. This three-dimensional method consists of ( I) fabricating in
epoxy a scale model of the acrylic window: (2) generating a three~.limensionaI pattern of
photoelastic f’ringes by pressurizing it in a proper mounting at an ambient temperature range
of 290 to 310°F (143 t o 154 °C): (3) freezing the photoelastic fringe pattern inside the epoxy
window by cooling the window to ambient room temperature without reducing the magnitude
of hydrostatic loading: (4) cutting the epoxy window into thin slices along the directions of
principal stresses: and ( 5 )  plotting the distribution and magnitude of strains by noting their
location and counting the number of photoelast ic fringes. Because this technique is very
expensive compared to straingage instrumentation and because it requires a new test spec-
imen f’or each pressure level investigated , it has been used only in a few cases where the
criticality of the window ’s application warranted the additional expense.

Where it is necessary to determine thre e-dimensional strains inside a window along
a single plane . a composite optical system incorporating a bonded polariscope is built inside
the window ( figure 3.13). l’his optical system is arranged around a central slice of epoxy
material in which the stresses are to be analyzed. Straddling the slice of epoxy are polar-
iiers that f’orm a ligh t-fie ld circular polariscope. On one side of tile polariscope is a two-
piece segment incorporating a vapor-deposited aluminum mirror: the other side is a segment
of the window whose upper surface has been roughened to form a light diffuser. The six
components of t h e  optical system are bonded together with epoxy cement to form a unit
that can be illuminated and viewed through the high-pressure face of the window. The con-
posite window is then placed i~i the appropriate mounting and pressurized on the high-pres-
sure face with gas. During the test , the high-pressure face is illuminated with monochromatic
light while the behavior of the epoxy slice in the window is observed and photographed
through a window in the pressure chamber directly above the test specimen (figure 3. 14).
This technique is economicall y more attractive than t’reezing the photoelastic fringes, as it
allows the use of a single test specimen for determination of stresses at several pressure
locations. The generated data are not as complete as those produced by the freezing tech-
nique , but they still are more extensive than data generated by straingage instrumentation.

3.2.1.4 CRACK SUSCEPTIBILITY. (‘rack susceptibility is numerically defined by
the same experimental parameters used for critical pressures , i.e., pressure , time, and temper-
ature. The pressures required to initiate a crack also vary with the type of loading: Under
short-term pressure loading t he magnitude of pressure required for crack initiation is higher
than it is for long-term or cyclic loading conditions.

Initiation of cracks is studied experimentally by placing the window in a pressure
vessel’ s end closure with the high-pressure i’ace facing the interior of the vessel and the low-
pressure face vented to ambient atmospheric pressure . l)uring application of pressure , the
condition of the low-pressure face is observed using a mirror and telescope arrangeme nt or
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a closed-circuit television. Since in many cases the cracks first originate on the bearing sur-
face rather than on the low-pressure face , pressurization of the vesse l must be periodically
interrupted and t h e  window rem oved for detailed inspection of the bearing surfaces. The
pressure or time intervals chosen for removal of ’ tile window for observation must be smal l.
or the crack can grow to a significant length without being noticed.

After the test parameters at which crack was initiated have been recorded , the test
is usually continued to determine tIle rate of crack growth. For some window shapes and
dimensions the rate is high, leading to catastrop hic window failure within a small load or
duration of loading increments. For ot her shapes the rate is very low , making t h e  load or
time interval between initiation of cracks and catastrophic failure very large. Windows
with a high rate are considered to be crack sensitive , while those with low rate are considered
to be crack insensitive. Crack sensitivity is generall y defined as the ratio of ’ pressure that
initiates the crack to critical pressure under short-term pressurization. Another quantitative
measurement ol’ crack sensitivity is the ratio of pressure cyc les at crack initiation to the num-
ber of ’ cycles when catastrophic failure occurs,

3.2.1.5 IMPACT RESISTANCE. The resistance of windows to mechanical impacts is
generally determined experimental ly, since acry lic plastic is not only sensitive to the magnitude
of dynamic stresses but also to the rate at which they are generated , a situation which makes
the analytic solution to this problem prohibitively expensive. Some analytic predictions that
correlate reasonabl y well wit h experimental data have been made , but th ey were done only
f’or low velocity impacts where the effect of the high stress application rate was minimal.

Most experimental impact data are produced by mounting the window in the pres-
sure vessel’ s end closure with the high-pressure face turned to the interior of the vessel and
the low-pressure face vented to ambient atmospheric pressure . If the window is too large
for t he mounting, a pressure-proof enclosure is used to keep the low-pressure face at ambient
pressure , while the high-pressure face is expose d to hydrostatic loading. To insure axial im-
pact loading, the impactor is also mounted on the pressure-proof enclosure . The actual tests
consist of dropping a steel impactor from a predetermined height on tIle low- or ~ii,jh-pressure
face (figure 3.15). The impact resistance of the window is then recorded as the velocity and!
or kinetic energy at which the first crack is initiated (figure 3.16). The choice of the high-
or low-pressure face depends on t he operational use of the window. For submersibles , habi-
tats , and I -atmosp h ere diving bells, tile resistan ce is determined by impacting the high-pres-
sure i’ace . w hile for deck- and land-mounted hyperbaric chambers the low-pressure face is
impacted.

Impact resistance data for acrylic windows cannot be directly used for assigning
ratings to windows with shapes or proportions different from those tested for two reasons:
I ) there is a multitude of variables that affect the results of impact testiiig and (2) investi-

gators have not yet agreed upon a standard set of test parameters. In addition to the typical
test parameters , e.g., temperature and pressure , t here are others found only in impact testing.
e.g , the radius of the impactor , the ratio of impactor diameter to window diameter , angle
of impact. and location of impact. In addition , to economize a window may be tested re-
peatedly with increasing impact velocities until a crack is initiated. Such repeated testing
probably f’atigues the material and generates microscopic cracks in the acrylic that eventually
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cause premature failure. As a result , impact data must be used only with the greatest caution.
Basic rules for establishing the validity of the data for operational requirements are

I. Tile range of the terminal impactor velocities should overlap the range of the
impact velocities pre.~icted by the operational scenario.

2. The ratio of the impactor ’s diameter to tIle minor diameter of the test specimen
should be less than or equal to 0.25.

3. The impactor should contact tile center of the window ’s face at right angles.
4. The ambient temperature and pressure should closely match those of the predicted

operational environment.
S. The impactor ’s curvature radius should be greater than or equal to 0.125 times

the minor diameter of the window.

3.2.1.6 DYNAMIC SHOCK RESISTANCE. Dynamic shock resistance is defined as
the maximum dynamic overpressure which a window can withstand at a given depth and
temperature . It is usually establis hed experimentally by mounting the window in the pressure
vessel’ s end closure and subjecting the high-pressure face to dynamic impulses generated by
underwater explosions in the vessel. However , such an arrangement often creates a hazard to
the personnel outside the vessel. In such cases the test specimen is mounted in a pressure-
proof housing with only the high-pressure face of the specimen exposed to dynamic over-
pressure (figure 3.1 7A). In either case , tile magnitude of the dynamic overpressure is
controlled by changing the weight of the explosive or the standoff distance. The minimum
overpressure causing the window to crack is recorded as the dynamic shock resistance of
the window (figure 3.17B).

Comparison of data from different sources is almost impossible , since dynamic shock
resistance is a function of both dynamic overpressure and its duration, In addition, the
simple , spherical, dynamic pressure wave generated by an explosion inside the pressure vessel
is invariably augmented by reflections i’rom the walls of ’ t ile vessel. Thus, depending on the
sii.e of the vessel , the effect of an exp losive charge will vary with the window. It has also
been found that flu, e ffect of dynamic overpressure ran be mitigated or augmented by static
pressure , depending on the shape of the window. Thus a meaningful comparison of experi-
mental data from different sources requires that tile static pressure and temperature used
f’or testing be identical, as there is insuff icient knowledge to assign numerical values to the
eff~cts of these variables.

3.2.2 Pressure Hulls

Most existing data on the structural performance of acrylic pressure hulls have been
experimentally generated* by placing the hulls inside a pressure vessel with a minimum of
physical restraint. Such restraint generally consists of a ballasted external cage and a crush-
proof ’, flexible , tubular conduit between the interior of the hull and the exterior of ’ the vesse l
(f igures 3.18 and 3.19). The external cage keeps the buoyant hull from striking the top end
closure of the pressure vessel , while t he conduit serves as both a waterproof raceway for in-
strumentat ion wires and as a way to maintain the interior of the acrylic hull at atmospheric
pressure . In some cases the cage is eliminated and the flexible conduit is replaced by a rigid
pipe that holds the hull in a fixed position relative to the vessel’ s end closure (figure 3.20).

• See Section 3.2.1/or reasons wh data are generated experimentally.
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The experimental data are basically the same type as generated for viewpoints, and
are produced in the same manner. TIle structural performance is defined during the tests in
terms of short-term critical pressure , long-term critical pressure , cyc lic loading critical pres-
sure , crack susceptibility , impact resistance , and dynamic sllock resistance.

T he instrumentation used for testing the ilulls is basically the same used for testing
the viewports , except for the water-displacement technique which has been successfully used
to measure average radial displacement and average membrane shell strains. Because of its

~ow cost , high reliability, and ability to measure very large strains, it is used in hydrostatic
tests where the hull is being pressurized to implosion (figure 3.2 1). Although electric-resist-
aiice straiuigages are routinely used to measure strains on acrylic pressure hulls, they rarely
remain functional at levels above 0.02 inch per inch (2-percent strain). For this reason
the ability of the water displacement technique to obtain some quant itative indication of
strain magnitudes at implosion is of inestimable value. Furthermore , the presence of water
inside the pressure vesse l eliminates the need for external ballast during testing and also
mitigates the shock generated by catastrophic failure of the hull. Because water acts as
a cushion, the fragments of the failed hull do not develop the same velocity as if the hull
were filled only with air; thus there is less damage to the remainder of the hull. As a result ,
inspections of imploded acry lic hulls filled with water are useful in determining the origin
of failure (figure 3.22).

In some instances manned acry lic hulls have been experimentally evaluated. Such
tests were generally riot conducted for structural reasons, but for establishing heat-transfer
and human-performance parameters (figure 3.23). This practice has been also followed in
evaluating the performance of a complete submersible system in a deep ocean simulator
prior to diving (figure 3.24).

3.3 EVALUATION OF MATERIAL

Material specimens are tested to establish the suitability of the material for its intended
application and to control its quality. It is important to remember this when discussing such
tests , since test results are not necessarily interchangeable. The basic difference in testing
philosophies is that the objective of the former is to simulate operational conditions, while
the objective of the latter is to generate data rapidly and economically. However, since most
tests estab lished for quality control also apply to a large degree to tests for material suitabil-
ity. they will be discussed together.

Acrylic plastic specimens are usually tested to establish short-term, long-term, and
environmental ef fect data. Since short-term data can be rapidly and economically gener-
ated , they predominate in the literature and are often used for quality control in the pro-
duct ion of acrylic plastic. Long-term data generated in a laboratory environment are an
order of magnitude less avai lable than are short-term data because of their expense; for this
reason they arc not rout inely used for quality control. The data describing the effect of
the environment on the structural and optical performance of acrylic plastic are- almost
nonexistent. Because of this scarcity and the time and expense of their generation, they
are never used for quality control. Their value for establishing the suitability of acrylic
plastic for its intended applications as pressure-resistant structures or as structural elements
is , however , inestimab le.
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3.3.1 Short-Term Data

This category includes all tests that require less than I day for completion. The
majority of standard tests for mechanical , opt ical , electr ical, and physical properties f’ail
into this category . Only tests customarily used by window designers and users in procure-
nient speci fications will be discussed in this section. A complete list of standard short-term
tests applicable to acrylic plastic is in section 15.

3.3.1.1 TENSILE STRENGTH, TENSILE MODULUS OF ELASTICITY , AND
ELONGATION AT BREAK. These values are established by pulling a tensile test specimen
in the shape of a “dogbone” at a spec ified rate in a room temperature environment until
fracture of the specimen occurs (ASTM-D-638) (figure 3.25). Because acrylic plastic is
sensitive to straining rate , temperature , surface condition, and ambient environment , the
generated values of tensile strength, tensile modulus, and elongation at break are valid only
for t he set of experimental parameters present during the test , i.e., a 70 to 77°F (2 1 to 25°C)
temperature range, 0.2-inch-per-minute (5 millimeters per minute) overall strain rate , uniaxial
stress field, polished surface, and clean air environment with SO-percent relative humidity.
If any parameters change, so do tile test values in a significant manner, particular ly if the
surface is scratched and the environment is at a higher temperature and contains vapors of
organic substances that act as solvents for acrylic plastic.

Because the standard ASTM test parameters cover such a narrow and operationally
unrealistic range, the ASTM tensile strength of material is primarily applicable only for qual-
ity control and procurement specifications. Since tensile strength is considered a basic
property and the ASTM-D-638 test can be performed rapidly and economically, it forms
tile basis for all specifications for acrylic plastic used in pressure-resistant structures. How-
ever , if the designer wishes to utilize short-tei-m tensile strength for predicting the response
of an acrylic structure to momentary overloads, i.e., impact loading, dynamic shock loading,
momentary increases in static pressure because of loss of pressure control, etc., he must
specify nonstandard test parameters that reflect tile temperature , rate of loading, surface
condition, and env ironment and that simulate the operational overload of the structure .

3.3.1.2 COMPRESSIVE YIELD STRENGTH AND COMPRESSIVE MODULUS OF
ELASTICITY . These values are established by compressing a test specimen in the shape
of a cy linder or prism at a specified rate in a room temperature environment until an in-
crease in straiui occurs without an increase in stress (ASTM-D-695) (figure 3.26). The values
generated by this test are valid only for a 70 to 77°F (21 to 25 °C) temperature range,
O.O5-inch-pcr-minute(l.25 millimeters per minute) overall strain rate, uniaxial stress field,
and c lean air environment with 50-percent relative humidity.

Because the test for compressive yield strength is conducted under a very narrow
set of experimental parameters , it is primarily applicable for quality control and procure-
ment specifications. Since compressive yield is considered a basic property and the ASTM-
D-695 test can be performed rapidly and economically, it is included in all specifications
for acry lic plastic utilized in pressure-resistant structures. However, if the designer wishes
to ut ili ie short-term yield strengt h for predicting the response of the acrylic structure to mo-
mentary overloads, i.e., momentary increase in stat ic pressure because of loss of pressure
control, nonsta ndard test parameters t hat reflect the expected rate of loading and ambient
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temperature at which overload of the structure will take place must be specified. Because
the compressive yield strength is not sensitive to the shape and surface quality of’ t he speci-
men or the presence of harmful chemicals in the ambient atmosphere , it is not necessary to
specify ambient atmospheres other than the one provided in the standard test.

3.3.1.2 FLEXIBLE STRENGTH AND FLEXURAL MODUL US OF ELASTICITY.
These values are established by subjecting a test specimem in the shape of a rectangular bar
to bending, applied with a 3- or 4-point loading system , at a speci fied rate in a room temper-
ature environment until fracture of the specimen takes place (ASTM-D-790). Because acrylic
plastic is sensitive to the rate of straining, temperature , surface condition, and ambient en-
vironment , the values of this test are valid only for a 70 to 77°F (21 to 25°C) temperature
range, a deflection rate that is a function of the specimen’s proportions, uniaxial stress field,
polished surface , and clean air environment with 50-percent relative humidity. Because of
the narrow range of test parameters , the values generated by ASTM-D-790 are primarily
uti lized for quality control and procurement specifications. T he flexural strength test
ASTM-D-790 is not as frequently used in such specifications as are the tests for tensile and
compressive yield strengths, since flexural strength is not a basic, but rather a derived, prop-
erty, i.e., tension on top and compression on bottom of specimen, and a larger test specimen
is usually required. However , if the designer wishes to utilize short-term flexural strength
for predicting the response of an acry lic structure to momentary overload, nonstandard test
parameters that re flect the temperature, rate of loading, surface condition, and ambient
environment present during a projected momentary overload must be specified.

3.3.1.4 DEFORMATION OF PLASTIC UNDER LOAD. This value is established by
subjecting a test spec imen in the form of a cube to axially applied, susta ined, compressive
stress at a specified temperature (ASTM-D-62 I). Because deformation of acrylic plastic is a
function of temperature , stress level, humidity, and time, the generated values are valid only
for the set of experimental parameters present during the test. This means that the recorded
deformat ion is valid only for a sustained loading of 24 hours at stress levels of 1000, 2000,
or 4000 pounds per square inch (6.89, 13.7, or 27.5 megapascals) at 73.5 , 122, or 158°F
(23 , 50 , or 70°C).

Tile generated deformation values are primarily used in quality control and pro-
curement specif ications. For these purposes, any stress level or ambient temperature may
be selected. As a rule, those which best match the intended working stress level and maxi-
mum expected ambient temperature are chosen. For acrylic plastic windows and pressure
hulls, those that best correspond with operational conditions are 4000 pounds per squre
inch (27.5 megapascals) and 122° F (50°C). If the material has a propensity to creep ex-
cessively, such parameters will accentuate this tendency. Because the standard test for
deformation under load performs a valuable function in differentiating between grades of
acry lic with acceptable and unacceptable levels of creep, it is widely used in quality control
and procurement specifications. This test is also one of the few short-term tests that is of
any value to the designer, as it provides valid design data for acrylic structure s that are sub-
jected to loading cycles shorter than 24 hours.

3.3.1.5 IMPACT RESISTANCE OF PLASTICS. This characteristic is determined by
subjecting a test specimen in the form of a notched bar to dynamic flexure loading (ASTM-D-
256). In one case (Izod test method), the specimen is held by a vise at one end while the
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dynamic load is applied to the other end of ’ the cantilevered specimen (figure 3.27); in the
other case (Charpy test method). the spccinien is supported at the ends while the dynamic
load is applied at the center directly over the notch in the bar (figure 3.28). Tile dynamic
loading is generated by a pendulum that strikes the specimen at preset locations. The velo-
city of t h e  pendulum at the moment of i m pact is set to be just sufficiently higil enough to

L break the specimen. Unless otherwise specified , t he ambient test temperature is 70 to 77°F
(2 1 to 25°C).

The impact energy required to break the notched test specimen is primarily utilized
iii quality control and only secondarily in design, as the test parameters have only a very
remote relationship to operational conditions. It is also impossible to translate the impact
energy at fracture during the test into use I’ul criteria for Prediction of fracture in an acrylic
structure when subjected to point-impact or dynamic pressure loading.

Tile test results are very useful , however , for the designer when selecting material
I’or applications wilere there is a high probability of impact damage to the acrylic structure .
By choosing a grade with a higher Izod or Charpy number . i.e., requiring more impact energy .
to break it at the notch , the designer is assured that the impact resistance of t he acrylic
structure will be increased.

3.3.1.6 DEFLECTION TEMPERATURE OF PLASTICS UNDER LOAD. This char-
acteristic is determined by subjecting a bar specimen to 3-point flexural loading while the
ambient temperature is increased at a uniform rate (ASTM-D-648). The flexural loading is
of such magnitude that it maintains a constant maximum tensile stress of 264 pounds per
square inch (1.8 megapascals) w hile the temperature of the oil bath is increased from 73°F
(23 °C). at a rate of 35 °F( l .6°C) per minute, until the deflection at the flexed bar increases
by 0.01 inch (0.25 millimeter). The temperature reading at which the deflection of the bar
increases by 0.01 inch (0.25 millimeter) is a measure of the plastic’s ability to retain its
mechanical properties at e levated temperatures , i.e., the higher the temperature at which the
deflection is recorded, the higher is the resistance of the material to thermally induced plasticity.

The temperature at which the specified deflection occurs is utilized exclusively in
quality control and procurement specifications. It is of particular value in procurement of’
materia l for acrylic structures that will operate at temperature s above 122 °F (50°C). It is
also use ful in the procurement of materials for structures that will operate at room tempera-
ture , since the appropriate minimum temperature value for ASTM-D-648 insures a superior
grade of material with lower creep properties even at room temperature .

3.3. 1.7 RESIDUAL ACRYL IC MONOMER PERCENTAGE. This value is determined
by using gas liquid chromatographic techniques.* The test is primarily used for quality con-
trol of the casting process and for material procurement specifications. The percentage of un-
polymerized methyl methacrylate and ethyl acrylate monomers serves as au indication of
how much of t he polymerization process has been completed. A low percentage indicates
that t he process is essentially complete and the physical properties of the material will not
undergo any signif icant change in a short period of time when exposed to solar radiation
or heat.

• See, for example, Snell and Otto, “!: ‘ncyclopetJia of Industrial (hemical A nah’sis, “ /nterscience Publisher , 1972,
rot . 4, pp. 211-2/7. and lot . /6 , p. 99.
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3.3.1.8 CLARITY OF MATERIAL. This characteristic is determined by viewing a
printed pate (7 lines per column inch and 16 letters to the linear inch) from a distance of
20 inches (51 centimeters) through the full thickness of the casting with the opposite faces
polished. The ability to read the print indicates that the clarity of the casting is acceptable
f’or general use as an optically transparent material. This test is primarily utilized in material
procurement specifications to insure that the acry lic casting has only a minimum of optical
imperfections in the form of haze , porosity, striae , and inclusions.

3.3. 2 Long-Term Data

Long term data are generally produced in nonstandard tests conducted by investiga-
tors in government and academic research laboratories rather than by investigators in com-
merc ial material testing laboratories. Because the data have been generated by nonstandard
tests , they do not readily lend themselves to correlation studies. Each researcher generally
uses a different set of test parameters that are either chosen because of their similarity to
projected operational conditions or because of their applicability to material properties
under investigation. However , even with all the shortcomings accompanying data generated
by nonstandard tests , they are the basis for predicting the performance of acrylic plastic
structures under the long-term loading that is typical of all engineering structures.

3.3.2.1 LONG-TERM TENSILE PROPERTIES. These properties , e.g., tensile rup-
ture strength, creep, effective modulus of elasticity, and res istance to crazing, are functions
of temperature , applied stress level , durat ion of stress application, and environment. The
data are generated by subjecting a test specimen to a constant tensile stress or known magni-
tude in a rigidly controlled ambient environment, Periodically the strains are measured and
the surfaces of the specimen are inspected for crazing. Also the time is noted at which a
test specimen fails.

The results for a given ambient temperature are usually plotted as (I) a family of
strain curves on stress as a function of time coordinates (figure 3.29), (2) a family of stress
curves on strain as a function of time coordinates (figure 3.30), (3) a family of effective
modulus curves on stress as a function of time coordinates (figure 3.31), (4) a family of
stress curves on ef fective modulus as a function of time coordinates (figure 3.32), and (5)
crazing and rupture curves on stress as a function of t ime coordinates (figure 3.33). Since
most tests are only for 1000 hours duration, the results must be extrapolated for structures
where loading is measured in years rat her than in hours. Extrapolation can be performed
with reasonable confidence, if (1) the extrapolation does not exceed by more than one order
of magnitude the time period for which data are available and (2) the coordinates chosen for
plotting the existing data allow the data to be represented by a straight line. Extrapolations
exceeding a period of hO years should be avoided, since it is not known how much the phy-
sical and opt ical properties deteriorate over such a long time span, i.e., data on deterioration
of thin acry lic plastic are available only for periods less than tO years . Wherever possible,
extrapo lation should be performed with data collected in the same type of environment for
w hich the extrapolation is being performed , i.e., if performance of acrylic is to be predicted
for 10 years of continuous tensi le loading in an outdoor environment , the basis of prediction
should be data generated over a period of hO years by tensile specimens in an outdoor
environment.
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3.3.2.2 LONG-TERM FLEXURAL PROPERTIES. These properties , e.g., f lexural
rupture strength, creep, effective modulus of elasticity, and resistance to crazing are functions
of temperature , applied stress level, duration of stress application, and env ironment. The data
are usually generated by subjecting flexure test specimens to constant moments of known
magnitude in a controlled laboratory environment or in uncontrolled outdoor weathlering
exposure (figure 3.34). Periodically the strains are measured and the surfaces of the speci-
mens are inspected t’or crazing. lf fracture occurs , the time of failure is noted.

The resulting data are plotted in a fashion similar to that used for tensile data ’s long-
term tensile properties (section 3.3.2.1). Since some data are generated with scratched or
notched specimens, they are very valuable to the designer since they provide an opportunity
to compare performances of acry lic plastic with polished and scratched surfaces. If data are 14
available for both surface conditions , it is best to base the design on the data generated by
the scratc hed specimens , as a fter several years of service the surface of any acrylic structure
will become scratched.

3.3.2.3 LONG-TERM COMPRESSIVE PROPERTIES. These properties , e.g., creep
and effective modulus of elasticity, are functions of temperature, applied stress level, dura-
tion of stress application, and environment. The data are generated by round cylinders or
square prisms subjected to constant compressive loading. The strains are read periodically
and noted.

The resulting data are plotted in a fashion similar to that described in section 3.3.2. 1.
Because long-term compressive properties are insensitive to t.ie condition of the material
surface, the available data can be applied to any acrylic structure whose structural members
are in compression, regardless of the condit ion of its surfaces.

There is one other attractive characteristic of the long-term compression data. Be-
cause the data are generated in uniaxial stress field, their values are conservative when applied
by a designer to a structure with biaxial or triaxial compressive stress fields. How much the
creep decreases and how much the compressive strength increases under different ratios of
biax ial and triaxial compressive loadings when compared to uniaxial compression is only known
for a few biaxial stress ratios at ambient room temperature . Exploratory studies indicate that
tile decrease of creep and associated increase in effective modulus and compressive strength
for some biax ial and triaxial compressive stress fields are significant.

The conservatism of uniaxial compression data represents a departure from the
character of uniaxial tensile and flexural data, which are less than conservative for the pre-
diction of rupture in biax ial and triaxial tensile stress fields. There the designer must discount
the rupture strength values by some factor, if the structure being designed encompasses
biaxial or triaxial tensile stress fields.
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ligure 3 2 .  Setup for testing two large spherical shell sector windows at the same time inside a
pressure vesse l. The windows arc mounted back-to-back in a common test flange . T he interior
of the test jig is vented to atmospheric pressure through a rigid pipe that is threaded into an
opening in the vessel’ s end closure .
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Figure 3.3. Insta llation of a conical frustum window in a test flange mounted on the pressure
vesse l’s end c losure. The back of the test flange is vented to atmospheric pressure through an
opening in t h e  end closure. This test set has t h e  capability of pressurizing the window to 20 ,000
pounds per square inch (137.8 megapascals ) in a simulated ambient ocean environment.
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~~~~~~~tical pressure = X psi

mounting arrangement A: maximum i-ectrai nt on the extrudnig window

‘.: ,~~~~~~ 
,‘ ~~~~~crit icat pressure = V psi

mountinq arrangement B: medium restraint on the extruding window

pressure = Z psi

mounting arrangement C: minimum restra int on the extruding window

test results: X psi > V psi >Z psi 1 psi = 6.894757 E+03 Pa

Figure 3.4. Test flanges for conical frustum windows with different degrees
of axial and radial restraint upon the window. The critical pressures on which
the design criteria of section I 5 are based were generated in mounting arrange-
ment B.
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pressure gage
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~4- thermometer

television camera _________

(124 1 cm) pressurelW 
- ~~~ vessel with thermal
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~,p[ ~~__ ~~~~~~~~ heating jacket

l- iiic 3~~. Typical arrangement lui testing to destructi o n small .ici~ ( IL windows that are mounted
ii i the end c losure ol :i pressure vessel and ho measuring the axial disp lacement i t  t h e  w ii idow\
low-pressure lace. The television camera is used for remotel y eading the magnitude of displace-
ment on the dial indicator.
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Plexiglas arm

— 0.007-in.diameter stain less-
steel wire

0.046-in-diameter 7ONi3OCu wi re — —

7/~~1 7

I 

plastic
— tubing

end closure length
• 

- 
— adjustment

adaptor MKI 9—in — 
l ib

flange weightpressure
vesset

- O.O01-in dial
N:::: ., indicator

~~~ ~~~~~~~~~~~ ~::~~
°“ 

~~

1 in 2.540000 E-02 m

- -

Figure 3.10. Test arrangement for measuring displacement without observation of the low-pressure
face. For destructive tests , a restrictor with an opening just large enough for the wire is placed inside
t he passage to prevent ejection of window fragments into tile atmosphere.
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Part B. Typical data generated by straingages
during short-term hydrostatic loading

ambient temperature = 34°F (1°C)
hydrostatic pressure = 6000 psi

\~ 
meridional 

-

~~~~~~~~~ 
circumferential

low pressure face
0
0 

-

~ 2 - 
high-pressure face

-
~~ I

~ 4 - meridional

- 

circumferential

D, 5in
~ 8 -  7’ D 4.99 in
0 t = 3.5 ino ~~~~~

-

10 a f =89 10

1 in = 2.540000 E-02 m
1 deg 1.745329 E-02 rad
1 psi = 6.894757 E+03 Pa

( Figure 3. 12. Continued.
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polaroid \ mirrored surface

diffusing surface 
~~~~~~~~~~~~ \ \

study slice

Part A. Window components

light source~~U viewer

~~1L~~
Part B. Assembled window

Figure 3.13. Optical system incorporated into a conical frustum
window for observation of photoelastic fringes generated by
hydrostatic loading.
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Figure 3.14. High-pressure test apparatus for observation of photoelastic
fringes in a conical acry lic window under pneumatic pressure. Note that
the low-pressure face of the window is under ambient atmospheric pressure.
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I f  • electricI t ing lug 
cab le

ram disp lacement
ram indicator

,-
- guidi~• p

~0-.

electric • . 1
cable “ 

- —  
- -1:1

release I l
I I

impact I
mass I I

12 .500 1b
I I
I I

_ _ _ _ _  ~~ 
H

- L~~~LJ - I

12 in diameter

w indow

window flange

instrumentation 1 in = 2.540000 E-02 m
leads 1 lb = 0.04536 kg

Figure 3.15. Test jig for impact testing of large, spherical shell, sector windows inside a pressure vessel.
The test j ig is placed inside a pressure vessel and the impactor released remotely. The interior of the
window is under atmosp heric pressure.
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F igure 1 16. Test jig utihi,ed In impact testing ut large spherical shell sector windows. Tests
per formed at the Sout hwest Research Institute for the Naval Undersea Center.
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Part A. Test iig with the spherical sector window
mounted on a pressure-proof housing.
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Part B. Test setup for hydrodynamic impulse testing of
windows or pressure hulls inside a pressure vessel.

oscilloscope

trigger
leads

pulse circuit
to trigger

t ime-delayoscilloscope
pulse
generator

_ _

-

~~~

breakwire ___________—
to oscilloscope
differential input

explosive amplifier
charge

transducers
pressure

stand off
distance

~~~~~~~ pre5~~~~~~~~~~~~~~~~~~re test
vessel specimen

Figure 3 17. (ontinued
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Figure 3. 18. Cage used for restraining an acr ylic h ull during
test ing inside a pressure vessel filled with water . The buoy-
ant hull does not strike the pressure vessel’ s end closure
because t he bottom h atch on the hull is rigidly bolted to
t he cage ’s framework , whic h serves as ballast.
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Figure 3.27. Impacting a notched Izod test specimen to determine its
toughness.
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SECTION 4.
I— STRUCTURAL PROPERTIES OF MON OLITHIC CAST ACRYLI C PLASTIC

4.1 INTRODUCTION

Although many grades of acrylic plastic are available on the mark et , only the general-
pu rpose , heat-resistant , cast po lym ethyl  nlethacry late * will be discussed in great depth in this
sectio n , i.e., this is the grade used for most windows in submersib les and hyperbaric chambers.

There are other grades of acrylic plastic from which windows could be made , resulting
in improved resistance to crazing and impact loading. However , because of the significantly
increased cost and unavailability of such grades in thicknesses above 1 inch (2.54 centimeters).
they apply only to a minority of window installations and thus are not of sufficient interest
to the general window desi gner and user.

There are also grades with less strength , resistance to crazing, deformation under load ,
and resistance to elevated temperatu res. However , unless there is an overr iding eng inee ring
requirement tor their  use , they should not be used for fabri cation of windows in pressure-
resi stan t structures. A valid reason for their use may be the unavailabi l i ty  of large custom
castings that meet the physical prop erties of section 15. In this case , the designer must take
into acco itnt the lower values of the mechanical properties. In practice this means that  t h e
material performance curves shown in this section and the structural per formance curves
described in the rest of this handbook must be discounted by appropriate factors. Since the
magnitude of these factors has , in most eases , not been established , th e des i gner must  rely
on his or her jud gment.

Although there is extensive information on the common mechani cal properties of
acrylic plastic , it is insuf f i c ient  to establish reli able statistical min imum values under all fore-
seeable condit ions of loa ding and ambient  environments.  For this reason , the onl y av ailab l e
and logical approach to discussion of acrylic plastics is in terms of typ ical properties. Thus
the data on s t ructural  properties in this handbook represent only typical test values. They
are conservative to the ex ten t  tha t  when a range of published data was available the lower
values were selected for presen tation.

One of t h e  very desirable featur es of acrylic plastic castings is that the physical
properties are the same in all orient ations , i.e., the m aterial is isotropic. Furthermore , basic
mec hanical  properties , e.g.. tensile , co m pressive , and shear strengths , are mi n t  a lu n c t ion  oh
material thickness or volume. Thus such prop erties established with typical ASTM test
speci mens , cut from any location or along any ori entation in the casting, are valid for  fu l l -
scale s t ructural  members or pressure hulls .

~ (~mkip,nm,~ lo li/I -I’-~ -/J~ and ISt/E Safl-Ir Standard Jot &—.,sw-e i ’ (Ccse lc Jot I/(Iman Oceupanei PI’/-IO-i~
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b
Because mechanical properties of acryl i ;  plastic are usually a function of time , their

dmseu ssio n has been arbitrarily divided into two categories: short-term and long-term mech-
anical properties. The knowle d ge of sh ort-term properties is impor tant  to the desi gne r
because it provides both a general understanding of material behavior and the necessary back-
grou n d required for writ im ig and interpretim ig quality-control criteria and procurement
specifications. The long-term mech anical properties , on the other ham i d , fo rm the basis of all
des i gns for acrylic structures. Having access to data covering both short-term and long-term
mec h anical pr operties in the same chapter will also provide the designer with the opportun-
ity to vi suali ie their  quanti tat ive relationship and thus permit translation of the long-term
mechanical strength requirements into short-term specific ations.

4.2 PLASTIC DESIGN CONS II )ERAT I ONS

4.2. 1 General Comments

Three desi gn considerations important  for the utilization of plastic glazing materials
are discussed in this section: the stre migth values permitted by the desi gn; notch sensitivity and
crazing susceptibili ty ; and factors , such as enviro mimenta l , that a ffect the structural properties.

4.2.2 Strength Values Permitted by Design

Specifications for p lastics generally do not specify min imum guaranteed values of the
u sua l  m echanical properties. The tre m endous number  of individual tests that would be re-
quired to establish reliab le statistical minimum values makes the “typical property ” approach
the only logical one. Thus the data on structural properties presented in this handbook
represent typical test values. They are conservative to the extent  that  when a range of data
was available the lower values were selected. The amount that the typical test value is reduced
for misc in design is dependent on the materi al and application.

4.2.3 Notch Sensitivity and Crazing

Two phenomena exhibited by transparent plastics that should receive special at tent ion
for good desi gn are notch sensitivity and crazing. Unstretched acrylic plastics are moderately
notch sensitive and particularly susceptible to crazing. Lamination of the acrylics , done par-
t ia l ly  to decrease notch sensitivity, increases their susceptibility to crazing, an e ffect caused
by the solvent actiom i of the p lastici ier in the interlayer. Stretched acrylic plastics , particularly
those in excess of 50 percent , possess greater resistance to notch e ffects than do unstretched
ac ry l ics , monol i th ic  or la m inated , and the stretched acry lics also have considerably greater
re sistance to c r a / in g

4.2.3. 1 NOTCH SENSITIVITY. Unstretched pl astic glazing materials are very sensi-
tive to stress concentrat ions and have l i t t le  resistance to crack propagation , i.e., once a crack
starts , l i t t le  energy is needed to cause complete failure . In te rna l  stresses and common service
da m age . such as scratches , nicks , and star Iractures . can appreciably reduce tensile and flexu ral
s t rengths The amount  ot strength reduction varies widely with the type , size. shape. direction ,
and spacing of the defects. Since this damage can occur in random fashion , no precise evalu-
ation of strength reductions can he made.
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Shallow . smooth-bottomed scratches and nicks have l i t t le  e ffect on plastic materials.
Howeve r , deeper scratches or nicks — especially those with sudden discontinuities of su rface—
and cracks — even those of microscop ic nature — m a y  reduce the stcength of plastic materials
considerably. Star fractures can reduce the tensile and flexural strengths of unstretched acrylics
by 50 perc ent. Stretched acrylics are practically immune to star fractures and possess good crack-

- 
propaga t ion res ista n ce.

Some measure of the notch sensitivity of a gl azin g material can be deter m in ed by
means of t iexural and impact tests with controlled notches on the tension side of the speci-
mens (table 4. I ) . The strength of the notched specimen is usually constant over a wide
temperature range , but notch sensitivity , being a ratio of the unnotched and notched strengths ,
increases wit h  decreasing temperature because the unnotched strength tends to increase with
decreas i ng te m pe ra ture.

Table 4. 1. Effect of surface condition on impact strength of MIL-P-6886 materia l . *

Charpy
Condition of Tension Surface Impact Strength

Polished to remove scratches 3.2

Sawed 2.9

Passed through planer so that scratches are parallel to 3.4
long dimension

Passed through planer so that scratches are perpen- 3.1
dicul ar to long dimension

Sanded on belt sander so that scratches are parallel to 3.5
long dimension

Samided on belt sander so that scratches are all at 3.0
45-deg angle to long dimension

Sanded on belt sander so that scratches are perpen - 1 .6
dicular to long dimension

Tension side sanded so that scratches are parallel 3.2
to long dimension , compression side sanded so that
scratches are perpendicular to long dimension

Tension side sanded perpendicular , compression side 1.6
samided parallel to long dimension

Sanded on belt sander so that scratches were perpen - 3.3
dicular to long dimension , then resanded so that
scratches are parallel to long dimension

* t) al a from reference 4.1.
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Methods have been developed to evaluate the crack-propagation resistance of
stretched acrylic p lastics for use in qual i ty  control ; these methods hav e also been occasion-
ally used with other materials for information and comparison. The most commonly
accepted method is to determine the K-value (re ferences 4.1 , 4.2 , and 4.3 ):

K ~~ lb / in 312 (4.1)

w h e re
P = failure load in pounds

= t h ickness of specimen in iiiches
B- = wid th  of specimen in inches
ir = 3. 14

- ~
4 )

/ .7 .7

(2 - y 3 
- y 4 ) 2

B

X = crack l emi gt hi in inches at onset of fast fracture .

Some typ ical K-values are in table 4.2.

Table 4.2. Relative crack propagation resistance (K-value)
of various materials.

Material K-Value , IO ~ lb/ in 3!2

Brittle steel 54.~

24 St 6 a luminum 63.2

As-cast MIL-P -542 5 1.2

Stretched MIL-P- 5425 3 2

As-cast MI L-P-8 184 1 .3

Stretched MIL-P-8 184 3.2

Glass in air .6

( lass in low humidi ty  .9

N~ it
lb/in = I t  2 ) 54 5 1- — li t  N—in
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4.2.3.2 CRAZING. All t ransparent  plastic materials current ly  available are suscep-
tible to crazing, although imi varying degrees. (‘razing is defined as t h e  fine cracks which may
extend in a ne twork  over or u mid er  the surface or through a pl astic. These cracks are often
dif f icul t  to discern , since they are approximately perp endicular to the surface , very n arr ow
in width,  and usually not more than 0.001 inch (0.003 centime ter ) deep. They can be seen
by re tlectiomi from the i r  surfaces and appear as bright lines when the specimen is viewed at
vary ing ang les to t he incident  li ght  ( f i gures 4.1 , 4.2 , and 4.3).

(‘razin g results fro mi i a variety of causes , the more prominent  of which are ( I
residual stresses caused by the umiev en stretching and cooling that occur dum ri n g thermoform-
nig of acrylic sh eets to complex shapes; (2) contact with solvents and solvent vapors imi the
ma n ufa ctu re , operation , and servicing of vehicles (these inclu de the adhesives used in making
joi nts with acry lic p lastics ); and (3) stresses im i dumced in the material by machining, buffing.
polishi ng,  m o u n t i n g ,  and other fabricating operations. When the cracks are in a random
pat tern , c ra / i ng  can usually he ascribed to the action of solvent-vapors amid is referred to as
solvent crazing. When the cracks are approximately par allel ,  t h e  crazing is usuall y the result
of t h e  appl ica t ion of m ech ami ica l  stresses and is referred to as stress crazing. These two types
are not mutua l ly  exclus ive , i.e.,  t h e  e ffect m a y  be produced by the simultaneous action of
bot h stres s and solvent crazing. In this instance , the cracks appear perpendicul ar to the
app lied stress . Only tensile and tiexural stresses cause cr azing, whereas pu rely compressive
stresses do not .  ( rat ing is not a reversible property of acrylic plastics , although visible
crazing may disappear. I ‘~pe rimcmit ~ show that  craze cracks produced by t iexura l stresses
beco me invis ible  to the  naked eye when the speci mem is are h eated at 212 0 1: ( 100°C) ;
however , a f te r  coo lm i m g and restressing, the crazing is rapid amid the original pattern reappears
(re ft ’ren ce s 4 .3 ati d 4 . 5) .

Craz in g reduces the lumino u s transmittanc e of t h e  transparent plastic m aterial , affects
the st rumct um ra l properties , and interfe res wit h vision. Crazing cracks 0.006 imi ch (0.015 centi-
meter )  deep resulted in a 30-percent loss in tensil e strength of MIL-P -542 5 material in one
i n vesti gat ion.  The extre m e stress concentration at the bases of the fissures resul ts in propa-
gat io n of the crazing with time and under load . Small change s in the depths of the cracks are
ace omn l ) anied by large decreases in the impact strength. In extremne cases , crazin g can reduce
tensile , f l exura l ,  amid impact  strengths to vir tually zero.

Monomer present in acryl ic  p lastic sheets prior to forming acts as a solvent and pro-
duce s crazing. It  has therefor e become the practice of somne m anu f acturers  to anneal the
f’in she d sheets to ren iovc this momiomer ami d relieve residual casting stresses.

Proper annea l imig of tormed and finished acrylic p lastics is the most effective preven-
tive measure against crat ing in unstretched acrylic plastics. It consists of prolonged heating
at an elevated temperature followed by slow coo lim ig. Recommended aminealing times are
givemi in table 4.3. The internal  stresses set up during fabrication and machining are reduced
or e l iminated  by this  t rea tmnent .  It also results in greater dimensional stability and resi stance
to crazing. To obtain these benefits , it is necessary that the procedure he performed after
a ll ot her  fabrmc at i on procedures , including po lish imig, are completed. After elevated te m pera-
tur e a m i nca h i ng .  t I me part must be cooled at an even rate. The cooling rate muist be slower for
th ick sections tham i it  is for th in  sections. The par ts can be cooled by tumrning off the oven
heat or by placing them where they  wil l  be subjected to room tenipera umre in still air. Recom-
mended cooling t imes are im i table 4.4.
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Table 4 .3. Optimized annealing schedule for acry lic plastic windows.
Recommended heating times and temperatures.

h eating Time imi Forced Circulating Air Ovens Maintained
at Indicated Temperature , hr

Maxi m um Thickness , in 230°F 22 1 °F 212 °F 203°F

0.OôO to O.187 1½ 3½ 7½ 24½

0.250 to0 .375 2 4 8 25

0.500 to 0.750 3 5 9 26

0.875 to 1 .250 4 6 10 27

l .SOO to l .750 7 9 13 30

2.000 9 Il 15 32

2.500 12 14 18 35

3.000 15 17 21 38

3.500 19 21 25 42

4.000 23 25 29 46

Notes :

I. Anneal parts at highest temperature for ind icated time. If distortion occurs , use t he next lowest temperature. If
distortion st ill occurs , shift the temperature heading to the left and use these combinations.

2. The cyc les given w ill be satisfactory for most formed parts. For extreme forming, suc h as moo-percent biaxial
stret c hing, t he lower temperatures should be used. Another example is a free-blown hemisphere , where the middle
temperatures will probably be used.

3. Airshould circulate around each part during annealing.

4. The calculations for these heating times assume an air velocity of 175 feet (53 meters) per minute. Other heating con-
ditions require different heating times.

5 t~ . = t t ~’ — 3 2 )/1.8

6. I in 2.540000 E-2t 1 in.
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Table 4.4. Optimized annealing schedule for acrylic plastic windows.
Recommended cooling times and rates.

Time Needed to Cool Fabricated Part from
Indicated Temperature to 120°F, hr

Cooling Rate ,
Maximum Thickness, in °F/hr 230°F 22 1°F 2 1 2°F 203°F

0.OôO to O.187 140 0.75 0.75 0.50 0.50

0.250 to 0.375 54 2.00 1.75 1 .75 1.50

0.500 to 0.750 25 4.50 4.00 3.75 3.25

0.875 to 1.250 18 6.00 5.50 5.00 4.50

1 .500 to 1.750 12 9.00 8.00 8.00 - 7.00

2.000 10 11.00 10.00 9.00 8.00

2.500 8 14.00 13.00 11.00 10.00

3.000 7 16.00 14.00 13.00 12.00

3.500 6 18.00 17.00 15.00 14.00

4.000 5 22.00 20.00 18.00 17.00

Notes :

- Parts are usually held in the forced-circulation-air oven and the temperature of the oven is dropped at the coo l ing rate.

2. The air should circulate about each part.

3. Parts must cool evenly or distortion caused by differential cooling can result.

4. t i n  = 2.540000 E— 02 m.

5. t~~= ( t ~
’. — 32 ) / t . 8 .

Improved annealing can be attained by twice heat-treating the fabricated acrylic
p l ast ic window. The fi rst cycle - - a shrinking cycle (table 4.5) should be done after rough
machin ing  operations have been comp leted. The second cycle - - -  a shortened annealing cycle
(tabl e 4 .6) should be done after all fabrication procedures , including polishing , have been
com p leted.

Stretching of acrylic plastic represents the most effective preventive measure against
crazing. Since the resistance of stretched acrylic plastic to crazing is directly related to the
amount of stretching, it is desirable , whenever feasible , to use acrylic with biaxial prestretch
in excess of 100 percent.
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lahlc 4.5. Shrinking cycles for cast acrylic plastic sheets.

l i m e  Required for  Shrinking Cycle Dimensional Change . ~3

Decrease in
Length and Increase in

Thickness , in 130 °C to 80°C 80°C to 35°C 35°C Width Thickness

0.500 4 h r 20 m m  2 hr  20 miii 1 hr 2.2 4.8

0.625 to 1 .000 5 hr 20 mm 2 hr 20 mim i 1 hr 2. 1 to 1.9 4.4 to 3.0

1.125 to 2.000 6 lii 20 mm 2 hr 20 mm I hr 1.8 to 1 .5 3.2 to 2.2

2.125 to 3.000 7 hr 20 win 2 hr 20 n u n  I hr 1.5 2 .2

3.250 to 4.250 8 hr 20 mm 3 hr 20 mm 1 hr ~ 1 .5 ~2.2

N ft

- th e time ~~~~ n is trom the instant that the plastic sheet is placed in an oven preheated to 266°F.

2. t~~~ t~ - 32 t/ I . 8.

3. I in 2.~ 4tiU0 ( i I- — 02 in.

Table 4.6. Short annealing schedule for acrylic plastic windows.

Recommended Heating Times and Temperatures

Heating Time for Acrylic Placed in a Forced-Circulation.Air
Oven Maintained at Indicated Temperature , hr

Thickness, in 2 12°F 194°F 185°F

0.500 to 0.750 4.0 6.0 11.0

0.875 to 1.125 4.5 6.5 11.5

1.250 to 1.500 5.0 7.0 12.0

I. ’5() 5.0 7.0 12.0

2.000 6.0 8.0 13.0

2.250 7.0 9.0 14.0

2.500 9.0 11.0 15.0

3.000 11 .0 12.0 17 .0

3.250 13.0 14.0 1 7.0

3. 500 13.0 14 .0 19 .0
3.750 14.0 16.0 20.0

4.000 17.0 18.0 22.0
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Table 4.6. Continued.

Recommended Coolimug Rates and Times

Time Needed to Cool Acrylic from Indicated
Annealing Tem perature at t h e Maximum

Permissible Rate to the Minimum Renioval
Temperature of 160°F. hr

Maximum Cooling —

Thickness, in Rate. °F/hr 2 1 2°F 194°F 185°F

0.500 to 0.750 25 2.00 1.25 1 .00

0.875 to 1.125 18 3.00 2.00 1.75

1. 250 It) 1.500 13 4.00 2.50 2.00

1.750 11 4.50 2.75 2.00

2.000 10 5.25 3.50 2.50

2.250 9 6.00 4.00 3.00

2.500 8 6.50 4.25 3.25

3.000 7 7.25 4.75 3.50

3.250 6 8.00 5.25 4.00

3.500 6 8.75 5.75 4.25

3.750 6 9,25 6.25 4.50

4.000 5 10.50 6.75 5.00

N ,t .‘‘.

m. t~~= u~ -3 2/1.8 .

2. I in 2.54 (5 ) 10) I- — 02 m.

Long-time canti lever  loading of test specim nemis , with and without variou s solvents
app l ied to the tens i l e  surf ace . has hcen used to estimnate threshold crazing stress under  various
co nditions . However , a more realist ic test of craze resistance is long-terni we at hi erim ig under
load.

4.2 .4 Factors Affecting Structural Properties

The p hi ys m c a l  pr ope rt t cs  of il,ist ~ glazing mn at eri al s are greatl y influenced by fac tors
such as t emp era t u re , rate of loading ,  du ra t ion  of loading, and enviromiment .  This behavior is
not u mni q ume to p l ast ic s . a l though it is m uch more prono unced than imi metals.

4 .2 .4 .1 TLMP F. RAT U R E . I l t t t i e h u t i t  the range of service temper atures . increasing
tem iip e r a t umre is u sua l l~ acco mp h sl i ed  b y decr ea sing physi cal properties . except l’or elo m igation
and.  in the case ttl acrylic s .  lm n p a c t  s l r c t t t . ’ t f i . -\s the t emp eratu mr e is increased , acrylic plastic
ch an ges f ’roni a hard . br i t t l e  s t a te  to a rubber—like sol id s t a te .  This change is evident in the
c la st t c  b e h a v m o r of the mater ial  at d iffe r ent  te mp er atumr es.  Below 160 ° F (7 I ~( I t h e u l t i m ate

- 
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elot i gat iomi of Ml L-P -5425 m iiateria l is low and the mec l iamiis m of deformat ion  is n iai nl y th at
of or d mn ary elastic deformation.  At room temper ature , tensile test specim ens show bri t t le
failu i re and no n e cking  in the regt on of fracture .  As the temperature is increas ed above
160 ° F (7 1 °C) the  d e fo rma t ion  becomes highl y p lastic or rubber like.  Betw eem i —70 and
+ 160 ° F (—56 and +7 l °(’ ) t he tensile stre m igt lu may decrease 85 pe rcem it and the elongat ion
may iticrease 5000 pe rcent .

4 .2 .4.2 RATE OF LOADING. An increase in the rate of loading i n creases the va lu es
obtained for the physical strength of plastic. This is especially true of unmiotched therm o-
pl ast i cs. where an increase in the speed of the cross-h ead motion of the testing machin g
from 0.05 to 0.5 inch (0. 127 to 1.27 cent imeter)  per minu te  may increase the tensile
st rength by 35 percent.

4.2.4.3 DURATION OF LOADING. Most structural materials are subject to creep
deformation and creep rupture e ffects . i e., they will gradually suffe r increasing permanent
defor n iation amid eventual failure from a constant load that is only a frac tiomi of the normal
stat ic  strength. Plastic materials exhibi t  this effect to a marked degree , particular l y at ele-
vated te m pe ratures . The creep rupture strength of a thermop lastic after 1 000 hours of
sustained stress may he only 50 percent of the strength found in the usual static tests.

Creep ete f or mr t at io n usu ally becomes objectionable before the danger of creep rupture
develops , par t icular l y wit h acrylic plastics , so t hat such ch aracte ris t ics in a pl astic m ater i a l
are i in portan t in desi gn.

Considerable work has been done to deterniine the creep rates amid rupture times of
severa l mater ia ls  under  variou s conditions ot’ temperature and stress. Results show th at th e
creep r u p t u re t im e s  of all m aterials are reduced , sometimes drastically , if the tests are coti-
d umct e d outdoors. Very l i t t l e  is known about the e ffects of creep under iii t eni i ittent loading.

4.2.4.4 SOLVENTS ANt) SOLVENT-VAPOR. The physical properties of plastic
glazing t ii at eri a l~. especially acry lics . may be reduced by exposure to a variety of solvents and
solvent-vapors.  R e dt ic t io n is especially noticeable in the threshold crazing stress of acrylic
mat er I als .  The decrease caused by some solvents ( inc lu t ding water) is of finite ext ent  amid
com i t t nued exp osu mrc does not cause any fu rther decrease in the physical properties. ‘Use
decrease caused by t h e  m ajority of solvents, howev er , is continuous , and prolonge d exposure
results in comp lete loss of s t reng th. Fuels , lubricating and hydraulic oils , deicing fluids .
sca ling comnpou n d s . ad hesives , and vehicle cleaning compounds usually fall in the l a t ter  category .

4 .2.4.5 .-\GING. Indoor storage normally has no appreciable e ffect on the physical
p roperties of plastic glazing materials.  Thcrn iop lasti cs should not be exposed to hi gh temn-
peratures , but t should be stored in a cool p lace. Outdoor exposure causes a decrease in
physical p roperties , the e x t e n t  depending on the time and conditions of exposure and the
chemical st ructure  of the glazing material .

4.2.4.6 WEATHERING.  In the past . the materials  used for vehicle glazing were chosen .
in part . because of their  good weathering resistance. For a t ime it was believed that outside
expos ure had no appreciable ef fect  on stressed plas tic materials. However , results of recent
outside creep tests , when compared with the results of inside creep tests , indicate tha t  outside
expos ure does affec t  the physical p roperties of acrylic p last ic materials , sometimes dra st ical ly .
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4.3 SIIORT-TER\I \ll- (ll.\NlC.-~L PROPERTIES

4.3.1 Tensile Loading

Res ponse ot’ acry lic pla stic to tens i le  load ing  is a f u t i e t i o n  ( ‘ I  t e mp e r a t u r e . ra te  of
stres s app l i c a t i o n ,  charac te r  of stress field, a m o u n t  of p re st rc tch  . ami d compos i t ion  of a m b i e n t
a tmosphere  ( f i gures 4.4 thtuug h 4. I I

4 .3 . 1 .1  T E N S I L E  STRI N (; TH. This property increa ses w i t h  a drop in t empera tu re ,
h i g i t  s tress app l m c a t i o n  ra te .  and the absence of so lven t—va pors  in the  atmosphere (t’igures 4.4.
4. 5. and 4 .6) .  A t  st a n d a r d  tes t  co t u d i t ions  (AST M-D-63~~) the valut es for tet is il e s t r eng th  are
between 0000 and 10 ,000 P out t idS per sq uare inch (62 and 69 megapascai s I . Tensile s t r eng th
‘. am es are i n d e p e n d e n t  of cast ing thickn ess or volume , and t liernia l prestretc h ing  ut the
n’m a t e r m a l  ha s no s i g m i t f i c a n t  e ffect ( fi gure 4. 1 1 ) .  Inclusions it i the form of widel y scattered
void s (0. 1 ~ 5 u t n l t i t i m e t e r s  ( decrease tensile s t rength by approx imate l y 30 perce nt  If the
total  ross- sectiona l area of otd s  in a p la n e at r ig h t  amig les to t he direction of ’ the tensi le  load
exceeds 10 percent.  the ten s i le  st r eng th  of the memb er decre ases t’ur ther  in d i rec t  proport ion
to t he  decrease in time load-carr y ing area.

4.3.1.2 l I - N S I L E - \ I O D U L U S  OF ELASTICITY. Similar  to termsi l e s t ren gth .  this
increases w i t h  a drop in t e m p e r a t l i r e  and a hi gh stre ss app l i ca t ion  rate  (fi gures 4.4 and 4.7 ) .
At s tandard test cotsdjtions (AS l\l - l )— ( 3~ ) t h e ~a hi t es  for tens ile modulus  of elast ici ty are
h~twee~ 400.000 and 450.000 pounds pet square inch I 275 5 and 3103 megap asca ls) .  Values
are independet i t of c a s t i n g  th ickness  or vo lume ,  and the rm n a i  p r e s t r e t ch in ~ of the mater ia l  has
no si gni l’i e a n t  ef fe ct  ( f i g u r e  4. 10 ) .

4 3 .  I .3 Si R A I N  AT F \ I L U R l ~. This value decreases wi t h  a drop in temnper atur e , h igh
stress app l i c ; i t i o t u  rate, and the presence of a t n u l t i a x i a l  tens i le  str ess field (figure s 4.4. 4.5. amid
4 9). -\ t  s t anda rd  test cor td i t io t i s  ( \ S 1  \1-I)-~ 35 I the straim i values at f’ai lure  are be tween 3 and
6 percent .  i hernial  pt ~‘ ‘.i t e t c h i t i t z  of acryl ic  p lastic si gn i f i cami t l y increases ti le m a g n i t u d e  of’
s t r a i n  at , i i i u t re  ( f i gure  4 . 1( 1) . and the ma gn i tude  ot s t ra in  at fai lure is in depe m idem i t  ot ’ c a s t i n g
t h i c k n e s s  or v o l u m n e .  I he presence of ’ b i ax i a l  t ens i le  stress t’ields , h o w e v e r . si g n i f i c a n t l y  de-
creases l i m e  m a g t t ; t u d e  of s t ra in  at t a i l u m re  ( f iuu re  4.91.

4 3.1 4 STRESS ( ‘R ~/ I N G  I N I F I  \ 1 I O N  1H RESHOL I ) . S i m i l a r  to tens i le  s t r e n g t h .
t I n s  ~ duc Increases w i t h  a drop in t en ipe ra t u re . high stress app l i ca t ion  ra te ,  and the  absence of
soken t -vap or s  im i t h e  ambie n t a tmosphere .  (‘ raz ing  is a mode of p lastic d e f o r m a t i o n .  pec u t l ia r
I t I  t.~lassy I 1ol~ fliers, t h a t  is c o n 1 p e t t t i ~ e w i t h  cot is  en t i o na l  shear d u c t i h i  t~ in reducing  stress.
(‘ rates con t a m n pol ymn er ma terial s that inter conmle t the polym er above amid below the craze
a i i  appe ar  coi l t i n u o u m s  immi d e r  ohser ~ a t i o t i  in a tn l cr ose op e.  h i n s  is su i p p or ted  by the (ubs er % a—
l i on  t h a t  t i t i de r  com n pr e s s i o t t .  or up on a n t i e a l i t i g ,  e ra /e s  fet id to re t ract  and t l i s a p p c : i t .  ( ra /e
rc t lects t i me l ig ht ~e t v  strongly because the ra re tac t ion  charac t e r i s t i c  of crate t o r mna t io t i  pro—
(luces a la rg e  decrease in t h e  refract t ve index.  The craze surt ’ace surrounded b y normal  po lymer
can be op t i c a l l y  l ikened  to a t h i n  layer  of li qu id  of low r et ’r ac t i~ e i m t d e x  t h a t  is be tween  two
p ie ces of gI , iss  d hi gh ret ’ra ct t ~ c t i de s  mu a re l ’rac tom uie t er .  I hic c r 1 / C  t ’o r t n a l i o i i  process is omie

I p l a s t i c  det ’or nm a t ion  in the  t e n s i l e  st ress  d i rec t ion  w i t h o u t  l a t e r a l  com i t t a e t i o m i .

4-I I



In wel l an nea led m ater ia l , craz in g i n i t i a t e s  at the surface and each craze tends to
im erease in p lana r area by growing both along the su r tace and in to  the specimen. For materi-
als wi th internal  tensile strains , c razes cart in i t i a t e  in te rna l l y ami d grow to a large site w i t hou m t
m a k i n g  contact  wi th i  the suirf - i ce.  As the tensi le  stress app lied to the material  increases p ast
t h e c raz ing  i n i tia t ion t h r esh ol d , the craze tends to enlarge unt i l  it ruptures. Thus the era/.e
is the flaw t hat  ser ves as tile u l t i rna f t ’  li m i tat ion on the fractur e strength of acrylic p lastic.

Crazing is usua l ly initiated under short—term loaditig at 80 It) 90 percemit of tensile
s t rength .  For temperatures less than 50° F ( 10 °C) . fracture can occur b efore  crazing,  siiice
the craz ing i m ii t i a t io n  strain increases wi th  a drop in te m pe ra tu r e  whi l e  the strain at f a i lu re
imicreases with te mperat lmr e .

4.3. 1 .5 SOLVENT CRAZING. In appearance and composition , t h i s  is ident ical  to
temisile stress crazing , except that it is initiated by contact with solvents or their vapors at a
stress level that is well below the t h reshol d for stress crazing in i t i a t ion .  Solvent crazing will
appear e~en on rnateria h that  is not u ind er applied tensile loa d im ig . since residual tensile stresses .
caused by machining,  buff ing.  polishing, mountim ig. and other fabrication processes , are
usual l y  present in any material ,

Su b st i tL i tiom i of modified acrylic p lastic or thermally pres tretc hed p lastic for the
gen era l-p imrpos e , heat-res istant material  increases resistanc e to stress solvent crazing.

4.3.2 Flexural Loadimig

The response of acrylic plastic to f’hexural loading is a futnet~u’,i of tempera tui re, rate
of stress app l i ca t ion , cha racter of stress field , amount  of p restretc h , and compo si t ion of ’
ambien t  a tmosp h ere (fi gumr e 4 . 1 2 ) .

4.3.2. 1 FLE\L JRAL STRENGTH. This value increases w i t h  a drop in t empera tu re .
hi gh stress app l t ca t ion  rate, fine surface finish , and the absence of ’ solvent-vapors in the ambient
atmosp here. At s tandard test  condit ions (AST\ 1-D-790) va lm .mes are betwee n 14 .000 to
16 .000 po um nds pi.~ square inch (96 to 110 mnegapascals). The presetice of notches,  even very

shal l ow ones , lowers the s t r e n g t h  value by approxim ately 50 percent . i.e.. to 7000 to 8000
pou n d~ per square inch (48 to 55 megapascals ) . The flexural strength values of uinn ote lied
material iner’ a se slig h tly w i t h  material thicktiess . whil e those of notched material are imide-
pe tide nt  of the thickness. Thermal pres tretchit i g of the material  has no sigm ’ii t icant effect .

4 .3,2.2 F L E X U R A L  MODULUS OF EL ASTICITY . Similar  to f lexural  s t reng t h .  this
imiere ase s with a drop in tempera ture  amid high st ‘ess applicatiorm rate. At standard test eondi-
t t o n s  ( AST SI-D -790) the values are hetweem ’m ~h20 ,000 and 500 ,000 poum ids per square imi ch
( 506 and 3448 negapascals). Thermal prestretc h ing of the m aterial  has no sign it ’ica nt et ’feet .

4 3.2.3 l ) EFL I (’TI ON Al I L E XURE F A I L U R E ,  ‘l’hi s increases w i th  t empera tu re
and slow bending  rates. Al standard test condi t ion s  (AS’! \1-l )-790) . the dct lccti on s are from
0.6 to 1.0 inch ( 1 . 5 2  t i  2 5 4  eent imeters . Thermal prest retchi ing of ’ the material  has no
sig n i f i can t  effect on deflec tion at  f a i lu re  ( IO U —percent  prestretch ing imi cre as e s def lection by
more than 1. 7 inches (4 3 eent it i ’me ters  I ) .
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4.3.2.4 DEFLECTION TEMPERATURE. This is a f’unction of the acrylic plastic ’s
cas t ing  composi t ion.  Under standard test condit ions (ASTM-D-648 , 264—pound-per-square-
inch ( 1.8 megapascals) flexur a l  loading), t h e  t empera ture  range at which detlection of the
test beam reaches th e specified magnitude is between 200 and 2l2~F (93 amid l00°(’). Adeflectio n temperatumre less than 200° F (93 °(’) in dic ~it e~ tha t the acrylic  plastic is not heat
resista nt .

4.3.3 Shear Loading

Response of acrylic plastic to shear loading is a fum n ct i on of te m perat ur e and rate of
stm’ess application. Onl y the shear strength is umsua lly measumred , si n ce th e assoc i ate d st r a i n
ami d mii odum lus of elasticit y are of little practical valume.

Shear strength iticreases with a drop iii te m pe rat u re , high stress application rate , ami d
the presence of compressive stre sses acting at righ t angles to the shear loading appli cation.
At standard test  condi t ions  (ASTM-D-732) , values are betwe en 8000 aiid 10,000 pou n ds pe r
s ltmare inch (55.2 and 68.9 megapascals).

4.3.4 Impact Loading

Response of acrylic plastic to impact loading is a function of surface finish condition ,
rat e of stress app lication , character of stress field, am oum n t  of prestretch , amid composition of
the ambiem it atmosp here. Since acryl ic  p l ast i c is very sen si ti ve * to inip act loading, under—
stat i d imig the parameters that  cause such semisit ivity is a necessity for window desi gners and
users.

-i he impact  strength is a functiomi of surface fin ish , th i ckmiess of mater i a l ,  magni tude
an d c~iar acter of ’ s ta t ic  st resses in a m um l t iax ia l  stress field , rate of dynamic  stress app l i catio n ,
and m agnitu de of thermal pre stiess. Of these , the quality of’ the surface fitiish is the miiost
im m ipo r t a n t .  A l tho i tg h co mpre ssive strength is not affected by surface finish and tensile am id
I1L’x u m r a l  s t r e n g t h s  are affected only nioderately, the impact stremigth depends almost total ly
upon it. The ( harpy test niet h iod (ASTM —D -256 ) has shown the i m n p a c t  strength to vary
t’romt i 0.2 to 3.2 toot-pouiids per inch (0.02 to 0.4 Newtoii-meters per meter) of specimnemi
wid th ,  depend in g  on the  simrface lim iish (t ab les  4.6 ami d 4 .7) .  A s imi lar  ~ariation h as bcemiestablished wi th  the lzod test method (ASTM-D-256 ) , where a notch onl y 0.01 im i ch (0.25
m i l l i m e t e r )  deep decrea sed the impact  s t rength  by 75 I)erceti t ( figumres 4 . 13 ami d 4.14).  Be-
eau m se t e m p e r a t u r e  has no ef ’f’ect on the impact stremigth of notched acrylic plastic (—80 to
+80~(’ ) , it  does t o t  hi ~mv e to he cotisidered ( fi gim re 4. 15) .

The impact  strength of acrylic plastic as measur ed by lzod , Ch arpy.  or bal l - impact
( t ~ SAS 7 2 (u . I ) methods is very much a funct i omi  of spec imemi thickness.  Increasing the
t l m m c k n e s s  of t h e  m n a t e r m a l  increases t Ime  impac t  energy reqitired t ’or its fracture.  For a speci-
men wi th  p o lms ht ed  suirL ces . the  increase in impac t  energ y  required fo r  l ’r ac tu i re  f a l l s  i n t o
the range of values where t h e  m u i n i m u m m is a l i nea r  func t ion  of’ t h i i ckm i es s  and the m a x i m u m
ms a f’tm mict io n of time I h i iekness  squmare d .

* (‘hi- s ep isl i, it ,’ is appm .wnati.’I r (lii’ same as ((Ecu for (/uer,nallu ’ teinper eil glass wit/i the Same ilzuc- kuu ’ss .
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Another  e f f e c t i v e  way to increase the impact st rength of a window is to use thermal ly
pres t r etehed ma te r i a l .  For n iat eriais tha t  are prestretched over 100 I)ercCfl t . the impact
i e sm s t an e e  is art order of n iagiii tu de hi gher than for as-east materials ( f’i gure 4. I 6). I m i applica-
t ions where pr essutr ize il w ind ows  may be impacted w i t h  hi gh—velocit y -  p r oj e c t i l e s . t ’or
examp le , huhl ~ t s , the u se of t h er m all y prest retc h ed ac ry l ic pl ast i c wi l l preclude c a t a s t roph i c
dis i mi t eg r a t io n  of t h e  window.  Because ther m ally prestretched acryl ic  is a~ a i f a b l e  onl y iii
t h ic kne s ses  less than  I imich I 2.54 eent in ieter s . i ts  app l icab i l i ty  to p re ss ui re—res is tan t  w i n d o w s .
n I n c h  are genera l l y t h i c k e r  t han  1 inch (2 .54  cem i t in i eters) .  is rall i er limi’ i i t ed ,

Table 4.7 . Impact strength of acry l ic  plas t ic  wi th  d i f f e ren t  notch conf igura t i ons .

Shape of Notch Charpy Impact Strength

0.500 3.3 f t - l b  to t  ~t i n d a r d  in  x ~ in  hai

O.150 in —.,. ~ ).,,_ 
~

‘~_J
I , u i l i t i ~ 

“f’ “~~ 0.500 notch f i l ed  onl y :  0.49

0.075 ,~ 0.0 10 in ~~
‘ , ,,j notch sanded and polished: 038 f m - l I )

0. 150 in —ø.~ ~..,_- ~

y
raciius at/ J ~ 0.500 0.33 It Ib

~f ) CX 0.01 fl 0.0 10 in

4 6 4  in  ‘—.“
~ F’— ~

0 500 0.20 f t - l b
t~ (~4 In ~~

I in -‘ / ~ 4 ’ I i i I } i i  i - _ 11 2 flu

4-14



4.3.5 Compressive Loading

Response of acry lic p las t mc t o compressive loading is a functiomi of temperature , rate
of stress appl ica t ion , ch aracter of stress f ie ld,  amount of prestretch , and composition of
ambien t  atni osp lier e .  Siiice conipressive properties of acry l ic  plastic are not  im ’ m fl um en ced by
sLm r l ace f in is h  and  onl y very moderately by the presence of solvemits , acrylic s t ruic tumres  sh ould
be desi gned so t h at they  wil l  only experience compressive stresses under operational loading.
F imrther m ore , si nce the in i t ia t ion  of impact-generated f ’racture re qumires the presence of
dyn amic tem isile stresses at the point of fracture. the superposition of a static compressive
stress t’ield s ign i f i can t ly  increases the impact  mesi stance  of time strumcture .

4.3.5. 1 COMPRESSIVE STRENGTH. ‘l’his value increases with a drop in tetiiper a-
ture . hi gh stress appl ica t ion rate , amid the presence of m u l t i a x i a l  compressive stress fields

figumre 4 . 17) .  At  standard test comidit ions (AS ’-I - \1-D-695) . the  yield strength values are betwee mi
15 .000 and 18.000 pounds per square inch ( 103 to 124 rnegapasca ls) . The co fnpre ssive

st re i ig th  values  at the samne standard test conditions are si gn i f i can t ly  hi gher than those for
yield s trength.  generally between 45.000 and 50.000 pounds per square inch (3 10 to 344
ti iegapas e i i ls ) .  Surface  finish and presence of solvent vapors have no signi fl eam i t e ffect, a lth oumgh
t ime presemice of interm ial discontinuities in the form of gas b ubbles will i n i t i a t e  tem isile fractumres
um i d c r  in t e rmial  compressive stress when the uniaxia l  comnpress ive s t ra i t i  exceeds 5 percem i t .
These fractures are oriented along the axis  of m ax imum principal  compressive stress . In
t n u l t i a s i a l  cOtl t pressi Ve stress fields , the compressive strength increases si gm i i f ica n t ly  un t i l  i t
becomes im i f i n i t e  in a uniform t r i ax ia l  compressive stress field ( f i gure 4.18) .

4.3.S.~ COMPRESSIVE MODU LUS OF ELASTICITY . Similar to compressive
st r e t i g t h . th i s  increases wi th  a drop in t em p era t u re . hi gh stress app lica t io n rate , and the pre-
sence of ’ m u l t i a x i a l  compressive stress fields (figures 4 , 19 and 4.20) . At standard test condi-
tiotis (ASTM-D-69 5) .  t he va l ues are betwee n 4 20 .000 and 550.000 pounds per square inch
2896 and 3793 megapascals ) . Since the stress-strain relationship of acrylic p last ic is not

l inear , both the tangent  and secant modu h i  of e l a s t i c i t y  vary inversely wit h stress m agm i itude
(fi gures 4 .2 1  and 4 .22) .  Knowled ge of both is very impor tan t , as it fo rm s the basis of calcu-
lat ions tha t  predict elastico-plastic buckling of acrylic plastic structures under  conditions of
m om entary overload.

4.3.5.3 COMPRESSIVE STRAIN AT ANY STRESS LF VEL.  This valu e r fecreases
wi t h a drop in t e mn per a tu m re .  hig h stress app licatio n ‘ate , and the presence of mul t i ax ia l  corn-
p ress m ’.-e st ress fields ( f i gures 4,23 and 4 .24 ) . At standard test conditions (ASTM -l)-695) . the
va lues  at yie ld  point  are between 7 amid 10 percent. The presence of a n iu l t i ax ia l  compressive
stress f i e ld  s igni f icant ly  decreases the magnitude of strain at any stress level.

4.3.5.4 POISSON ’S RATIO. This value decreases with  a drop in temperature , high
stress app lication rate , a nd the presence of ’ m n u l t i a x i a f  comrmpressive stress fields ( f i gure 4 .25 I.
In  a d d i t i o n ,  the magnitude of the ratio var ies  w i th  t h e  app lied compressive stress leve l ,  w i t h
higher  ra t ios  associated w i t h  higher stress levels .  Under  standard test condi t ions  (AST~l-l ) -
(~()5 

~ Poisso n ’s ra tmo s  i ncrease fromn approximate l y 0.3 at 4000 po uimid s per sqm. mare inch
( 27.6 mega p a scal s)  to 0.6 at yield po in t .
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4.3.5.5 COMPRESS I VE I ) EFORMAT1ON UNDER LOA I) . Th is value decreases wi th
a drop i m i te mr ip e r at t i re amid the preset l ee of m i m u i l t i ax ia l  compressive stress fields.  hi addi t ion ,
it va ries wi t h  the du i ra t ion of sustained loadimig, i .e. ,  longer periods of loadim ig produmee large r
de fo rma t ions .  Under  s t andard  test condi t ions  of 4000 poun ds per sqimare inch (27 .6 mega-
pascals ) . 1 22 ° F (50 °(’ ). and 24-hour duirat ion , the values are between 0.5 and 1.0 percent.

— 4.3.6 F lamm ii abi h ify

I gni t iom i  tem flp er a t im re , rate of fl anie propagation , and t ime to autonomous ext inct ion
of f lame am’e funct ions  of atmnosl)heric pressu re ami d composition of the atmosphere . Fu rther—
mo re , the  rate of f lame propagation and t im n e to a imt ono mnou s ext inct ion also depem id on the
ori e t i ta t i o n of the m ii ater i al  specim n en , i.e., a specime n oriented vertically has a hi gher flame
p ropagation rate than one oriented h ori z om it a l ly.

4.3.6.1 IGNITION TEMPERATURE. This is a function of pressure . composition of
the atmosphere , an d par t ia l  press u re of oxygen. At standard atmospheric pressure amid air
com nposi t ion.  the m in imrnmm i gn i t io n te mperatu re by heated air (ASTM-D-2 155 ) is 842° F

4 S 0° (’ . while by co ntac t  with a hot p late it is 1103 °F (595° (’). I gni t ion  temperature  is
more sensitive to an in cr e~sc i n the partial pressure of oxygen than to an increase in the
tota l  press u re of the oxygen-nitrogen mix ture ;  however , if both increase at the same ~i m ne.
the redumction in ignition temperature is dramatic (fi gures 4.26 and 4.27).

4.3.6.2 FLAME-SPREAD RATE OF ACRYLIC. This is a l’unction of pressure , corn-
posi tion oh ’ th e a t m osphere , pa rtial  pressure of oxygen , and orientation of the test specimen.
I n sta n da rd ai r at mosph ere a t at m osph er i c pressu re , the flame is not self-propag ating from
the ori gin of ign i t ion  when the material  is oriented horizontall y. When the material is
orie nted ver t ica l ly ,  the rate of propagatio n is a function of the amount of time that the
igniter mai m ita ins  contact wi th  the materi al  at point  of ignition. For an igniter contact of
less then 60 seconds, flame spread is so slow that autonomous extinction of ’ the flame results.
I h e  associated burn lengths and flame times appear to be a function of exposure time to the
1550 ° F (843 ’( ) i gniter flame ( fi gures 4.28 through 4.3 1).

When the pressure im i air atmosphere is raised above I atmosp h ere , th e Ilame sp read
rate beco m es posi tive and the bumr mimm ig  continues unt i l  all material is com i sum m ed. Imicreased
pa rtial  pressure of oxy g emi achieves simila r results (figure 4.32).

4.4 LONG-TERM MECHANICAL PROPERTIES

[,ong-ter mii mech amiic al properties of’ acry lic plastic are a res m .m l t  of com plex ch em ica l
amid ph y smeal  ac l i on s  that  occur in the material  ( f i gure 4 .33A and 4 . 33B) .  The first im ’m cremn e mit
of ’ de format ion  is ins tan taneous , t ruly elastic , and instam i t ly recoverable (f igure 4.34). It  is
believed tha t  i t is caused by a c h a n ge i n bond an gl es. Th e secon d , third , a mid t’ourth stages of
deformat ion  are t i m e  dc pem mdc nt , and depending on the mna gni t udc  of deform atiom i th ey can
cause pu~rn m am i em i t set.  These deformat iomis  are t li ou mg l i t to be caused by uncoi l ing  amid slippage
of the poly m er chains .

Flme f i r st  stage of ’ def ’orm n at iomi  is usumally com r mp l eted when the load ceases to increase.
I lie seco nd stage m s characterized by a rap id increase im i deformation , las t ing ap pm ’ ox im i i a t emy
30 to 45 n i in u t c s .  The th i rd  stage is char acterized by a l i nea r  ramige of creep las t ing from
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I to 10,000 or more hours , depending omi the stress level and temperatur e of environ mnem i t .
The foumrt hi stage is characterized by rapid acceleration of the deformation , u l t imate ly
te rmina t ing  in r u mpture . The fi rst , second , and fourth stages , although contributim ig signifi-
camitly to the magm iituide of deformation , are of l i t t le  interest  to the desi gm i er , as the durat ions
of most loadim igs are wi th in  the third stage .

To predict the magnitude of del ’ormnatio m i , the designer must know the e ffective modu-
los f ’or a gm~en environmental  temperature amid the projected max imum duration of loading.
Effective modulus , like the deformation that it represents , can also be broken down into t our
stages ( figumre 4.34). Onl y the third stage is of interest , as it represents loading durations of
practical concern.

The gemiera l equation for e ffective modu l i ms during stage three of material deformation
ms

ET - E 1 T’M , (4.2)

where
E1’ = calculated variable ef ’fective modulus for a given temperature at desigm iated

time T
F 1 = et ’fective mudumlus  at t ime = I day
‘F = time , d ays

M = slope constant , expressing modu h ums decay for a given temperature.

I t  cam i be represented as a strai ght line on log-log coordinates ( figure 4.33).

\ - a lum e s  of ’ F 1 and M have ’ been experimentall y de rive d for f lexu ral a n d te n sil e loadi n gs
t’roni 68 to 194 ° F (20 to 90°C) t inder laboratory test conditions (fi gures 4.44 and 4.45).
For other tempera tures  or types of loading, val u mes can be readil y ge mierated in several days of
sustained loading  by using the f’o l lowing re la t ionships :

log ( l’.l / l ’.7)
M =  ‘ (4.3)

log ( T2—T 1 )

w lie re
F 1 = et ’f ’ective ,nodu lums at T 1 (general ly I d a y )

= e f f e c t i v e  modulus  at T7 ( g e m m e r a l l ~ 10 t L i s  s I

T 1 ,  12 = tim n e , days ,

or
log (ö ~ I

M=  (4 ,4)
log ( ‘ I 1  — I I )
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where
I = detlectiom i or displacement at T 1

0 2  = defl ectiomi or displace m ent at T,

f 1 . 1 2  = t ime , days.

In addition ~o the physical reaction of
’ acrylic plastic to sustained loading, there is

also its chie mn ical reaction to solar or nuclear radiation , nioistumre , and chemical reagents. Their
eumimlative effect is to degrade t h e su m r f ’ace of the material and as a resu lt cause deform ’na tion
amid r up tu r e  sooner than predicted by extrapo lation of’ data generated in the laborato ry
environ m ents. For this reason , it is pre fe rable to base the design of acrylic str u mctur cs  on
lom ig -termi i experimental  data generated in operational environments  and to l imi t  the extrapo-
la t io n of ’ values to a n iax im u mn ti m e factor of 10. If this is not feasible , app ropriat e  safety
facto rs shou ld be app lied to the extrapolated laboratory data.

4.4.1 Tensile Loading

Response of acrylic plastic to hong- term tensile loading is a function of temperatumre ,
magmiitude of stress, character of stress field , comnpositio n of ambient atmosphere , and
environmnenta l  factors.

4. 4 . 1 . 1  TENSILE STRENGTH. This decreases with an increase in loading dura t ion .
imic rease in temperature , i ncrease in stress level , exposure to weather , and surface abrasiomi .
Because of the expenses associated with generation of long-term tensile data, most available
data cover only I to 1 000 hours. Fortunately ,  ~ hen the data are p lotted , straig ht lines that
can be extrapolated with reasonable confidence to at least 10 ,000 hours result. From these
graphs (figure 4.35 ) . it is apparent that the tensile rupture of acrylic plastic after 10 ,000 hours
of loading occurs at 5000 poum ids per squ are inch and 80°F (34.5 megapascal s amid 27 °C). 3500
pounds per square inch and 1 20° F (24.1 megapasca ls amid 49°C), 1500 po immids per square inch
and 160 ° F ( 10. 3 megapascals amid 7 1 °C), amid 750 po imnds per square inch and 200° F (5.2
ime g apase a l s  a nd 93°C) . When these values are com pared with short-term tem i sile s trengths at

idem i t ical t emp erat u r es . the mag n it um de of ’ decrease is from 40 to 50 percent.

Iong-term n exper iments  have discovered a time-te m perature equivalem icy comicept for
acry lic p las t i c  under  tension (f ’igumre 4.36). Ut i l iz ing this concept , it is feasible to su bst i tu te
hi gher te m pe rature t ’or t ime in long-term tensile rupture tests. This concept perm its . for
exam nple. umsmu m g i up t ure  data from tests of omie day at 70 C to predict acry lic plastic rupture
after 1 0 years at I 0° (’ ( f i g u re 4.37 ) . l - .ng imieer ing jud gement must be exercised , however , wh en
ex t rapo la t ing  data  for more than I mon th  f ’or structures exposed to weather , as the data in
fi gu mre 4 .37 were generated in laboratories wi th  carefully controlled ambiemi t atmospheres
amid temmip e r a t ur es .

Whemi exposed to weather , acrylic plastic ruptures after 10 ,000 hours at a stress level
(2250 pounds per squ are  imich ( 15.5  rnegapasca ls)) lower than the one emico imntered in a
laboratory env i ronmen t  at  room temperat u re (5000 pou mi ~ds per square inch (34. 4 megapas—
ca l s ) )  ( f i gu res 4 .38 and 4.39). This decreased capabil i ty is probably cau sed by the ch emical
deterior at ion of the acrylic  surface t ind er the action ol’ u l t raviolet ray s and siting. the  abrasive
action of dust.  amid the superposition of tensile stresses caused by d a i l y  d i f f e ren t i a l  thernia l
expans ion s ,
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l i e  best m e t h o d  f o r  desig mi of s t r u c t u r e s  exposed to weather ing  is to use rup tu re  data
f’roi u l om i g—term m L ’ s m cond u cted  in an outdoor  envirorm ment  t h a t  are discounted by at east a
la ct or  of two. I t ’ such d a t a  are not avai lable ,  the d esign should he based omi laboratory b u g —
ter m tensi le r u p t u r e  data.  gem i cr at eu t at the m nax im iiun i  expected ei i v i rot im ii et i ta l  te t t iperature .
( l i scoum n ted by at leas t  a factor of four ,

— ‘l Im e s u h s t m t u t i o m i  of t he rma l ly  p rcstretc h e d ac ry l i c  l) li istic cart s ign i f i can t ly  increase
t I m e a b i l i t y  of the  acry lme s t r u c t u r e  by ’ approx imate l y  a fac to r  of ’ two to carry tensi le  stresses
f ’or b u g  periods of ’ t i m e when e ‘~ posed to weather ( fi gures 4 .38 and 4.39).

4 . 4. 1 ,.! TENSI LE EFFECTIVE MODULUS. ‘Fhis decreases wi th  increases  in load ing
du rat io n , te m t m p e r a t ure , amid stm ’ess level ,  However , data do not  exist  f ’or all s t ress , t empera tu re .
ami ul d u r a t i o n  of loading ranges . For stress levels that g e n e r a t e  only I pe rcent of straimi (approxi-
m m i a t e l v  50 percent  ot t ens i l e  r u p tu t re  stress l’or a gi sen loadimig dur at io t i ) t h e  e f f e c t i v e  m odul u s
is on ly  a fraction (f’igtmre 4.40) of the short—tern i miio du ln s  of e l a s t i c i t y  d i scus sed i i i  s e c t i o m i
4 .3 . 1 .2. Because the  d a t a  generall y p l ot as a s t ra ig h t l ine  on log- fog  coordinates  f o r  modu lus
as a l ’u m i c t ion  of t i m e ,  t he  aloe at 10 years  of s u s t a i n e d  lo ad i : ’g  can he grap h i c a l l y  ext rapo-
lated f’rot n data genera ted  by tests last im ig omily ses crab  days.  \ l a t h e m a t i e a l  expre s s ions  can
also be developed t h at rela t e t h e ef ’t’ect ive t imne—de p em i de m t mn odu t l us  at t ime  ‘1 to the experi—
mem i ta l l y  d e te rmimied  I —ulay effective mod um lums am i d mts  rate of ’ dc .  iv .  Su me h m r m a t h e m m i a t i c : m l
relatio nships ,  based on I hour ant i I day of ’ e x p e r i m m i e m i t . m l l \  i i c m e r m n i m m e d  e f f e c t i v e  mnod uth i ,
have been e \ p e r i mne n t a l l y val idated for  long—ter m f l exura f  l oad ing  and are described in greater
de ta i l  imi seL ion 4 .4.2. 2. ‘Ihese rela t ionshi ps appe ar  to a l ) p lV com l sem’vat :s el y w i t h o ut any
modi f ica t ion  of contents  to long—term tensil e l o a d i m m g s .

4.4.2 Flex ur al Loadim ig

‘ l i e  r e sponse  of ’ ac ryl ic  p las tic to long—term f lexura l  loading is a f’ u n c t i o n  of te m pera-
L ure ,  n ia men i t u i de  ol stress . c h a racter of st ress fi eld , cot np osi t io n of a m b ien t  at m osph ere , amid
c i i s  m r o n m n e t i t a l  fac tors . T h e  e x p e r i m e n t a l  data generated in test laboratories and outdoor  test

‘aL m l i t i u ’ s w i t h  mi arrow test  speeini em is are somewhat conservative , as the def lect ion s of wide
ac rylic b eamm i s or sheets are s igni f icant ly  less .

4.4 .2. 1  F L EXURAL STRENGTH , This decrea ses wi th  inm ci’ eases in loadit ig dut ra t io n .
te m pe rature ,  amid stress level . expos umre to weather ing ,  and surface abras ion. Most available
exper i m enta l data cover o n l y  a t ime period of less thami 10 ,000 hours , b i t t  beca use they ’ p lot
as a strai ght t i mi d  on log-log coordit iates they can be safely extrapolated to a longer t ime
period ,

U l t t m n a t e  s t rem i gth  of acr yl ic  p l a st ic  t inder long—term I l ex u ra l  lo ading appears to
decrease wi th  ti m e at aboui t  ti le sant e  r a t e  t h at it does um i der tensile loadi ng.  Thus . af ’ter
10 ,000 hours of sus ta ined  f l exu m rah  l oad im i g  at 80° F ( 27 °(’ ) km a laboratory e t i v i ro n mnen t , r u mp—
hi re wil l  occur ut i der  a sust a ined f l exure  stress of 9000 pou nds per sq u a re  imich ( i’2  mnega-
p a seals ) .  a n approx ima te  decrease of 44 percem it froni time short—term f l ex u mra l  s t rem i gt l i  of
I 6 .000 pounds per si b ii~ir e inch ( 1 1 0  mi iegapasca ls) ( fi gure 4.4 1) .  TI m e decrease in long—ter m
st rengt h  hecom iies gre ater  when Lhe eon VeX suirf ’ace o f the test spec imi ien is serat elied * at

* ..I R1 (  - 
~rraI I, ~ ~~~~~~ 0.0n4 to 0,00 7 inch (0,0/ to 0.02 ~‘i’nti,iu’ti’r) de.’p and is prod uced n it/i a p/monograph

,u’eIh ic / b c.- Ii ,, has a 0, 002- in. /, (0 , 0() 5 (‘(‘otinmeter) radio,.,



ri gh t ang les to the direction of principal stress; at 10 ,000 hours the rupture of a scratched
specim iiemi occurs tinder a sustaiu ied flexure stress of 5500 pounds per square inch (38 mega-
pasea ls) at 80° F (27 ( ). When cotiipared . however , to the short-term flexure strength of
acry l ic p lastic wi th  an identical se,.atch* (approximately 12 ,000 pounds per square inch
(83  megapasca ls) . the decrease in sirength is also only about 50 perce nt.

When the acrylic plastic is subjected to long-term flexure loading outdoors , the
uinseratc h ed specimen after 10 ,000 hours of sustained loading ruptures under a sustained
flexure stress of 3000 pounds per square inch ( 2 1  megapascals) , which represents an
81-percemi t decrease from the short-term strength (fi gure 4.42) .  Based on these data , it
appears prudent in the desi gn of ’ outdoor structures to use only rupture data from specimens
exposed to weathering that are di scou mm i ted by at least a factor of two or ruptuire data from
specimens tested in a laboratory em m viron m nent  at the m aximu m expected enviro m i m ne rm ta l
temperatures that  are discounted by at least a factor of four.

4.4.2.2 FLEXURAL EFFECTIVE MODULUS. Similar to long-term f l exura l  strength ,
t h e  f’exu m ra l  effective m nod u m l u m s decreases with increased loading duration , teunperature . str ess
level , and exposure to weathering. Most existing data were produced in a laboratory emiviron-
m en t and app l y onl y to loadings of less then 100 days (fi gure 4.43). However , since the data
for different  ambient  temperatures plot as strai ght lu tes on log-log coordinates represem iting

and 1, they can be readily extrapolated to cover duratiomis in excess of 10 ,000 hours.

The relationship between FT and T has been reduced to a mat h ematical  relat ionship.
shown in equations 4.2 , 4,3 , and 4.4 , that simplifies the calculation of FT I’or any T of im i terest
to the designer. For f lexural  lomig-ter m sustained loading, the F 1 amid M termiis required f ’or
solution of the equatiorus h av e b eemm exper imentally determined for the temperature range of
68 to 194°F (20 to 90°C) and can he used wi th  comi fidemice for the calc u mlation of 

~- T amid
subsequently the total deflection of the str u mcture ( f i gures 4.44 and 4.45). The c a le u la te ’ i
values of FT are valid only for fi exumral  stress values from 0 to 3000 pounds per squ mare imi ch
( 0 to 20.7 megapascals ) .

The et ’feetive mod utlus of acrylic plastic unde i’ b u g  term fl ex t mra l  loading FT is tiot
only very usefu l for predict ing the def l ectiomi of the structu re at t ime T but also for predicting
the maximnuni  surface strain C t whose magm i itude deter mnim ies whether the surface of the plastic
wil l  craze dur ing  its useful ‘lesi gim l i t ’e. Some idea on the relationshi p between sumrface straimi
and crazing in i t ia t ion  can he obtained from outdoor test data lasting from 1 to 1000 days:
For sustained flexu iral  loadings tip to 1 year , desi gmi straim i s shi oum l d be kept below 0,5 percent.
whi le  for sustained loadings up to 10 years , the strain value should not exceed 0.25 percent.

4.4.3 Compressive Loading

Response of acryl ic  plast ic  to lom ig- terni comiipressive loading is a fu mmiction of tem ’nper-
a ture ,  m ’m ma g m m i tu d c  ot ’ stress , ch arac ter of ’ stress field , and e miviron m em i ta l factors. (‘ot upressi ve
loading di t ’t ’ers som im ew h iat  from temis i le  am ’i tiexural loadings in t h a t  the mmiatenial miever ruptures
at  r ight  angles to time d i rec t ion  of ’ the u n i ax ia l  comi m pr cs sive stress , but  is parallel to it .  The
accep ted exp lanat io n is t h:m t  wh iemi the lateral  positive st rain exceeds a certain v a lum e .  ti m e
mater ia l  r umpture s in tensiomi . Lateral res t ra int  iii the form ol eomnpressive stress decreases
the  la tera l  posit ive s t r a i n .  t h us in ef ’f ’ecl raisi mig the compressive y i e ld  amid u l t i m ate compressive
strengths of acry lic p last ic.

* mR / (‘ scratc h is ,‘ e t.. -ei ”m 0.001 to 0,007 huh (0,0/ to 0.02 ~.-Fm!mnu ’ t . - rj deep and is produced wit/ I  a p/monograp h
needle whose tip has a 0, 002 ’i, .-h i0 , 00~ .‘, ‘n tmnu ’t , ’rI ra~J ho
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Since sur faces  um mider compressive strain are inimiiumm i e to crazimig, no provisions must he
nuade by the designer to e l imina te  crazing. As a res u l t , sum r f’aces u nder eonipressioui can he
subjected to hig h er strain and stress levels t h an su m rf ’aces umider positive straimi , i.e., those
ti nder tem i si l e  or f l exura l  lo adim igs. S imi lar ly ,  the e ffect of weathering is onl y minor on struc-
t ures whose sui rf ’aees are in comiipressiom i .

Bec aui se of the n iany str tmct u ra l  benef i ts  associated with the p iacemem i t of acrylic
plastic under eom mm pr e ssiomi , all ef forts sho tm ld he made to design the structuire so that  all , or
at least time highest , stresses on time surf ’aces occur when the strumctumr e is tmndergoing comn-
p ressiomi ra ther  t lm ami tensio m ’m .

4.4. 3.1 COMPRESSIVE YIELD STRENGTH. The comnpr essi~e yie ld strength de-
creases with increases in loading duration and amiibiemi t temnperature . The presence of biaxial
or tr iaxial  compressive stress fields raises the yield stremigth : in a hydrostat ic  stress field , the
yield strength approaches in f in i ty .  There are presentl y n o exper imenta l data that  re la t e
y ield stre n gth to the duration of ’ loading at differ ct ft temperatures. However , sufficient  experi-
memital data have heemi produced f’rom 60 to 80° F ( 15  to 27 °C) to indicate that  in a uniaxia l
stress field it is imi excess of 3000 pounds per square inch (20.7 megapascals) for durations up
to 10.000 h ours. From 30 to 40° F (— 1 to +4°(’ ), the compressive yield strength for 10 ,000
h oumrs appears to be in excess of 6000 pounds per square inch (41.3 megapascals) . In a
biaxial stress field , where ~~~~~~ 

= 1 . the compressive yield stre ngth at room temperature is
in  exce ss of 6000 pounds per square inch (4 1.3  megapasca ls) ami d from 30 to 40° F (‘- I to
+4 ’(’) , it exceeds 9000 pounds per square inch ( 62. 1  megapaseals) .

4.4.3.2 COMPRESSIVE STRAIN. This valu e increases wi th  magnitu de of compressive
stress . d urat ion of loadin g, and teniperature , atid it decreases with the magni tude of compressive
stress actmmig at ri ght ang les to time princi pal comp ressive stress. Because acry l ic is a v iscoe lastic
mn a t eria l , the mag n i tude  of strain at any part icular  time during sustaimied loading is the sum of
i ns tantaneous  stra im i , obse rved umnm ’nediate ly after load application , amid creep, the time-depen-
dent s t ra in .

It appears that  u m nder  u iniaxia l  compression at room temper ature creep becomes exces-
s ms e  onl y at stress levels exceeding 7000 po unds per square inch (48.3 m’n egapascals) while at
n ear -t ’ree z m ng ten ip cr a t u res  it becom im e s excessive at stress levels above 9000 pounds per square
i nch ( ( > 2 , 1  mu egapasea ls) ( f ’igure s 4.46 throumgh 4.49). The presence of a biaxial  stress field
si gmiif ’icam ’tt ly decreases t h e  niagni t u mde of creep (figures 4.50 th rough 4.52). Thu s, for ex a m m’m p l e ,
t he ma g mii tud e  of creep u m n d er  7500 poummids per square inch (51.7 megapascals) of’ u niaxia l
comp ressive stress at room im t em np cra tu r c’ is approximately  equal to 0.000 1 microinc h i tier inch
per h m uumr , whi le  under  b i ax i a l  l oading of t ime sani e mag n i tude  it is only 0.0000 1 n m icr o im m c hm per
imich per hour , a n order of mmmag n i tude  less , If ’ the princi pa l stresses in a compressive biaxial
stress f ield are not of ’ eq ual u ma gn i t u de . the  mnagni t u mde of creep will increase som ewhat  along
time  ax is of time larger  p rim i ci p a l stress .

‘l ’h i tms it c a mi be conc luded t h at ti m e most e f f e c t i v e  design tool is a biaxial  stress fi eld,
wh ere both pri ncipal  stresses are of ’ equ ma l mn a gni tumde.  A struct u mre desigmied on this primici p le
eami tolerate i ii uchi hi glmer com pressive stresses w i t h m o u t  excessive creep.
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4 4.3 3 (‘ O M PRESS I VE F F F E ( ’T I VE M O l ) UL U S.  S imi la r  to the long-term com-
pr c’ssi~ e ~ ie ld strength , t he coin press ’ e e t t e e t m ~ e m o du i hu t s  decr eases w i th  increase s  in
b o a d i  m g d u r a t i o n  t emper a t u r e . ami d s t re ss  l eve l  amid i n creases  w i t h  the  p m e s e m l e e  of m u t l t i a x i a l
cuu mipr e s smv e stress f i e lds .

l \pc r i f lmem i ta b  da ta  desc r ibm m m e t ime e f f e c t i v e  . i x t a l  i m i o d u m b u s  of . ic i ’~ l i e  under  c O i l i l ’r e s s i O n
at r oom u tcm mip er a tu re  e ~ist ( f ’i g u m r e  4.53 - \\ lien  a cotmiparison t s  mr ia de between th e ‘e f t ce  I ~c
a x i a l  tmmo . , f u m h u i s  u n d e r  e omiipre ss io im w i t h  the  el ec t ive  modut lus  unider tens ion at the same
t c m m m p e r a t u r e  ( h g t t r e  4 35A ), the m agn i tude  of ’ the  e l t c c t i v c  axia l  modu i l um s  utnder  compression
in a c r y l i c  p l a st i ~ app e ars  to he si g t m i  f ’i e a n t i \  less t h a n  tha t  t inder t e n s i o n ,  or for tha t  m a t t e r ,
u m n d e r  f l e x u t r e .

‘l ’ l me ef t ’eet iv e m nod u lu t s  of ’ acr ~ t i c  p las t ic  F r c:m n be e a l e u i l a t e d  by um s i mi g  e qua t iomi  4 .2 ,
if  time proper I — d a y  ‘, a lu m es  for eft ’ec t ive  e o m m I p i ’ess ivc m n o d u l u m s  F 1 amid m o d u t l u m s  dcc iv  ~d a r e
used. Al t houg h the  a’ a m i a b l e  ex p e n t n e n t a l  da ta  are not e x t e n s i v e , i t  appears t h a t  in a umn i ~
a x i a l  stre ss f ield un der  c o i m m p r c s s i \ e  stress in t i > c ’ r ange  of 0 to 3000 pound s  per squ ir L m d i
(0 to 20.7 megapasea ls amid at room tempera tu re  1: 1 equals 380 .000 ;~ . un d s  per square inch
(.2620 i m i e g a p a s c a l s )  and ~l e qu ta i s  0.035. In the 30 to 4O~ I ’ ( — 1  to  +4° (’ ) t emm i pera l or e m a m t g e
I equi a l s 500.000 p o u m m i d s  per squmar e  m u c h  3447 n m e g a p a s c : m l s  ) and  \1 eq uia ls  0.1) 25 -

4.4 , 3. 4 COMPRESSIVE h~l -F L ( ’! lv i  POISSON ’S R-\ 1  IC The Pok’~~n ’s r a t i o

um i der su m sta i ncd compres sive l oadimmg has been foumnd to  im i em’eas c w it l i  the tii~m g ’ i i t ude of ~t i ” ’~ s .
inc  rea sc in t empera tu re .  and d u r a t i o n  • l oad ing .  Since dura t ion  .f b o a d m u g  s i gni i ’mc - a m ; t i e
a f f e c t s  m a g n i t u d e . tIme Poiss m i ’s a t i o s  m a y  rea ul i ly  exceed a lue s of ’ 0,5 I f  l e m i r e  4 ,54

4 4 4  I m i t e r n m i t f e n f  Loading

I m m t e r m m m i t t c m m t  l oad ing  o f t e n  o ccuim’s km ic r y - l ic  s t r u m e t u i r e s  t Lm t  arc u t s ,’d as pre ss lm n c ’r c ’s i s t a m l t
members in sum bmne r s i b l e s  and hyperbar ic  chambers . There are basically two types of ’ i n t e r —
mn i t te nl loading:  I I ) a load t h at is a i w i y s  app lied f ro nt  the  s itne direct ion and 2 )  ii load t h a t
res erses d i r e c t i o m i  he t s ~ ccii  sumeceeding app l i c a t i o n s  c i i i s i m m g  m f m e  m i i a ’ s i m n  i i m n  s tress t o  a l t e r n a t e
b et e. L e n  compression am i d tens ion ,

I n m e r m ’ n i t t e n t  loading pr esem its t Ime gm - ca test  ch al l em ’mge to t h e de s igner  because of the
sc’a r e i t  s of e x p e n i m n e n t a l  data  and the  m n u t l t i t u m d e  of design v a r tab les ,  W h e i m  r e v i e w i n g  a’ a m i a b l e

I - 
, 

t Ime de signer m n us t  be a~ arc  of ’ te st  par atmi eters tha t  in  f lu ieneed  the  tes t  results ami d also
k m .  ‘w ho~s to d i s c o i m n t  publ ished s-a l u ies .  i.e., desi gmi req umi re men  ts can ul t ’f ’er smi b s ta n t i a h i ~ from
the t cst par a m i me hers.

I’Iie m d  .r pa r ame te r s  t h a t  in f luenc e  such te s t  r e sul ts  arc te tmiper a tu i re . emivi r onment .
d u m ’a t i o t i  of ’ load in g phases. du ra t i o n  ot  r e l a x a t i o n  p hases. rate of’ - > a c l ng, rate ul um n l o a d t m m g ,
, i m c I  t ime p ru ’.c’it ee or absence ( if  I umi  d i rec t io t i  reversals . Of these , the  s’ t t e c  t of te m’ n p er a tu r u ’
ms bes t u m nd em’ ~t ood. as it  , i f ’t e c t s  the  u l t i m a t e  s t r eng th  amid  ci t ’ect m~ e t t i o d u i l u s  of c i a s t  i c i l y  in
the sa mm i e  m a m i m l er  t h a t  i t  does t inder constant  lo ng — termm m loading ,  i.e.. I o m m g e m  l , i m  bi lk ’ l i fe  am d
u’t l e e t i u c  m o d u l u s  of e l a s t i c i t y  va lue s  are associated wi th  l ower  a mi ibr . ’n t  t c ’m np erat ur cs .  l’hc
abse nce of ’ sunlig ht amid of ’ industr ia l poh lut t at i ts  in time u mmi h ie tm i  at mu > ‘pliu ’re ire , m t s i  k n o w n  t o
increa se tI m e  f a t i g u e l i f e  si y ’ mim f ’i c a m m i  Is . I lo~seve r , t I me ef ’f ’e. m s of ~‘ i i  h e r  c & ) i l t i m l t i O t i s or in ter ’
m ni t t e m i t immm ie r su  iii imi se awa te r  ar e  not  k n o w n .  



R ap i d  loaditig amid unb oad imm g .  typical  of c o u m m m e r c i a l  f a t i ue i uc  t es t in g  m n a c h i m i e s . fet id
to raise ti me t e in p era t t i re  of’ the test specimen amid as a re s u i l t  lower the fati gume I i ‘c. Thus
da m a generated b y fati gue test specmm t me n s  in a rap id- loading test mach ine  w i t l m o u t  t h e  bene-
fi t  of forced—air  b lowers  are s u s p e c t .  If t he  spec imens  are cooled b y blower s , time fat i gue
Iif ’e of acry lic p las t ic , as tes ted tnt a comm irnercia l  rap id cyc l ing  mt iac l mim i e .  is app rox i m ate ly
5000 i ounids per square inch  (34. 7 i m i c g m p a s e a i s )  for I o~ com mi ple te  s t r e ss  re sers ,u i  e y L l e s

— (ev ek ’s  of mean ~‘ero stress )  ( fig u mn e 4 .5 5) .  ‘F l i t s  value can be c o n f i d e m m t l y  os ’d w i th  t ime  appu ’o-
pr i a fe  sat  c’ ty  fact ors onl y t’or acry lic p i u st  ic s t r t ic tu i r a l  comnpot m emits  sui bjee t ed to I i  t igum e c~ d c
rates of 1 00 to 2000 c’s d e s  per mn imi u i t e  (a typ ica l  app l i ca t iomm wo u m l d be co i t iponemi t s  l’or a
pu t np 1 i - or  app l ica t io ns where t h e  imid iv id um al  cycles last ho umr s or day s , these ’ da t a  ire
i nappropr ia t e .  I lmese laf icr  cyc les  have  mmot  been s u f f i c i e n t l y  s tu idied to p e rm ii it  d e t ’imi i tc
t h eo ries oti t ime t a t  igue  tn e eham ii sm of’ a e r v ime  p las t ic  t inder  i em ’igt lmy cycles. Time only  re l iable
prc d ict i o i t  u mmethod  is to sumhj ect e i ther  a t’u i hi — or sca le-site model to f a t i g u e  cycles which are
e i t h e r  ide n t i ca l  to , or at i ea st  r L ’ f ’ r e se n t a t u s e  of , time loadings tha t  the  s t r u c t u re wi l l  exp c~i eum c e .
Thi s u s a ver y  cxpet i s i se  anu l t i m m i e — c o m i s u m n u n g  operat ion , as i t  t i c s  u tp  a t e s t  rn :mch in e  or f’ae i l i t v
f o r  v ears

On ly a few acry lm c s t ruc tumr c s  ha s e been sui bjected to t i m e  opera t iona l  t y pe  of f’a t ig u me
tes t ing .  I ’l mese s t ruc tures  were w i n d o w s  and press u mre huil ls  f ’or subn te rs ib l es , w imene the
poic m m tia l  loss l i f e ’ j u m s t u f i c d  the expense. Tests comiducted in \v u te r  at room tempera tu re  on
sp her ica l  . u c r y l u c  pr es su re hu i h l s , where  t h e  st resses varicul from zero to the m a x i n m u u n i  c o i n —
~ i c ’55iOfl a lu i c s , s im osv eul t h a t  f ’or an ac ry l i c  p i s t  mc s t r u c t u r e  wi th  a projected e r a / c — t r e e  I f ’e
of ’ 1 000 cye i e s ,* the  peak amid n o i m m i n a l  eommipr e ’ss m \  e work ing  s t u’ ess~”, km a b i , u s i a l  stress field
s l tou i l d  not exceed 7900 and 5500 pou i m m d s  per s p ia r e  inch ( 5 4 . 5  and 37.9 mueg ap :us e ; u l s  t .
r e s p e e m u s e h y .  Operat ional  fat i gue t e s t i n g  in wate r o f flat u lisc a c r y l i c  w i n d o w s . w l m er e  b oth
counpre ss i sc  im i d  t e n s i l e  stresses w e m c  j~~e sem it . showed t h a t  the  peak t e m i s i l e  ss n k i n g  s t ress  i
a b i a x i a l  s i m e s s  l’ie lui sh ould not cxc ecu l 1 500 p o u m n u i s per s qu i a r e  i t ie h  ( 10 , 3  i i u e g u p . s c u ! s  ).

l l u ’  w i n u i  es is to I m a a craze-f nec h l ’e of ’ at le ast 1 000 cycles in room im tempera  I a r c

It  s imot posi tmve l y known wh e ther  cyclic l o a d i n g  where th e ’ r e l axa t ion  p hase s of t h e
c y c l es ar c ’ shorter  t h a n  the su s t a in e d  l o a d in g  p im ises is im i ore  or le s s  se’ crc t m , : :  e~ d i e  l o a d i n g
w lmere t ime leng th of s u m c ce ee i mn n  p h ases itt each ind i e  idumaf  cycle  is t h e  same.  i !owce en . mhere
arc tn d jca tiom m s t h a t , or acrylic struct u res whose load or p r es sure ’ rat i n  is b us ed on pe ak
t e n s i l e  st  i csses presemut  d u u n i m m g  t i m e  sus t a ined  loading p i ma se . ~i u  r t e i i i u m g  t h e  rel a x a t m ui phase ’s
dcc re uses f i t  g lue  l i l ’e. -\‘, t i m e  l eng th  of i’c l a x a t i o u m  p hases b e t w e en  app lied t ens i l e  s t ress  p l m a ’ .es
is pr cr e ss iselv s l mortem i e d , t i t e  e f f e c t  of t e n s i l e  stress b e comm i es t h e  same as t m a t  of ,i continu-
oi is s u u s i a m u m c d  tet i s il e str ess . S imi la r  re’as. m i m m i g app l ie s to acry l ic  plast ic  s t r u i c t u i r e s  ~s hose load .
• ~ ~~~~~~~ r a t i n g ,  is b used on peak or miommi m nal  compressive stresses , except  t hat  the c o mi l i m mt io u s
s m s t a i m m e u l  cor l ipre ssi\  e s t ress  app l i c a t m omi is time l i m i t i n g  e’f fect .

.-\ pecu l ia  e f f ec t  of m n t e r m n i t t e n  m I s  app lied c o m t mpre s s ive  stresses on t h i c k  acryl ic  ‘, t m u m c -
t ural mmie mm m h er s  is t ime gem i era t io n of t e m i s m l c  stres se s at somime loc a l  i a n s  du i r im ig  t h e  rela x : i t i o m i
phases bet ss ecn i load ap pl eat mon p lm a s c s  . ,\s a res ul t , tIme mmie n iher mm i i\ f a i l  because of t i m e
u n a n m l i  t ode  1) 1 these  tem isile stresses gu’mi er a t c d  d u m n i m m g  r e l axa t ion  p lmas es i t h i e r  t h an b e e t u m s e  of
t ime c o mm i pre s s ive  stresses generated by time applicati on of time cx tc ’i’mi al load u lur m ig su slaim ied
loading p h i : u ’ e s . I - or  t h i s  to occur ,  is~o h , usi ~ c om i di t io t u s  m i m u s t  be pre’ s e m u i :  ( I  ) t he re  tr u ism be a

I a,-! u - > - h - t ’~nms is:s of / to -s h ours ‘I .>‘, vtai,u- / / ‘,a Iing p /iri s • ~~ii r i  o h  I r I a  I /T i m phases ii (‘qua! or !o mger l i t, ! - ii
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s i mb s t a m m t i a l  g radiemi t in com pressive stre ss across tIme thickness of the structuiral  m ii emi iber w i t h
t ime m n a x i m m i u n m  com ump ressive stress on one face and the min imumm i  compre ssive stress on time
opp osite face at time same location and ( 2 )  si gnif icant  creep must  take place at the location
( I f  m u i a x m m m i u m i n  compressive stress. F x p e r i m n e n t a l  data generated wi th  th ick-wal led spheres and
hemmmisp he res under  e x t e r n a l  h ’mydrostafmc loadimig indicat e that  tensile stresses e ffect ing tensi le
f’ati gue t’ai lure imi less t i mamm 100 in te rmi t t en t  load cycles can be produced during the stistaine d

— l oadi n g p h ase by as li t t l e as I 0.000-microimiches- p er-inch t I  .0 percent) difference in coun-
press is e strains betweem i the outer  amid inner  surfaces of time shell ,  To preclude tensile fati gue
failuire s in acrylic plastic strtmctura l m embers th at are tinder compressive strain dur ing load ing
phases , amid t h at a re restrained from ch ang ing cut  vatuire  or lengt h i dumrimmg the relaxation phases ,
the differemice iii compressive strains on opposite f ’aees of time s tr u ct u mra l  member at the end of
inm dmvmd u a l  load ing phases s i m oum k l not exceed 5000 microin ch ies per m cii (0.50 percent )~ Umire-
strained structural members  th a t  can adjtmst th eir l engt i m or curv att mre durimig the relaxatiomi
phases ca m i probably tolera te  urge r  s t r a t u m  dmf ’f ’eren ees between the opposite faces of the
st r i m c t u m r a l  mm ienm ber ,

4.5 CONCLL :SIO\ S

lime task f a c i m m g  t i m e ’ de~m g n c ’  of .icrs t i c  p l . u s t i c  s t ruc t um res is formidable , riot only because
ade qumate  exp erm mc m m t . m t . lata do mmot e’\ i s t  bt i t al so heeaumse of t Ime  c omu p les response of ’ acrylic
p l as t t e  to su m s m , imne ’d or i n t e r i m u m i  t e n t  I . m d m m i g  t ha t  ge rmeratcs m u l t i a x i a l  stress fields km s t ructural
mm m em i ib e rs. ‘Ihere are’ basmc ,m lts t h ree approach es f’or ti me design of ’ safe acr r  i i c  s t ruc t u res .

I lie s imorm e st  amid mm i os m r e f u , u b t c  approae l m is to muse  or sl igh tly mnod i f ’y a desi gn t h a t  has
already hcem m fabricated and e vuI t i a t e ’d, Such de s igns  are discumssed in sections 5 t h rough 14 of
t his hm andbook and ire su im i i m u i am i , c d  in sect iou 15.

The secommd approac h is su ) t i i e s s  h a t  l om ’mger , but t  it is reliabl e amid capable of prou iu c i n~origim ’ma i desm g mis . Time resu t i tmn g s t ru m ct tmres  are . h owever , mmot optimm i ized in wei ght or cost , This
ap proac lm is based on the umse of very conserv ative allowable working stress levels ( t a b l e  4 ,~ I ,

The th i rd  approach is also reliable , b uit very b u g .  I t  is capable of producing original
desi gm is  t h a t  are op t immmi ie d  in weig h t and cost for the imitended operational life of t h e  s t r uc tumre .
It  is based om u the discussioti of exper imenta l  data and engineerim ig recomii m emmdat i ons pr ese umted
i mi th is  section.  Th is approach is p ar t i c u la r l y cost-e ffective , i f t u e  operational com iditions ire
we ’ ll  def ined and time spec i f i ed  u msefum i l if e of the str u ct u mre is short , i.e., a n expendable  itemmi or
omie with a p rojected l i f e  of ’ less t h ma u m 1 yea r .
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b
Fa ble ’ 4 5 . -\llowable umonm immal workit u g stress levels f o r  a c r y l i c  p las t i c  d e s i g m m ,

M a x i m m i u m m m  Allowable Workit ig
Stress Lcve’l , psi

‘remm ipera t ui re , 1) 1; (‘urn pression 1 e um sio u i
I— ____________ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

- 77 3000 1500

104 2400 1 200

I 122  2200 1100

140 2000 1 000

155 1600 800

176 1 200 600

- 164 600 300

N~~k’s .

~ 
• t ~ . -3 2 u 1 t  .8

~~‘ 
(p .894757 i i-n I p
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22 I I I I I I I
1

2 0 —  / —

notes:

A = tensile strength1 8 —  / —
B = tangent modulus of elasticity IC = strain at failure0

16 — 1 psi 6•894757 E+03 Pa / —
0 A 

t~ 
= (t~ -32)/ 1•8

14 —
~C.

12-(:, }•-
<z

Ui

W < 10 —

U) U~~~Z
Ui 0

< B
U)
~~

0

I I I I I I I I I I I I~0
-80 -60 -40 -20 0 +20 f40 +60 +80 +100 +120 +140 +160

TEMPERATURE , °F

Figure 4.4. Effect of temperature on short•term tensile properties of acrylic
plastic (reference 4.1).
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:~ ~~~~~~8 - notes:
1 psi = 6.894757 E+03 Pa
1 in = 2,540000 E-02 m

7

0.00 0.05 0.10 0.15 0.20

TESTING MACHINE CROSS-HEAD SEPARATION RATE. in/mm

Figure 4.5. Effect of testing rate on short-term tensile strength of acrylic plastic at room
temperature.
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10
0 0temperature = 70 F (21 C)

material = Plexiglas G

— 
specimen = 0.5 X 0.5 X 4 in f t3X 1.3 X 10cm)

8 —

CO
2 7 -
x
a

>-

‘— 6 -
0

I-U)
-J
Ui

U-
0
U)
D
_j
3 —
0
0

I.-z
LI_i
(:~ 

3 —
at 5000-psi stress level

2 — at 10,000-psi stress level

1 — 1 psi = 6,894757 E+03 Pa
1 in = 2.540000 E-02 m

I I I I
0 1 2 3 4 5 6 7 8 9 10

CROSS-H EAD SEPARATION RATE. in/mm

Figure 4.7. Effect of testing rate on short-term tensile modulus of acrylic plastic
at room temperature .
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10-in /m m rate

12 ,000 -

2.5-i n/m m rate

11 ,000 -

10000 - 0,25-in /m m rate

9000 -

8000

7000 
0.05-in /m m rate

U)
U)
LU
CC

6000
Ui
-J
(1)

5000
I—

4000

notes:
3000 temperature = 75°F (24 °C)

specimen = 0.5 X 0.5 X 4 in (1.3 X 1,3 X 10cm)
material = Plexi glas G

2000 1 psi = 6.894757 E+03 Pa
1 in = 2.540000 E-02 m

1000

0 I I I I
0 0.005 0.01 0.015 0.02 0,025 0.03 0.035

STRAI N, in/in .

Figure 4.8. Effect of testing rate on the short-term stress-strain relationship of
acrylic plastic under short-term loading at room temperature.
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0 0 longitudinal fracture surface
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— Ui D circumferential fracture surface
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~~~~~~~~~~~~ ntia l
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— based on hoop values~~~ ____________ ____________

0 _ _ _ _ _ _  _ _ _  _ _ _

0 0.5 1.0 0.5 0

0/ x

RATIO OF BIAXIAL STRESSES

Figure 4.9. Effect of biaxial stress distribution on the magnitude
of short-term strain at fracture in a room temperature environ-
ment (reference 4.2).
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16 — -

14 — notes: —

A tensile strength
B = modulus of elasticity

I_fl C = strain at failure
1 psi = 6.894757 E+03 Pa

0 X 12 — —
tr~~~

t Fx a
.
~~ - U i
C. CC
- — 3
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~~~ U i <  B
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-~~~~~~CC - -

6 -  -

4 —  —
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2 .  —

B
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-80 -40 0 +40 +80 +120 +160 +200

TEMPERATURE , °F

Figure 4.10. Lffccl of tempera ture on short-term tensile properties ol 100-percent
slrclched acrylic plastic (refercncc 4 .1).
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C”
8 .  —

0
x
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—

U)
LU
CC
I—U)

4 — notes:

A te nsi In , I r  Li

SO :ss - i;, i ,m im q threshold

•2 — threshold
1 psi = 6,894757 E+03 Pa

0 I I
0 50 100 150

AMOUNT OF STRETCH , %

Figure 4 . 11 . Effect ot stretching on short-term tensile properties of acry lic
plastic at room temperature (reference 4.1 ).
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3 2 -  1 6 - 1~ I I I I I I I
notes:Lfl

C’) 2 8 . 0 1 4  - -
0 A = f lexural strength, unnotched

B = flexural strength , notched
~ 24 - a 12 - - (60° notch, 0.005 in deep on side

> A normal to long axis of specimen)
~~~ 20 -~~~~1 0 - nt modulus of elasticity 0 to 1000 psi
0 -z

~ 16 -
~~~~ 8 -

F-
U, W
—J 12 -u-

-32~/1.8 1i n 2.54~~~~ E-

CC _ _ _ _ _ _ _ _ _ _ _

~ 8 •~~~~ 4LX -i I
Ui 3~~~~-j 02IL 4 - 0  2F
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1 psi = 6.894757 E+03 1 deg = 1.745329 E-02 rad
I . 1 I I I I I I I0 •  0

-75 -50 -25 0 ‘25 ‘50 4 75 ‘100 i - 125  ‘ 1 5 0  + 1 7 5  ‘ 200

TEMPERATURE , °F

Figure 4 .12. Effect of temperatu re on short-ter m flexural properties of notched and
unnotched acrylic plastic (reference 4 .1).
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3.C

notes:

A = MIL-P-5425 
-

B = MIL-P-5425, stretched 63 percent
2.5 1 in = 2.540000 E-02 m -

1 ft-lb /in = 1.129848 E-01 N-ni

-C

~ 2.0 - -

0
C

~ B 
-

I
I— 1. 5 -  -

00
0~~~~~~~~~~~~~~~ 1

I
0 1

1
5 2 0

DEPTH OF SCRATCH , in x 10~

Figure 4.13. Effect of depth of ARTC
needle scratch on Izod impact strength
plastic at room temperature (reference 4.1).

(
4-39



100

80

notes:
specimen = 0.250 X 0.500 X 2.5 in tested f latwise
material = MI L-P-5425

C
V 1 in = 2.540000 E-02 m
~~ 60C.

II—
0

LU
CC
I—U)
I-
° 40
0..

2 0 -  _  _

0
100 80 60 40 20 0

THICKNESS OF SUPPORTING MATERIAL , percent

Figure 4.14. Impact strength as a function of thickness of supporting material below a
deep surface scratch (reference 4.3).
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Charpy notched bar

~ 0.4 -

h od notched bar

notes:
CC
p— 0.2 - material = MIL-P-5425

1 ft-lb /in = 1.129848 E-01 N-ni
0
0~
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TEMPERATURE , °C

Figure 4.15. Effect ot’ temperature on the impact strength of notched acrylic plastic
(rel’erence 4.3)
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I
6 notes: -

A = MIL-P-5425, lOO-percent stre tched
B=MIL-P-5425

= (t~ -32)/1.8
1 f t-lb = 1.129848 E-0i N-rn
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Figure 4.16. Effect of temperature on unnotched Charp~ impact strength of stretched and un-
stretched acrylic plastic (reference 4.1).
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Figure 4.18. Compressibility of acrylic plastic under
triaxial compressive loading (reference 4.4).
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Figure 4.19 . Effect of loading rate on the short-term compressive modulus of acrylic plastic at room
temperature (reference 4.5).
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Figure 4.23. Effect of temperature on the short-term strain of
acrylic plastic under compressive loading (reference 4.6).
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Figure 4.27. Effect of total ambient pressure on the minimum hot-plate
ignition temperature of acry lic plastic in various oxygen-nitrogen mixtures
(reference 4.7).
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Figure 4.28. Burn length prior to self extinction of a vert ical acrylic plastic strip after
12 seconds exposure to a Bunsen burner flame in an atmospheric environment. Mean
readings are given inside circles, while the total number of specimens tested is shown
above each bar (reference 4.8).
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Figure 4.29. Flame time prior to self extinction of a vertical acrylic plastic strip
after I 2 seconds of exposure to a Bunsen burner flame in an atmospheric
environment. Mean readings are given inside circles, while the total number
of specimens is shown above each bar (reference 4.8).
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Figure 4.32. Effect of total pressure on the rate of flame spread of an acrylic
plastic strip inclined at 45 degrees (0.8 radian) (reference 4.7).
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Part A. 80°F (27°C) ambient temperature.
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Part B. 120°F (49°C) ambient temperature.
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I I , , i i l  i ~ l i ~~, il i i  I i i i IO
0.1 0.5 1 5 10 50 100 500 1000

TIME , hr

Figure 4.35. Behavior of acry lic plastic under long-term sustained tensile loading
in laboratory environment (reference 4. 1 ).
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Figure 4.35. Continued.
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Figure 4.35. Continued.
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Figure 4. ~6 Rupture strc ~ses of acrylic plastic under sustaine d tensile loading
in a laboratory environment whose anibient temperature can vary from
II) tI) ‘(I ( ‘ ( re ference 4.9).
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C,
— I I I I I 1

8 notes:

I A = MIL-P-5425 , 100-percent stretched
I A B =

7 1 1 psi = 6.894757 E-t-03 Pa

6
C,,
0

TIME , hr x

Figure 4.38. Rupture stress level of acrylic plastic under long-term sustained
tensile loading in an outdoor environment (reference 4. 1).
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B -I notes :

I A = MIL-P-5425. 100-percent stretched
I B =

7 - 
1 psi 6.894757 E+03 Pa
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C,)

C h i h u l !

TIME , hr x

Figure 4.39. Initiation of crazing on surfaces of acrylic plastic under long-term sustained tensile
loading in an outdoor environment (reference 4.1).
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1 1

-4.0 - 

B

material = MIL-P-5425
1 psi = 6.894757 E+03 Pa

—1.5 I I I I
2 5 10 20 50 100 200 500 1000

TIME , hr

Figure 4.46. Behavior of acrylic plastic under long-term sustained uniaxial compression
loading in a laboratory environment at room temperature (reference 4.1).
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material = Plexiglas G
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1 psi = 6.894757 E’i-03 Pa
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Figure 4.47. Axial strains in cylindrical test specimens of acrylic plastic under long-
t erm sustained uniaxial compression loading in a laboratory environment at room
temperature .
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l-ieLIrc 4.48. (‘irculnferen lial strains to cylindrical test specimens of acry lic plastic
under long-term sustained uniaxial compression loading in a laboratory environment
at roo m tem perature .
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0 mean stress = 0
maximum stress = constant at indicated value
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Figure 4.55. Flexural fati gue stress of acry lic p lastic under rapid stress cycling rate (1800
stress reversals per minute) (reference 4.3).
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C.

SECTION 5. FOULIN G AND WEATHERING
OF ACRYLIC PLASTIC

S. I INTRODUCTION

When using acrylic as an engineering material , it is imperative that the characteristics
of the material , as well as its resistance to the ambient environment , be known. In the case
of fouling, weat hering, and long-term submergence , extensive data are not available and
definitive statements cannot be made. However, some exper imental data exist in all these
areas, and on this basis some general observations can be made.

5.2 FOULING

Marine microorganisms attach themselves to all submerged surfaces and create a
marine slime layer of bacteria , algae, and other microorganisms (reference 5. 1). On this
primary layer which acts as an inducement , the barnacle population begins to grow along
with hydroids and other marine plants and animals. When attached, these organisms multi-
ply at a rate up to 1,000,000 times faster than when free floating (reference 5.1). There are ,
however , some natural deterrents to the accumulation of fouling. Cold, excessive heat ,
salinity, pressure, pollution, and water movement all act to inhibit the growth of marine
organisms. Fouling organisms decrease in variety and abundance with increased depth to
about 100 feet (30.5 meters), and below 100 feet (30.5 meters) the fouling increases the
closer the object is to the bottom (reference 5.2).*

Over a period of years, a large number of test specimens of various materials was
lowered into the ocean to a maximum depth of 6800 feet (2072.6 meters) and left for
periods of up to 5 years (re ferences 5.3 through 5.7). When retrieved from the ocean.
most of the fouling on the acrylic panels consisted of mud tubes made by tubeworms and
the growth of various species of bryozoa, hydroids , barnacles, anomia e, and colonial tuni-
cates , It was also discovered that numerous deep-to-shallow grooves were present on the
acrylic (reference 5.8). These had been created when the material was placed in contact
with the untreated wood and the borers had eaten through the wood and into the acrylic.
In extruded acrylic , however , only a small number of borers penetrated into the plastic
(reference 5.4). It seems reasonable to assume that while acrylic is probably not susceptible
to biological deterioration in the deep ocean, it must not be placed in direct contact with
untreated wood as it can be damaged to some extent by wood borers (reference 5.5).

While the agents of fouling do not actua lly damage the acrylic in a way that will
cause structural failure, they do ruin its usef’ulness, since they reduce or destroy visibility.
Dr. C. V. Metzler of the Naval Missile Center , Point Mugu, California, conducted a series of
exper iments to determine the rate of loss of visibility of acrylic in shallow water at the end
of a pier. lie found that after 8 hours there was no loss of visibility and no fouling; after 7

1”or information on what happens at greater depths , the work of James S. Muraoka of the Co-il Engineering i.ahora tory.
Port ilueneme . California, is rer v valuable (rejérences 5.3 through .5.10) .
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days . a slight loss of visibility and I’ouling by algae : after 18 days. a complete loss of ~isibilit~
and fouling by mans dil’t ’erent organisms (reference 5 ,2 I (figure 5. I . NI uraoka conducted a
simi lar experiment. but in the open ocean at a depth of 1 20 teet  ( 3 f t (  m e t e r s  I I Ic found
t hat after 12 months exposure visibility through a clear acry lic panel was on) fair and foul-
ing consisted of hydroid growth; in 18 months the visibi lit~ W as ver~ poOr ( re ference 5.8) .
There were several factors apparently involved in the different results 0! these two test s .

— F i r s t ,  the diflerence in depth: Metzle r ’s spec imens were at t i n me s as close as I 5 feet I
meters ) to the surface. Second , Murao ka ’s t ests Were con ducted in the open ocean while
Met,ler ’s were done t’rom a pier located in calm water - Third. there were differences in the
tem perature ranges . water movement, and pollutants. There fore, the best s ta temen t  that can
l)e generalized from these studies is that fouling does occur and that in a relatively short
perio d of time an acryl ic panel can become so fouled as to be virtuall y opaque.

This loss of visibility makes an acrylic window useless to its user. In the case of a
submersible which ma~ be in the water for onl~ 4 to 6 hours a day and then rinsed of !’ tol)-
side with fresh water , the windows will never become fouled. The specimen in figure 5.2
was placed in the ocean and rinsed off with fresh water once a day for I week , It was theii
cont in u a lly su bmerged l’or I week , and visibi lity still remained quite good (refe ierce 5 .2 ) .
When the window was rinsed with seawater rather than fresh water , visibility was destroyed
within a 2-week period (figure 5.3) ’  Therefore , if acry lic windows are to be subjected to
prolonged cont inuous exposure , some method must be !‘ound to keep !‘ouling organisms
from attaching themselves to the windows.

Over the years various substances have been used in an attempt to provide an anti-
fou ling coating. Any antif ’ouling material must be ( 1 )  highly to xic to the fouling organisms.
( 2 )  easily applied. ( 3 )  a clear material so that it will not affect the transparenc~ of ’ the
acr~ t ic , and (4 )  have a long toxic life (reference 5.10) . In addition. the substance must not
attac k the acr~ lie. Must anti !’ouling “paints. ’’ whether those used on ship bottoms or win-
dows, wear of f  in I 2 to 20 months (reference 5 .1 ) .  In some cases a bacterial film may t’orm
a protective la~ er over the antifouling coating that is normally toxic to fouling animals.
t tic re h~ af ’fording a t’oot hold for growth for these animals (re l’erence 5 0 ) .

The Organo-tin compound known as bis ( t r i - \— buty l t in  ) oxide or simply TBTO
appeare d to be the most promis ing antifouling coating as it met all cr i ter ia  I’or desirabilit y
( re f e rences  5 , 1 1  , 5 ,2. and 5.10) , Ames found that the best protection was afforded by us ing
I .trboil 207-2 to which 3 to 5 percent of’ TBTO was added tc r 60 days of immersion.
Ames found no fouling organisms . but there was a slight slime detritus t’ilm over the windows ,
I Iot~eve r , v ms i h i I i t ~ and transparency were still fair to good. and the windows could easil y be
cleaned by wiping with a sot ’t cloth (reference 5. 1 I ((figure 5. 4~. MI’t4er. in his shallow
water tests , coated his w indows with undiluted TBTO and found that the m- c was no f’ouling
for at least 2 t~ee ks (reference 5 ,21 (figure 5 .5 ) .

After some inconclusive tests with antit ’ouling agents , l)~ ck i im a im and others decided
that the only wa~ the agents would work for prolonged periods would he i! the~ were intro-
duced directly i n to  the sti r lace of the acrylic (re!’c Ieucc 5.2 1 or bound w ithin a resinous
polymer matr ix 1 rc t c re mi ce 5. I ). Muraoka experimented wi th im pregnating aer~ lie w i th  a
concentrated IBTO soluticn by placing t h e  test specimens under I~ d ros t at ic pressure ami d
thus attempting to force the TBTO inside t h e  acrylic (referenc e 5 .10 ) .  In his experiment, he
had I’our seri es of pane ls. One set wds untreated and ~as the contro l set \ s e  cond set ss as



simply dip—treated in a TBTO solution and allowed to dry in air. A third was i)ut in a concen—
trate d solution of ’ TB1O and subjected to a li~ d ros t at ic pressure of 3000 pounds per sqtiare
inch (20.68 niegapascals) or 30 minutes . l’he fourth set was put in a concentrated solution
ofTBTO and subjected to a pressure of 10 ,000 pounds per square inch (68.9 megapasc als) for S
hours . Both sets 3 and 4 were drip dried, which Iel’t a st icky coating that distorted visual images .
Therefore , some win dows in the third set were cleaned with alcohol. All time sets were then
placed in the ocean in approx imatei~ 20 feet I 6 meters) of water about 5 feet ( 1 .5 meters )
off the bottom, Al’ter 9 da~ s , the uncieaned tre ated 1)aileis in the third set showed very litt le
growth amid good visibility. After 29 da~ s . these windows were comp letely covered amid
t h ere was no visibility. The avc iage temperature during this test was 60 F ( I  5.5 °C . For time
dip—treated pane ls in the fourth set the results were sli ghtly different , Atte m 6 days. these
windows were free of biological growth , but there was a sligh t reduction in visibilit y . After
I -~ days. there was no significant growth and visibility was very good . After 35 days the
p. miels were covered with a fine (‘j Im which significantly reduced visibility. it ie water tem-
perature during this test averaged 64°F ( 1 7.8 °(’)- While these tests are not conclusive, it
seems reasona ble to conclude that any application of TBTO protects the acrylic only during
the earls stages of exposure amid l’or on h~ a limited time (reference 5. 10) . In (‘act , so me cx-
periments indicate that no antifouling agent (‘or ac r~ lie windows has been success !’ul for
more t han 20 days (reference 5.1 2 ) .

This same conclusion also appears valid for stri ppable films which can be applied
direet l~ to t h e  windo~ . Metiler f’oumi d that N. F .  (‘ardarelli oh’ B. F. Goodrich Company had
developed a transparent polys i rm y l  chloride film impregnated with TBTO (reference 5.2 1.
I his l’ilm, like TBTO app lied aiiv other w ay.  has a rather short life , bitt it has t he advantage
of easy replacement , It was use d on (lie PX- 1 5 when it Iloated !‘or 3 months in the Gulf
Stream in I ~)68 . NI uraoka found that a plastic (‘ilni of ’ P1FL tested (‘or 5 years at 1 20 feet
( 36.6 meters ), white covered wi th growt h. could easil y be stri pped away and underneath the
wii ido~ v~ ould be as clean as when t’irst placed in the ocean (refe rence 5.8) . No cleaning of
t he window was necessar\ - 1heref ’ore . lie believed that the ( h u m  may have certain advantages
over painted-on antifouling coatings.

It is apparent. howe~er. that if an acrylic window is to be submerged t’or any  appre-
ciable period of time , for exa mple. in a submerged habitat . t hen some an t it’ouling measures
ot her than those i) iesent l~ a~ailahlc must be emp loyed. If the window is placed at diver
depth . it is possible that a combination of pa i nt ed—o n TBTO, strippable film , and wiping
could keep the s~ indow clean. .- \ t  the greater depths. these approaches simply will not
sut lice.

‘
~ ‘ lien the (‘ivil I .ngineermni~ La horator~ at Port Hueneme. Calif ’ornia. decided to build

a concrete experimental habitat to test materials construction and deployment techniques at
a depth of 600 lcd , ( 182. 8 meters), a large spherical sector window of ’ acryl ic plastic was
incorporate d into tIme structure, although the habitat (SEA(’ON II was never to be manned.
After suhumiersion , t Ime window would allow manned submersibles and unmanned robots not
on ly to inspect the interior of ’ t ime habitat for leakage but also to record photographically
some data pro mm n e n t l~ displayed on instrumentation panels inside the vess e l, While S1-.ACON
I wa s still in t i m ’: planning stag es . i t  heca imme apparent that a new approach must be tried. it ’
the w indo~ were to re mi main useful f’or tI me lull I 0—½ mont hs SI - ACON I was to be on the
ocean h oot, I herciore. a special ex ternal  fouling prevention system was designed , installed.
and made operational. I Imis s5 stei n was composed of a window cover , a wi per brus h
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assembly, a lift bag attached to the window cover and wiper assembly, a solenoid valve to
activate air for the lift bag, a 1/ 10-horsepower DC motor to rotate the brushes, and a chemi-
cal dispenser of TBTO installed in the window cover (reference 5.12). The window cover
provided a stagnant area around the window ’s exterior , where the TBTO was to be continu-
ally leached from the chemical dispenser. When the inspection party iuiside a submersible
wished to use the window for viewing, the solenoid valve was act ivated and air at 10 pounds
per square inch (0.68 megapascal) above ambient pressure filled the bag. This caused the
cover to rise , brought the brushes out of contact with the window, and gave the inspection
party an unobstructed view through the window. When set on automatic , the DC motor
rotated the wiper brushes for 2 minutes every 8 hours or , if on manual , for any desired time.
It was planned that when the window cover was reclosed , the dispenser would introduce
TBTO into the stagnant area around the window until the equilibrium of the TBTO solution
was reached. However , the dispenser fell off and was lost while the habitat was being launch-
ed, and thus no chemical was used in the antifouling system. The wiper assembly was set on
automatic and operated successfully throughout the entire I 0-Vz months of submersion in the
ocean. The cover assembly was raised and lowered remotely by inspection parties 10 times
during this same period. The wiper brushes performed beyond expectations. On the perini-
eter of the window where the wipers did not reach , there were hydroids and priniary slime .
but the action of the wipers apparently prevented the spread of the hydroids and a slime
buildup (reference 5.12). As Metzler found previously, distur bing the environ ment  appeared
to reduce the rate of fouling markedly (reference 5.2). A photograph of this assembly is
in figure 5.6.

It is obvious from this discussion that there is presently no easy method that can be
readily employed to counteract fouling. However , it must be remembered that fouling does
not s t ruc tura lly affect an acrylic window. It causes the window to become useless for its
designe d pur pose , but once cleaned it can usually be reused. The worst case of fouling
occurs when the window is submerged for extended periods of time, as in a habitat. It is
recommended that niore experimental approaches be investigated for preventing f’ouling of
windows in stationary habitats , if their functional value is to be preserved over the habitat ’s
projected operational life ,

5 3  WEATHERING

Tests with weathering, like fouling, have produced only limited data. In a study done
by Yustein . Winans, and Stark (references 5 .13 and 5.14), transparent mater ials were sub-
jected to weathering in various climatic locations. Of these materials , methyl methacrylate
showed the least reduction in mechanical strength properties without any serious impairment
of serviceability of the material after 5 years exposure. The test specimens were made f ’rom
cast acrylic sheets with 1/8 inch (0.33 centimeter) nominal thickness, They were subjected
to weathering in (‘ive different locations selected to typif y a hot , wet climate : a hot, dry
climate : a temperate climate ; a subarctic climate; and an arctic climate. Table 5.1 shows the
results of t his test over a 3-year period.

In another 3-year study published by the Armed Forces Supply Support (‘enter
si nm ilar results were obtained (re h’erence 5.15) .  The objective was to compare the changes in
physical properties between materials exposed to various climates and those stored indoors.
Resu lts show that 3 years of in door storage have almost as much effect on the mechanical
properties of acrylic as does weathering in a temperate climate for the same time. Only in a
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Table 5.1. Effects of weatherin g in various climates on acrylic plastic. *

Property Panama New Mexico New York Canada Alaska

Tensile strength Down slightly Down slightly Down slightly Cyclical Cyclical
with period of after most
exposure exposure

Flexural strength Down slight ly No change No change Down slightly Down slightly
with period of of any after long
exposure significance exposure

Light transmission Up No change Down slightly No change No change

Haze Up Up Up to 6 Up slightly Up slightly
percent

Surface appearance Yellowed Yellowed No change No change No change
some some

*A 3’year study on 1/8-inch-thic k (0.33 centimeter) test specimens (reference 5.14).

tropical climate was the deterioration of physical propert ies significant , approximately 10
percent per year (table 5.2).

In another study of weathering (reference 5.16), Rainhart and Schimmei gained
access to a 4- by 12- by I /8-inch (10 by 30 by 0.33 centimeters) piece of Plexiglas which had
been mounted for 1 7 years amid 18 months in a static test frame outside Albuquerque . New
Mexico. They subjected the weathered panel to a series of tests and compared the results
with those obtained t’roni unweathered acrylic. The study showed that there had been a
signi(’icant increase in the brittleness of the material. Furthermore , in the areas of flexural
strengt lm and maximum strain the study supported the data of Yustein , Winans. and Stark

Table 5.2 . Effect of outdoor weathering arid storage (2.5 to 3 years) on the
te umsi le p ro perties of M LL-P-54 I S materials (reference 5 .1 5) .

Tensile Strength , Strain at Failure, Modulus of Elasticity,
( ormdi (ion ~~ psi percent IO~ psi

Original 11.2 5.8 4.4
After 3 years uI stora ge 10.4 5.8 4.1
After exposure to

3 years  of temperate c limate 10,5 5.0 4,4
3 years of subarctic climate 9.2 3.9 4 .6
2.5 years of dry, hot climate 9.6 3.6 4 .4
2.5 years of trop ical climate 7,5 2. 2 4 4
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t h a t  losses iii these areas are a continuous and not a step (‘unct ion of time. The degree of
e umm hritt lement was s imow n by a 65—percent decrease in strain at rupture and a S I—percent
decreas e in fle\ural strength. In addition, t here was a small hut steady increase (7 percent )
iii the t an g e n t  modulus of ’ elasticity over time. Of all properties measured. th ie optical trans-
mission decreased the least: At’ter the surface of the pitted acrylic specimen was repolished,
its tr a i ismi mi ss ivit~ was the same as that of an unweathered specimen.

R~ summarizing ex isting weather data , it can be stated that although acrylic plastic

~ ea t imers it is a slow process whic h decreases the original tensile strength , tiexural strengt lm .
amid duct i i i t~ by a f’e w percent per year. It must be l)ointed out. however , t hat all the test
sp e c im m iens used in thiese experiments were extremel y thin. Many authorities hypoth esize
t hat v~ eat hering is a surf ’ace ef ’t’eet. If this is true, then the action ol’ ultraviolet rays.  c imemical
att . ic ks h~ pollutants such as ozone , and abrasion by dust particles , rain, and snow will have
a mar ked e f fec t  on the results obtained when using thin specimens as test samp hes. l’liese
resu lts would then not actually be app licable to windows or massive acry lic structures which
.ire 10 to 40 times thicker than the test specimens. Theref ’ore , the effects generated by the
‘~. eathering tests may very well represent insigm(’icant changes when applied to any- thing
except 1 /8-inch-thick (0.33 centimeter ) specimens. Until data based on weat h ered I - to 4-
incim-thick ( 2.54 to 10.16 centimeters) acrylic specimens become available it is reasonable to
assume that the published data f’roni thin specimen studies are also app liea ile to thick sheets
use d l ’or construct ion of windows in hyper baric chambers ,

l’lme lack of tensile amid flexui’al strength data for thick weathered acrylic is a minor
inconvenience when compared with the total lack of data on changes in compressive strength.
The latter could decrease a small amount , a large amount , or not at all. It could e~en con-
ceivabl y increase with exposure as weathered acry lic is known to be more brittle than un-
weat hered acrylic. Since all spherical and maiiy conical frustum windows experience only
compre ssis e stresse s , this information would be of great value. It is hoped that this lack of
data on compressive strength of ’ weathered acrylic will be rectified in time future by ASME.
t Ime sponsor of ’ s a fe ty  stan dards f ’or acry lic viewports in hyper baric chambers.

Another area of ignorance concerning the properties of weathered acr~ lie plastic
deals with the s~ nergistic ef fect  between sti ’es ses and weathering. Sufficient e\p lorator \
data ex is t  to indicate t hat the presence of tensile or f lexural stre sses in material exposed to
weat her accelerates its deterioration dranmatica i ly. l ire data are not a~ailah1e. iio~~ever , t hat
wou ld permit quam itit icatio n of this synergistic e f f e c t  over 10 to 20 ~ ear’ s, It would be of
practica l value to determine the e f f e c t  of a comir press i \  e st mes s field on (hit’ rate of weat imering .
s ince many hyperbaric windows in service are in comi mpressi ol . w h en pressuriied. It is doubt-
f imi , however, w hether such data will soon heconie a~ a ilable as the ui t umi m ber of 5.11 iab hes r ice d—
rig e lucidation is large and comp lex: Not onl~ must t he e ffec t of diff e rent principal s tre s ses
in a stress field he determined. hut tIme e f f e c t  of their magnitudes on t h e  rate of ’ weather ing

must also he quantitative l~ esta h!ished. W imen one adds to tIns time varia b les represented h~
t Ime duration and ambient temperatures of cycl ic  and st istained loading condit iomis. the real
comp le x i t~

- of t he problem lacing (he invest igators of ss eathering becomes apparent.

Because of this complexit ~ and the lack of def ’initive data omi which to t ’orm ulate
quanti f ied re lutions imips between the deterioratiom i ot pim~ s ical properties in weathered
acr~ lie. lengt im of exposure. magm mitude of stresses , and type of loadimig, an empir ical rule h a s
hee r m a dopte d h~ ASNI I ( reference 5.1 7). I his rule states that the usef ’uI life ol’ acr~ lie
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viewports in pressure vessels for human occupamic~ is ID ear s . It is based oii time conse rs
ti s e assu lm ipt ion that wi t h in 10 ~ ears even stresse d acr ~ lie in a tropical c l i r i iate will retain
nmore t han 50 percent of ’ i t s  originah load— carr ~ l u g  abi l i t y .  Thus , t ime e f f ’eL - t is e s a le t  at tur
of acr~ lie v iesvpom ts evemi iii tropical service will decre ase onl~ f ’ro mu m t ire original ramige of 3 to
4 to that of 1 .5 to 2. which is still a nmarg inall\ adeqt mate alue for manned ser s ice . \t heur
appropriate data (ro imr thick acr~ lie specimens become availa ble , t he sers ice l i fe of acryl ic

me ss ports nia\ he extem ided to I S or 20 yea rs . sav ing t he indi mst r~ sigir if i e ,m r r t  s t i rm is oI miioi re~

5.4 SUBMERGENCE

For specimens submerged fo r s’a r~ ing lengths of ti m m i e . time data are much immure coi n—
pre he rs i ’, e t han ‘or weat h ering, I- or example , t ime fo llowing results are a’. ailahle :

Spec imim ens inmniersed in water for as b u g  as S ‘~ ears do not undergo a sign i( ’icant
chemical change I reference 5 .1 ~~).

2 After ins estigation of windows from FR ll~STl - II. mm deterioration in the immate-
rial’ s mee hi am m ica l properties was ourid and there was no indicatio n of degradation of t ire

iess rig characteristics or quahit~ ( re fe rence  5 . h 9),

3. Piexuglas does riot deteri orate with age ( reference 5 .20) .

, \c r~ lie, like othier permeable materials , does absorb some water when subjected to
prolom iged exposure in tire ocean. However , t he results var~ . In one test, 1 , 1 6—imich—thick
I .5 millimrieters ) specimens were placed in a I 00—perce mit humidity environmer ’mt arid the

w a t e r  absorption was measured at 2 percen t referenc e 5 . 18) .  Anot h er experimen t svit lr
- 4—inch—thick (6.3 millimeters ) specimens that were immersed for 250 days led to a 2 .2-

percent absorption (referen ce 5. 18) . Muraoka found that iris specimens which were left at
2370 feet  ( 1  22 meters ) in the open oceaui for I sea r absorbed about 0.44-percent moisture
it the specimen were of extruded acrylic ami d about 0.46—percent if it were made of cast
acr~ li e (referemice 5.7). If the specim mien were left (‘or 1 year at O800 f’eet ( 2072 meters). tire
extru ded acr~ lie absorbed only 0.35 percent and the cast acrylic 0.40 perceuit ( reference 5.5 I.
In te s ts conducted (‘or 2 Years  at 5640 f’eet ( 1 719 meters) . Muraoka found moisture absorp-
tioui for  ex truded acrylic to be 0.23 percent amid (‘or cast acry lic to be 0.5 1 percent (ref ’erem ice
5. 6). It ca l m be concluded that the mir axim mi um ir water absorption was 2.2 percent f ’or exten ded
mmlmmers ioui of these specimens . It should be emphasized, however. that all the speeim emis
ssere ext remri e l~ t hur  in comparison with actual windows or acr~ lie st ructures ari d that the
e( ’l’ect of this t h ickness dil’ferem iee is unknown. It is believed, however. t h at thicker windows
w ill absorb less tham i the values recorded, since on ly one face will he exposed to the water
and onil~ a small proportion of the total volume will thus he wetted ,

These sa m e generah com ic lusions cami he made reg~irdimig the hardness tests conducted
wit lm aer~ Ire both before and a f te r  suhmnerge mice. One series showed the hardness test of
acr~ lie before exposure reading 90.0 on time duromneter and 88.0 af ’ter 5 months at 600 feet

I 83 ulieters ( re(’e rence 5. I 2 ). Another showed a dry readimig of 90.0 (‘or cast acry lic and
~2.0 alter ex pos nre for 2 ~ ears at 5640 feet ( I  719 nmeters ) ( ref ’ercnce 5. 6). Whether this
change can he attr ibuted to the ahsor p t i o n  of ss .iter. effect s of’ pressure. or slight changes in
mec hanical properties is tint - lear. lIme fac t  remains that w h ile some slight c h a n ges do occur
t hie~ are not sm g mn i(’icant am id can thmeor e t uc a hl~ lie disregarded when designing wit h ac r~ lie.
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In the area of other physical properties , acrylic test specimens of 1/ 4 and 1/8 inch
thickness (0.6 and 0.3 centimeter ) were placed at 2300 feet (701 meters) mi the open ocean
tor 6-~-~ months in both flexed and relaxed positions. The results showed an insignificant
increase in F (flexural modulus) and a decrease in tensile amid com pressive strengths (refer-
ci rce 5. 21). However, all changes were less than 10 percent. In another experiment with
1/4- and I 8-inch-thick (0.6 and 0.3 centimeter) specimens placed in 6780 feet (2067
nieters ) of ’ wa te r for 403 days the sanme results were obtained (re ference 5.22). it thus seems
reasonable to conclude that the physical properties of acrylic do not change rapidly or con-
tinually, evem i when subjected to long-tern-i loading, in the greater depths of the ocean. How-
ever , it must again be realized that all test specimens tested to date have been very thin and
that tire results may not be completely applicable to acrylic structures or thick acrylic
windows.
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I- m m ~urc 5.6. Viewport assembly ~t ’ SI A( ON I habitat .‘hmwiimg pr inec lmve e v ei  arid wmp~’! hiu~ ime ~ for
c l ean in g time window. The cover is raised o rn t y lur briet periods ut m i n n i e whicn i  hseivar n unms :mrc performed h~’
a suhr ircrsih le tl mr o ug h tIre window.
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SECTION 6.
PRESSURE- RESISTANT WINDOWS

6.1 INTRODUCTION

I3ecatise t h e  pressure Imu ll s of submersibles and hyperbaric chambers are traditi onally
m a i L of opaque materials , there must be some provisiomi for visibility t’rom the interior of ’
t he opa.lue enclosui’e f igure 6.1). Wimrdows made of trarrsparent acrylic plastic basicall y
s : i t i s t ~ this requirement figure 6.2 ) .  Although they ~u riot provide unhampered sisihility,
ti m e f ickI— ot— ~ iew s Ii mm io st cases adequate t’or the application. In cases where the field—of—

~icv~ from a s innelL ’ s~ inrdow does riot st it ’tj ce , severa l wi n dows can be grouped together (f ig-
ure 6 .3 1 .

l i ne incorporation of a window into a pressure Iru ll is a complicated process that
si eni ifica ii t l~ incr eases time cost amid weight of the linris lmed hull. The reason is t lmat time window
m ilotmni ti nnt! m u s t  seen” ‘ 1~~~ ’ ’. I the window in place , and also serve as a rein I orcem iienit
tar t i me opening in the imui ., ..~~ ~ iir dow— mounting assembly generally requires riot only an
exten s i ’. e s t i e s s  amral~ sk but also labricatiomi within tight dimemisional tolerances , Because
t he mot i imt ini t ~ must provide reinforcement f ’or t ire openiimg iii the hull without ex te i rsive
detornratio mr of t! :e w inrdow seat , its large bulk imicreases the weig lrt of tire hull.

Si m mee t ime cost o1 a finite-element stress analysis for a pressure hull wit hr a wimidow
inoum rti ne is independent of the window ’s diameter am-id sitice the cost of fabricating the
wiimdow-t laiige assembly does tiot increase in direct proportion with the window ’s diameter ,
a large dianreter wirmdow is m ore cost—effective than several smaller ones th at cover t ime sanre
tic Id-of—~ ne y. - This is the reasomi for the trend to fewer , but larger , windows in opaque pres-
sure ii tills I or h uman occupam rcy (figure 6.4) .

6.2 WINDOW CLASSIF ICATIONS

Windows arc classified by tire curvature of their viewing surface , shape of their eir-
cu i n i r ferem ice , and co mu imguration of their bearing surface. Using the curvature of tIre viewimrg
surface as a c lassif ication criterion , all wimrdows can be classif ied as either plane or curve d
(f i gure 6 .5 ). Windows wi th curved surl’aces cair be I iirther subdivided according to tire ch ar-
actcr  t i f  the curvature : spherical , aspherical , cy limrdrica l , etc. Using tIre shape of the wimrdow ’s
circumference as a classification criterion , t Ire windows camr be classi l’ied as round , square .
r .’c tam mgu lar. elli ptical , triangular . etc (figure 6 .6 . ‘Ih e cont’igura tiomi of hearing surfaces
all ~~ t ine s~ iridows to he further classified into windows with conical . plane . toroidal. or
spherical hca rimm g surfaces (figure 6.7) . When a window is described according to all of ’ its
c lassi l i cat iomms , it c ar l  he re adily visualiied. l’hus . f ’or c \airiple . a round window with plamie
s- iew im m g sur faces am id a conical bearing suirfuce is readil~ reeogm nnie d as a conical frustuni . t he
s t a m m dard V. I nndow for deep submergence app lication s .
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6.2.1 Window Shapes

Only round windows are generally used in high-pressure applications. TIme round
opening in the mounting flange distributes stresses uniformly around the circumference ,
thus minimizing the cross-section of the flange. Square, rectangular, or triangular windows
are used very rarely because openings with straight edges in the mounting generate very high
stre ss concentrat ions at t he corners . Still, square or rectangular windows are popular for
very low-pressure applications because of low fabrication and installation costs associated
with rectangular mountings and straight edges (figure 6.8).

Rectangular windows wrapped around the hull in the form of cylindrical shell sectors
are used only in limited applications, since the stress concentrat ions in the rectangular rein-
forcing flange permit application only at very low pressures. It is only when the cylindrical
shell sector exte irds completely around the circumference of the pressure hull that it becomes
attractive as a pressure-resistant window sh ape , i.e., the distribution of stresses becomes uni-
form amid the shape and size of mounting flanges become amenable to economic fabrication.
However , thick cy lindrical windows have a serious drawback in tire form of severe optical
distortion along the longitudinal axis of the cylinder. Thus, because of their high cost and
great optical distortion, they are used only rarely . A typical application is in the cy lindrical
conning towers of sh allow submersibles where they provide t h e observer a 360-degree (6.28
radians) view around tire periphery of the submersible (figure 6.9).

6.2.2 Window Curvatures

Because of the uniformity of stress distribution around the penetration in the pressure
h ull, wimidow mounting, and body of the window , round windows with curved viewing surfaces ,
alt hough of recent deve lopment , are beginning to predominate in high-pressure applications.
Time optimum shape is the spherical sh ell sector that both maximizes the structural response
of time w indow to pressure loading by generating only compressive stresses in t he acrylic amid
optimizes the magnitude of the undistorted field-of-view by acting as a wide-angie len s. Th us,
sph erical shell sector shapes have been used in the wimidows in tIre pilot’s com partm ents  of
most submersibles with a 0- to 1000-meter depth capability (figure 6.10).

Windows wit h plane viewing surfaces are not as attractive for high-pressure app lica-
li o n s  as are those with curved surfaces because of the nonuniform distribution of stresses
in time body of the window, The parallel plane surfaces cause t h e  window to behave like
a flat membran e under flexure , As a result , the low-pressure face is submitted to tensile
stresses while the high-pressure face is subjected to compressive stresses of equal magnitude.
Since acrylic plastic is very notch sensitive in a biaxial tensile stress field, the low-pressure
face must be protected against the scratches and gouges that significantly lower the window ’s
cr mt~ca l pressure .

6.2.3 Bearing Surfaces

To eliminate the presence of undesirable tensile stresses in windows wit h plane view-
m nrg surf’aces f’or h i gh -pressure service , tIme windows are provided with a conical bearimig surface
t h at s up e nm nposes a compressive radial stress on time plane viewing laces. This is particularly

6-2



e ffective for th ick plane windows (t/D
~ 

greater than or equal to 0.5), where the superimposed
compressive radial stress is larger iii magnitude than is the tensile stress on the low-pressure
face, th us elimin ating undesirable tensile stresses (figure 6. 11). Plane w indows are often found
in low-prssure service without conical bearing surfaces , since for low t/ D

~ 
ratios time conical

surfaces do not significantly decrease the tensile stresses but do increase the cost (Figure 6.4).
Conical bearing suirfaces are also used on windows with spherical viewing surfaces , w imere t h eir
presence allows tire splmerical shell sector windows to behave like true sectors of a spimerical
sime ll under compression. By allowing tire sectors to slide in the conical mountings , tiexure
stresses in tire s lme ll sectors are either completely eliminated or minimized, Conical bearing
surfaces also improve tire sealing ability of the window. Since a window with conical bearing
surface acts like a pressure-energized conical plug in a matching conical moun ting seat , it is
a reliable solution for sealing nu der very hig h pressures.

However , the conical bearing surface is not without some drawbacks , The conical
angles omr both the window and the mounting flange must be precisely machined to insure
proper contact between the bearing surfaces of the window and its seat , reliable sealing, and
smooth displacememrt under pressure . Because of the appreciable “in-and-out” sliding displace-
ment in tire flange during repeated pressure cycling, fatigue shear cracks ten d t o appe ar on the
bearing surfaces of tIme wimidow sooner ti-ian on plane bearing surfaces , particularly when
the latter are protected by bearing gaskets. Thus, windows with plane bearing surfaces rest-
ing on gask ets are t’oun d in th ose applications wh ere a very long cyclic pressurization t’atigue
life is required.

Spherical amid toroidal bearing surfaces provide no significant structural advantage
over con ical bearin g surfaces. Since sphrerical amid toroidal bearing surfaces are , except for
very small su es . dif ’ticult amid expensive to fabricate , th ey have not been extensively used.

6.3 SUMM ARY

Time niost ef fect ive pressure-resistant window con figuration in terms of weigh t and
field-ot ’-v icw is considered to be a true spherical shell sector with conical bearing surfaces.
Time least desirable pressure-resistant window con figuation is considered to be a plane rec-
tang le, square , or triangle. 0th-icr window configurations fall between these two extremes.
Time actual ch oice must be based not omily on structural requirements , but a lso on cost ,
field-of-view , optical pert’ormance , ease o f insta llat ion , ma intenan ce , an d ot lmer operat iomra l
req uire memrts.
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SECTION 7. PLANE DISC WINDOW S
WI TH FLAT BE A RING SURFACES

7. 1 INTRODUCTION

For several reasons the plane disc window configuration (figure 7.1) is the oldest
design use d for incorporation of pressure-resistant windows into pressure vessels for human
occ u panc y ( r e f e r et r ee s  7 . 1 t lmrough 7.8) :

Time plan-ic shape of the window surface lends itself ’ to econom ical fabrication
fronrm sheets or plates of transparemi t materials. Tim is is particularly tr ume of glass win ch was
used ex tens i ve l y in mamiy early designs.

2. Because of ’ the pla mm e bearing sumrfaces omi the window time seat on tire mounting
camr a lso be plamie , whic im permits macimining to close flatness tolerances withr common
m a c hine shop tools.

3 . Sealing a plane window in its mounting against internal or ex terna l pressure poses
no problems. since this can be easily done with a sinrrp le ga~ ket fabricated from almost any
available material. T lmis t’eature in particular has tirade plane disc windows tire standard de-
sign for two-way pressure vessels.

Presem itl y. h owever , plan-ic disc windows are r- iot as popular as th eir low cost of fabri-
cation and ease of installation woumld indicate, i.e.. ( 1 )  tIre large mass of required mountings
si gnif ’icanr tlv increases time weighmt of time pressure Irtill and (2 )  tIre presence of tensile stresses
onm time low-pressure I’ace of tIme window makes tire window sen sitive to crack initiation,
part icularly unmder hydrodymiannic-in irpumlse or point—impact loading. As a result , acrylic plastic
plane il m sc win dows are only rarely umsed outside two areas: (I) how-cost subrnersibles an-id
hyper baric chrani bers f’or pressure service less t h an 1 000 pounds per squma re inch (6.89 nniega-
pasca ls amid (2 )  diving hells and personmm el transfe r capsules I’or pressure serv ice less than
1 000 pounds per square inch (6.89 megapascals ), w lmere tire pressure Imuill is alternatel y sub—
be ct e d to e \ ti’rna i arid in ter n al pressur izatiomms.

The only area where the popularity of plamie disc window design-is has sigmiit’icantly
m mcm eis ~.’d is t i m t h e  c lm emrmica l proeessinng industry. Because of lmig hm temperature and corrosive

liquid r e l i m l n re nmmen mt s .  glass instead of acry lic plastic comrt m nues to he utilized. Since glass p lane
d mscs with f la t  hearummg so rt aces are several orders of niagnitude less ex pensive than other glass
S~ m m r do V. con iguratiomis . eco nonric consideratio ns h ave put tIm is window desi gm i inn a doniimia mrt
pn sn tmo n I retere nces 7±,, 7.7, ami d 7.8). Because of strim ngent in dustrial f’a il—safe reqitirements ,
time m nnhn e renr t  h rmt t ie m ; ‘ ss of nm m assm v e glass windows iras been compensated fu~ in son-ire designs
wtt im Ianrnn n . , ted comls trn k t io m l . radial preeonrpressnon of time window , or both. Similar modifi—
cati on ms are. 1) 1 course , a lso fea s ible b r  plane acrylic disc wimidows in pressuire vessels f’or
i mummma n m occupancy I h e y  have not been pursued act ive l y. imowever . becau se of time associated
penm a lf ies iim additional wen nib n t a nm u h en st of time wi ndow— nroun ting assennhl y.
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7.2 STRUCTURAL PER FORMANCE

‘l’lme plane disc acrylic window with plane hearinig surfaces reacts to lrvd rostat ic load—
mnmg app lied to one of the faces as a flat , edge—s u pported . c ircular plate does umider u r m i l l  nrm
loading ( ref ’er em mc e s 7. I amid 7 .2) . As a result, time face exposed to lmv dro st at ic  pressure (m Ines

imito biaxial comni pressi o rn . wh ile tire opposite face goes into biaxial te n sion, Tire nmax i n m mu i m mm
stresses are f’ourm d at the centers of tine laces: positive on the low-pressure face anu,l nm eg ati \ e
on the imig h-pressure face. Because tire retainirm g rinig tends to restraiim the edge of tire window
f~ >c ’ rotat iot durin g application of hydrostatic pressure , high stre sses are also germerate d m m
ti me w imidow ne a r tire e(hge of s uppor t  ( flgutre 7.2 ) .  The maximum com- ilpress ive stress is

genera lly sonnewhat larger th an tine maxi m u m- i  tensile stress , probably tine resinlt of radial
compression ot ’ the window edge with hydrostatic pressure , radial contract ion- i of tine tmmou nt-
ing, or both.

Beeatnse the Liltituate tensile strength of acry lic plastic is approximately 50 pc rcem t
lower tha n its compres sive y ield st rength. cracking of the window generally s tar ts  at t ine ccii—
ter o f time low—pressure face. Tine presen ice of scratches at the center of t lte low-pressure face
can signif ican t l y  decrease time critical pressure o f the window because of t lie acr\ lie plastic ’s
n otc h s ens i t t s  i ty  ( t i guires 7.3 and 7.4 t . F o r  windows whic h are a l te r nate ly  pressurized Ironu
eac im side , protection of both f’aces aga itns t scr :ntcln ing becomes imperative. Becau se tine win-
dow ’s e dge is in-i co nmnpresston it can to lerate w i th m inm lpuni tv rougim surface finishes . scratc h es .
amn u i even 0-ring grooves.

[he m agnitude of stne ss e s at tine center s of faces as well as t he cri t ic a l pressure of the
wi nehow is a fnm tr ctton of V. inndow ti ickness ( t I. diameter of ’ thie unsupport ed wiirdow area ( D~ ).
and e\t e rml a l diamm ieter of time window ( D~ ) restra ined b~ t ime retaining rin g. l nn c re :n sn i n g tIne

)
~ ratio raises t ime critical pressLtre dramatical l y, while increasing tIme D1~ - D 1 rat io Ima s otm l y a

b imi t i te d effect. Experinnental data indicate that the critical pressutre of a window tes ted
ss nthnout a retainitr g ri nmg is riot at t ee ted  by ch anges in-i the D0f Dn rat io , if tIme r:n t lu ) is g rea te r
I F . n n m  or equa l to I ~2 5. I low mm nuc li f u rthmer time l)

~ Dm ratio can he decrease d wi t lmou t t  cauts i t ig
li e wi in dow to deform on time plan m e heart rmg s ur f ac e is riot k now n. In n ahsetnce of data to time

corn trar v time desi gn er o f f lat disc witn dows is caut nonne ul miot to decrease the D0 D
~ 

rat io be—
vo nmd I 25 . :ih tln ou g hm designs d o  C x i s t  with - i a I . 1 2 ratiO .

7.3 MOI)LS OF FAILURE

Plane dnsc .nc r~- h n c  windows with plane bearin g sur faces fail mi  e i t h er a t le\u re or s imear
nu de. ul ep e tmd mm mg on tIme nmm a gnn itude of their t l )~ rat ios ( r et erenmces 7. I am id 7.2 [hose withm
a rat io less t lnann or equal to 0.4 t’ai l in-i flexuire while those with large -‘l)~ ra t ios f ’ail  p r i n m m a r l y

in shear. S i nm ~e cr ac ks t nn i t mat cd  by tensile cottl poncnts of f le\ure stresses can in son ic eases
propagate wnt Imou b f urthmer in creases inn servi ce press u re , time f a i l t m m e  of a t im i m i .  f lat disc act lie
w i n d o w  cani he catastrop h ic.  i.e .. t lnere is rio Wa rnuni g to tine occupant of tI m e esse l - ‘link is
n( m t , Itowevet ’ . ~dud for tht t ck window . where hothi t Ime tens i le and sh iear cracks can he h eard
amid seen prior to ca t as t r o t n i n i c  fai lu mr e .

Because ot t ine t ime— amid t cnm m perat un - e—depe nid enm t strem m gt hm pru pem ’ties of acr~ lie piast n~;ni.imie t Iisn, V. n nmel , n ws earn fail in s hnor t — ter nm n .  l ( mnm g — t e rn m m. or u~~c hic pmessu nm ’it ati oni nmio des Si n ce
tIme inhtn ii n .i t c (en su e str u ’ n ng t in of ac ry In c will decrease wit h duirationn of loadimig annul in-
c rea se inn anmh mermt  tenmn perat u mr e . t ime inig inest  s a lues fur critical pm ess ntr cs V.-~ ’ t ’e e\ pe r i t ue m mt :t l lv
det e rm mmimn ed tinder shur t— Ie rm nm ioa d nnn g at how te m n ipe r a fu i r e ~ w hmile t ime lowest va ln,ies were foumnd
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umn der Iong— term mi loading at Inigh ambient teflll)eratures. Val ues durinig c~ chic loadinng varied
between t h ose hound at sh ort— aind long— ter mmi loadings. depending on the duration of i nm di ~ idual
pressure cyc les . am ubient tem m iperat umre . an d nunniher of pressure cyc les.

Reg ardless of t ype  of loading, f racture was in i t ia ted in t lmin wi mdows at the center of
t ime loss —pres sure face ( fi gure 7 5  TIme fracture as s un m ned t me sh ape of a s t a r  wtn u se ra ys  prop—
ag~iteuI towards the edge of w i n dow ’ s bearing s ur face.  II loading on ti-ic window was in - i—
crease d by additionally raising time pressure . time ra~ s pe net ra ted in- i to time t n te r tor  of ’ t ime w u n—
j in )V.  unti l a conc hmo idah t rac tu u rc  surface iii t i me simape of a curie w as genmerat ed ( f i gure 7 (n.
t ime s i / c  of time con ic base eq ua led  t h a t  of time unisupported window area. ss hole tIme ti p of tIme

comic penetrate d time c em t ter  of tIme hmglm— pres s ure sur face ( I ngu nre 7 .71. l ime mode of failure
appe n reul to he indepenide nit u mf anmbte m n t te mperatt i re.  e \ ce pt  for a given -i presslmre loading the
extent  of frac t ure increased wi th  a m bient te m perat u re ( fign.t t e  7.8).

Time init iatiot i of f racture in t h ick w i u m d o w s  dit ’f’ere d on ly in one res pect : Time fracture
ot t ime V. ludlow 5¼ as init iated b~ a c ircumferential shear crack located at the edge of time urn—
su pporte d low—pressure face ( figure 7.9). lime s tar—s h aped crack oum l v appeared if time pressure
loadin g omi t ime w i n  dow was futrther increased. Because shear cracks predo niminate , the l rac tur e
s u i r f ac e  i n a failed winn dow us cy lindrical. d ist inct ivel y d i f f e ren t  t rotu time cone—sh a ped t’ract i t re
sur face o bserved inn t im mi windows I I’igurc 7.1 0) .

7.4 PREI)ICTION OF CRITICAL PRESSURES

-\ htlmouue h t ir e n.t l t imate st reng th of acr~ lie plastic under sh r ort— and long- lern in u nm n ia x ia l
temms ihe s t r e s s e s  us known. no reliable anal~ t ie or e nmn p ir icai nelat ionshi p has been developed to
a t l u ss co nf i dent pred iction of tire precise alue of crntica l prc s s utre f’or p lane disc s~ inchows
under sh inn r t - ter nu .  lnn i m g —te r nm m, or c y c lic press ure loadt uu gs -\ s  a result ,  all cx s t i n g  plane disc
ssii m doss desig ns muitsi rely on ex perimermta l data.

Fine major i ty of exist ing data was generated by pressurizing nnode l-scahc windows to
inipiosiomn under short — ter nm n load imig conditions . wh ile measurin g their axial displacement
( retcrence 7 .1 , 7 .2 , annul 7.5). These data are ex tens i ve  and general enouigh to cover tine range
of 0.05 

~ 
t D ~ ~ 0.65 at ambient temniperature ( figures 7.11 and 7.12 ) . Because tine t I)~ ami d

D0 D
~ 

rat ios are ul imm - iens no t m le ss . cr itical pressu mres of model—scale windows can be used for
directly predicting the crit ical pressures of f’ull-sca le windows with the same ratios. To lire-
diet the axial d isplacement of f’ull-scale windows , how ever , onne must mu ltiply ti- ic disp lace—
niemi t of tine model—scale ss imndows by t he ratio of the diameters of the fu ll-scale window to
the model—scale window . For other amubient temperatures and loading conditionis there are
oni ly very scatter ed data. On tire hasts of t imese data several relations h ips have beemi discov ered
w imich al low acc u m rate predictio n of t h e  crit ical pressure of ’ arm y plamie disc acrylic wimmdo rv umnder
lonrg—ternn or cyclic Ioadi nng cot idit ionis by using as f e s ’ ~ as f’ive t e s t  specimens I figures 7.13 ,
7.14 . anul 7 .1 St .  Time basic findimigs arc

(‘ rack growth is time ari d t e m r t p e r a t u t r e  dependent.

2. lest  results are repeatable.

3. (‘rac ks i im i t ia te  at t h e  sam ime locatio n s annul produce I’racture sur face s identical to
t h ose genier mteu h t ny- si nort—tern nn loading conditions.

4. Inipenm uhing catastrop im ic frac ture ca in he de tec t ed  well iii aulv anmce , s imice crack
growt h is ver y  sIoV. , except  for very th u r  windows or w iniulows loaded close to t lmei r  simort-
tern i cr it u a I pressure (figure 7 . I 6) .
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5. A ’ iai disp lace mn menm i of time winiduw ’s center at t ime m m mom m i emi t of fai lure is time sannme
for all hoadimm g commdit iomi s . This form us tine basis of a simm ple failure warmmmm n g sy s t c n m m f ima t  uises
ann electric c u i i mta e f switc h preset to c lose wite im time uiisp lac en mi enmt of time wi n dow reaches 25
percennt o f projecte d ulisp l a c e t mm e tmf at failuire. (Tine latter value is generally l) bt ;utm ledl imn a
simo rt — ternmm test to f ’ail tire .

I’ ime predietionn of crit ical pressures uinder lomrg — ter nn or cyclic pressuire loadimm gs is
haseu l on time pre nmmise th at critical pressure data poim f generate d durinng lon g- lenin ( f i gu res
7,13 anul 7 .14 ) or cyclic (f igure 7.15) loading tests will tend to fai l  on a strai g hmt line whemm
plotted on log—log coordi mnates represemrt ii rg pressure am- id tin- i- ic (static tatiguic I or pressuire and
m iu m m n her of cy c les  (cyclic f ’ati gue ). In th u s itmanner tine critical pressure of a specif ic plamie
w immu low design at .  f o r  e x a n m m p le . 1 0.000 i mo um rs or 10.000 c yc les , earn he ext rapolated fro nmi a
mimn insuim of Ike tests lasting less than 1000 hours . Model—scale wim ulows cat - i he used l’or t Ire
gem ieraf ion of these data , since time crit ical I)resstmres u ) f  nno del—sca le wn mndo ws are time sanm ne as
or full—sc a le wi nnu lows wit h ide nntica l t/ I) m and D0/D1 ratios . Suic im data, imowever. h ave been

generate d for only a few t/ D~ 
rat ios amid tenm nperat umres.

I -or t/ I) 1 rat ios arid tem uperatures f’or wim icin time static and cycl ic ta ti gue data do not
ex ist , time desi gner imiust e ithmer estab l is im an expe n im u nennta l  lest pro g ranm i or ut i l ize time e \ i s t  itig
s h or t—ter m data at roommr tenmnperat ut re wi t h appropriate eonversio mn factors t h at consider t ime
ten m npe rat ure am nd loadim ig conmditio m ns likely to he enicounntereu l dt mri nig operationial service. linus
d esign approac im si gmn ific ai~t ly dif f ’ers f ’ronn t Ime prev toums approach - i.e.. the f i rs t  experimemm tall ~
pros es t hat time static and cy cli c f ’at i gume propertie s of a given wi n dow desi gn-i at pre(hicted aiim-
ii iemmt tem m nperat tmre s are in excess of t h ose required by service conditions . w h ereas time secon id
uises enmm p irical select io n of auIequiate eomiversi omn actors to relate exist u um g sh mort — ter nm data to
proj ecte d service conditions.

In time ex peri mtmem ita l approac im . t he actu ua l crit ica l preSS uires utnder hom i g—ter mi m aniul cy c l i c
loadinngs are ulet c rnmiimieu h anud st ihsequ emmt ly compared to operational pressu re. w imile in- i t in e
emp irical approach only t ire short-term critical pressunre arid tIne con version facto r arc kn own.
Baseul on the ef fec t i vemmess  amid cost of time window— nnou ntimrg as se n mm bl y , ti ne f i rs t  approac h us
prel ’era ble as i t  allows opt im nizationi of the desigmn for a g u v enm set of u u m i i q ui e operational co ndi—
tio uns . Because of ’ t he cuu nse rvalist nn inninerent to a conversion factor  app licable to nman\ cli—

erse operationa l conndit ionms . t ime seco n d resui Its inn a less cost—c I t  cc t  se ,  hut imm u t ch u safer . ulesi gni
S inmee t ime second approac h b Iiassu’s e s pens ive annul lengt hmy cx pc ri n ime m nta l pro g nammm s it has heemi
selected by- nm any des igmner s tn pref ’e ret ice to t ime tmmore precise. 1)111 also imm ure exp em nS ive.
mmmcl imod.

Bu’c :uui sc t Ime select ion of air appropriate commv crsi omm I act  or is gemiera l h y bcyoind time
capabi l i ty  01 t h ose mmof s pecia lt t imig in winmdow uiesi gm m . t lmev nmmuust  t mse tIme Ln ) nl v c r s i om n f a c tors
des eloped f ’or s uue im app hie~itionis by pro lcss uo nma l e n m~ u r m e er mi m g societies , pressu tre vesse l ci a ssuf i-
ca t i o mm soeiu’ tme s . and govt ’ rmmmm m e n t  ag emiete s . I he f actn n rs in t a ble 7.! were developed t im no uig hi a
jo im n t e f f o rt of l i e  A nmme ri ca n So c i e ty  nd \ l ec i na nmi cal I am i nn eer s l)ct \ o isk c  Ver i tas , V S .
Bureau of ’ S imip ptn ng . ( ‘ 5 .  ( cost ( ;uarch , ammu l t ime \aval lj mmulc rsea ( e n ter , l Ine f ’a c t o t s  are c o rn—
s ers at  vu’ for a ii a pp i i ca t i o mms . e \ ee pt wimere suist a u ted load t u gs are inn ex ce ss I n )  40.000 l mou m rs
Inn sc’I e c t i nmg t hmc ~u’ fac to r s  mm m:uu u y c lesi g mm . Ia hm ’ ieat i o mm. m m md serv ice varm a hle s riot u u s i n n l h y  ( o u m —
sidered by f ine designer were inclumded.
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fable 7.1. (‘om mversiomm factors for acry lic plastic plan-ic disc windows.

‘Fe iii pe rat Lire

Operat iona l 50° F 75° F 100°F I 26° F I 51 °F
Pressure 

______ 

(24 C) (38 °(’) (52 °C) (66 C)

Ra umges Conversion Factors 
-_______

2SOO psi 5 6 8 10 16
( 17 .2 rnPa )

5000 psi 5 6 8 10
(34 .5 mPa )

7500 psi 5 6
(51.7 mPa)

7.5 SEATING

Plane disc acr y lie w i i mdows  redluire a miioui rmti nig th at not only prov ides bearing support
to time svu nuiow s low-prcss umre face butt also retains it in-i place against compressed seals. If the
w u mi c low will see pressuire ser s ice on both f ’aecs. t Ime mounting muist provide adequate support
to hotbm . A l t lmo t ug h m t hm ere are ni ma ny approaches feasible to the desi gmi of a successf ’ut h milounting.
a ll simould h ave tine fol lowing features (fi gure 7. 1 7) to sa t i s f y  s a l e ty -  requuirements of pressure
vesse ls for ht mma mn occut parm cy (sectionn I 5 ).

7.5] Bearin~ Supporl

I hue hea rmng su pport for tIme window ’s plane viewi n g surf ’aee should be flat to w it h i n
1) 010 inch (0 .25 mil l imeter ) and huave an n extern na l ch ianueter wit h a ratio of at least D0 ~~g reater  t huamm ( r equmal to I 25 . Disco m nti n nui tm es inn time form n nf ’ O— rimng grooves shoumid he avoided
nm tin e hearing s umrfa ce of time mm mo tu m i t immg as t lmey act  as crack ini t iators ti time wi midow ’s beam iuig
suur t a c c  Time m mn n mer edge of tIne beari n g su pport s hmou nl d h ave a radi us of greater t lnan or equial
to 0.020 incin (0.5 nmt ll inneter to avoid c Lutti ng tn - i to tine flat win udow ta ce (s when utndcr load.
i-o r t w o -w ay  prcss un rc s c i s  cc , heari n g s u u p p o r t s  must be pros uded for both v -c  svin ig su irfaees of
t Ime w nnmd ow -

7 .5 .2 Bearing Gasketis)

I hue se shuotui d he slightly ulscN n,c of at least 80— duu ronmr et~ r imar u inress , annu l from 0.020
t o 0.1 25 m m mcli (0.5 to  3.2 nmn i h l i n i u eters  th ick. In n m mi m min mn i , e lateral ext u’ns io nm unn u he r co n nu pre s—

suon i they simou lul he securely bonded wit h contact cemenn t to tine bearing support surface in
time flange. It the window us subjected to two- way pressure service , a bearimn g gasket shnouhd
also he honuled to time hcarm ng sumpport surface on-i the retainer ring. Since tine gaskets (‘unct ion

- - - - ‘-
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as pr imna ny (IF s e c o n uni ar sea ls t h ey s hmou nk i p r e f c na b l~ he mna ule t ’ro mm n tio nper nm nea hhe etas to ni mer i e
111.11

7.5 .3 Sea limnuu

l ime s v tnud unss s h mo uml d i) refu ’raln i~ be sca led wi t h m t ss u )  seals V. i lose se a huuig a ef i o nm s are
i m i depen nde imt n u t  eac lm o t h e r . Time prinm inry s e m I  s imou u ld Inc a gasket pressium p ~ug aimis t time h igh-
p ies s t i r e  lace of tIme ss i n u n h u n w , ss lu u k ’ t Ime secondary seal imiay be a radial ly connnpress ed ( ) — ru i i i
press ing i i . u i n m s f  t Ime c im’ euinnnferemm ce or a hiear ing gaske l it f lue h m c a rim ig supporf unnuler t ime l nnw —
p u essu mr L ’ lace. I n n  p r e s e n t  lateral  c x t n m m s i o m m  time gaskets s h outlcl he bounded to time mn n ui n mt in g .

~\ ir e lastonuenic bearing g~us Lc( cinder time wi n dow can also be used as a secondary seal.

7 5.4 Retainer Riim~

l’i: nt rct~n i m m e r ri nmui sec iu r c i y  l ; is lc n ie u i I n n  t Ine n m i u n i u n m t t n m g  s l mou ulch he used to re t a i n m t Ine
ssu i i c losv ar id co m nm prd ’ss t ltose g aske ts  a c t i m i g  as seals i n  ; nsndc i  o s crc nnu iup ress ung f ine gas kets
a nm c i I nn h e l p duuri nig , i s se n i i h i y ,  om ne s ui r iaee nun  t ime l e t : m i t m u u l g  r i tn g sh mou ul u i ,  uuponi tng i n t e t m t n m g  n! t ine
sJl c V . s . c o n t a c t  t ime mnn oum mn tun n g.  Ii fine w i i nd n iw  is d’\ poscdi to press ure on e i t l ne r  face ,  th L rc—
la unmer  r i m mg . n n iu l  scmess ’~ s !nou u id be place d onu t Ime side 0) thud ’ h uu uh l  c \ t u mse n.h In> f ine hu ng iner press ure .

7 5 5  ~t u u m u Ios’. \ lom i um t i mm g

I i lL ’ Wi ld 55 c a 5 l t v  Hi t h m d ’ tm m ouun i t i i m e  s imo cu ld he su u f ’f i c ie nt t y  cheep to a cco m u m mi m u kl at c Ihe
V. ni n c ioss amm u l n.nn m nnp r e sse d gaskets  wut i n o uu t  unidu ie lo osci me ss ni r sn 1 ln c c / i ng l ime cl ianuetcr of the
cav i l  \ s i mo uu ld  pros ide s l ing f mt for  l i me sv l i l d oV.  ss it  i m i t s  ( ) —rnu i g  seal. I \c cs s l \  e c le a ra n ce
I —0 uuo m nc i n  ( 1 .5  mm mu lhm mmm e l e rs )  Nc t ss ccl i  l ime edge ol t ine svim m cl ow amid thud ’ mmmou n t imn g svu ll m I n t
o m l l \  p r e s e n t  t ine O — n n t m g  i i n o n m  s c a h i tm g h un ) ss di also iuisv e r t ime cm’ituca i pressu re u) t ime wi unul na ss
Si n ic e t ine w~u hl s of ’ t ine L a \ m I v  sense is  ann i imt e gra l co n mm p on n ent  of time se a ls .  t h ey mnmust he kept
f r e e  of c nr ro s t ou m. \ t c ic i  ove r l a ys  n u t  \ ln i ie i , el e c t  i n n ie ss  nmi c ke l  plat i i ugs , or painmt im ug canm pre~ e l i n
c n nr r nns i n n i l  n > l  t ime s ¼ n i i n i n V. c a v i t y  ss , n i i s  a n m cl t ime ne l a m niu n g rin mg sun tace iii c n n n i t a c t  ss i ( h m t ime gasket .

l ine ss i i id o s s t m no u i n tunm g a lso s en ve s as a reimm l om ’ce n miem n t i ro uinn d thud ’ p c l m c tn ’ at i o nm mm t i ne
I u u u h i  I h muns L i n n i l  nn~ I n u n urn’ expan i sn n i mm at ’ t hud ’ hi un hi c~n imsL ’s t ine n mu u nc i nmtnum g to change uhinum en msi n un m , n i is
S ince ex ce ss i ve  rotat io n n i t  t ine bearing suir lace ( > 0.5 degree (0.008 radia n I) or exL essu s e
sq u uc e / inn g  of ’ t i me s s n i n d i n s s  by tIme nmo u imm tun mg.  if t ime i t m u t u a l  clearance he lwee n t u e  ss i i i dos s a i : s l
t ine seat us / e n I n . ca n s uu pe nu inm pos e h u g h radial c o mmm prcs s uv c stresse s onr t h ose stresse s .i i ic , iul’ .
chu iced by mr  d r o s ta t i c  loathi ng, hot Ii t ine rau h ia l  sqt iee /e ainci ami g uuh ~u m’ r o ta t i i n n m s h n n i i i n i  bc L ‘ 1
s iden e d du i runmu m de s ng n - 1 inc ra uhi ah co nm n pr ess is e  s I ness generated hr sq u iec, imn n t I ne V . 1

s lu t mui ld m n 1 e xceed  11)0( 1 poumm uls pen’ square um ic ln ((i .8~
) nm me ~ ap;usc ;n ls )

7 6  I \BRI( \ I  ION 01’ %\I N I ) O%% S

Planu’ w nu n inn s c s . m e  gc ’ iner ,u iir m mm au h e hn\ i n ia c luun u t in im  dINes I l Ion  a c n \  t i ,  ‘i
a pp rn n pr na t e  t h ic k n e s s  Si imnu tncammt sas inigs can be ru ’ .n h,euh by SL’IL’L t u l n L ’ V. i n t l  ¼

co r rcs pomn dinng I n n  s m aumd ar d s heet t hmi ck nue s sr ’s I Iran > 1/4 to 4 imich ie s l o In t n n

in m u l L  m u i l m e n i t s  n n t  I —I mmcl i  (0. 6 c e n m l n u m n e t e r 0 .  I I  t ime desi red t h i iC k n iL ’ ’,s 
~ , m i

mnuac hm inmi n ng uIuwnn a t h icker sheet , it is mi n~indatony linat tIne mmmach in m c d 1 a
he nn nacinm mm ecl t I n  a 3 2—r uns f ’in n i sl m prior to sa mm dmu g and polish in g I I n n
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any stress risers on surfaces which will be subjected to tension. Failure to perform this
function may result in premature failure of ’ the window.

Annealing of machined windows ni ti st he performed at least once and pre ferabl y
twice. The first process should be done on roug h cut dis s at suff icient ly hi gh ten iperatures
(320 to 3400 F ( 1  60 to I 7 1 °C) )  to anneal  them thoroughl y and to stabilize them dimension—

— all y (dia meter shrinks 2.2 percent and thickness  increases 4 1)ercent ) . The second anneal in g
should occur at low temperature s ( I  70 to 2 12  F ( 77 to 100°C ))  onl y when all machin in g
and po lishing operations have been comp leted. Because of massiv e shrinkage from the first
an nealing proces s . n o dimensional chatige ~ occu r d u r in g final anneal ing  of the finished
prod uct.

7.7 RESISTANCE TO I MPULSE ANt ) PO I NT-IMP ACT LOADING

Pressurized p la ne disc win dows are sensi tive to impulse and point-impact loading be-
ca u se both generate dynamic  tensile stresse s which , when superimposed on the static tensile
st resses generated by h ydrostat ic loading . cause the  wi ndows to fracture un der low dynamic
overpr ess ures . The available exper imenta l  data are not suff ic ient  to form conclusive findings
i n th is area . b ut  it appears tha t  dynamic  overpressures equal to or greater than 20 percent of
the window’s short-term static critical pressure will initiate fracture on the low-pressure face
of a statically unpressurized window (re ference 7.3). If the window is already presuriz ed
statically, the magnitude of dynamic overpressur e required for fracture initi ation on the
low-pressure face is less (figure .18). Sufficient data are not avail able to permit the deriva-
tion of an empirical relationship between fracture ini t ia t ion and the relative magnitudes of
static and dynamic pressures simultaneousl y acting on the high-pressure face. A safe rule
at the present time is to add the static pressure to the dynamic pressure and to use the sum
of the combined pressures as effective overpressure. If the magnitude of e ffective over-
pressure is equal to or greater than 20 percent of the short-term static critical pressure ,
initiation of fracture can be expected.

There are less data for point-impact loading than for dynamic pressure loading.
Available data indicate that plane disc windows are at least one order of magnitude less
resistant to point-impact loading than spherical sector windows with the same t/ D ~ ratio.
For example , it requires only approxim ately 300 foot-pounds (407 newton-meters ) of
kinetic energy * to init iate fracture in a 2-inch-thick (5 centimeters), flat disc acrylic win-
dow with a t/D~ ratio of 0.38 that is statically pressurized to 450 pounds per square inch
(3.10 megapascals) on the impacted face (reference 7.4). If the impact** were applied to
the low-pressure face of the same window statically pressurized to 450 pounds per square
inch (3.10 megapasca ls), only 1 1 2  foot-pounds ( 152  newton-meters ) of kinetic energy
would be required to in i t ia t e  fracture (figure 7.19) (reference 7.4). For this reason it is
recommended tha t  a plane disc window with a t /D 1 ratio less than or equal to 0.38 be
protected with an external guard or shield against point impacts that are generated during
retrieval of an internally pressurized personnel tran sfe r capsule aboard a rolling and pitching
ship.

~. I  .‘OO.p~ii i i ~1 i J /  k ,Iogr a,ns) ~teigh t ,,‘,I/i (1, 25-uuh- ra~Jj ,~N ( 0. (, cc’n(iJu(’ler) p~iHt :Dn paenng at Jo J~’~ J) iT seeon d (.t. ~5p neh rs r ~( ( O ? I J )  VI I I  ih( ~ Ii igIi-prexs: ~re J Q( ( .

~~. I  200pound ( 9 /  kiIogra~
,,
~) weight with a (( 75-meh-rad iu .r (1. 9 cent imet ers)  pa int im p a cting at ñ ,~‘~‘t p er W(Ond ( / 8

pp u ’t er s per second) ~n the Iow.pres.cu r e f t c e.
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The most promising approach to providing a transparent shield against point-impact
loading is laminated window construction (reference 7.2), which consists of 0.25-inch-thick
(0.6 centimeter) acrylic sheets bonded with a transparent elastomer to the high- and low-
pressure faces (figures 7.20 and 7.21). By bonding the shield to the window , the shield is
made shatterproof against minor impacts and the point loading on the shield is transmitted
by the elastomer as dynamic pressure over a larger area of the window , thus eliminating the
need for frequent cleaning of trapped dirt. Laminated shields also provide the structural
component of the window sandwiched between shields with excellent protection against
scratches, which can significantly decrease the critical pressure of the window (figure 7.4).

Experiments conducted by tiring small caliber bullets against windows protected
with laminated , 0.25-inch-thick (0.6 centimeter), acrylic shields show that such shielding is
more than adequate to preserve the structural integrity of the load-carrying acrylic core
sandwiched between two thin shields. Although shielding plane disc windows with acrylic
sheets laminated to the window with elastomeric compounds is expensive (triples or quad-
ruples the cost of the window), the resulting increase in impact resistance and protection
against scratching of the load-carrying window core more than compensates for the increase.

For applications where miner impacts frequently occur , the laminated shields should
be made from stretched acrylic (MIL-P-25690), as its resistance to crack initiation is an order
of magnitude higher than that of utility-grade acrylic plastic (LP-391).
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top view showing top view showing top view showing
low-pressure face low-pressure face low-pressure face

I L I _ _ _ _ _ _

diametra l section diarnetra l section diametral section

A . Initial radial crack pattern in B. Second stage conchoidal fracture C. Conchoidal fractur e pattern ,
low-pressure face of windows . Pattern , earl y development, advance d stage of development.

D1 
D0 D1~ Do——- -~

top view showing top v iew showing top view showing
low - pressLir i ~ face low-pressure face low pressure face

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

diametral sectio n diametral section diametra l section

D. imminent coalescence of E . An advanced stage of coalescence F . The type of failure which
conchoidal fractures as cr it i cal  of coric hoidal fractures as cri t ical follows complete coalescence
pressure is approached. Pressure is approached . of conical fracture surfaces

Figure 7.5. Fracturing process in a plane disc arcylic window under external
hydrostatic loading (t/ D1 ~ 0.4 and D0/D1 ~ I .5).
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Figure 7.7. Edge view of a plane disc acrylic window after short-term pressurization
to failure (t/D~ 

= 0.40; DOID~ 
= 1.5; pressure = 13 ,000 pounds per square inch (89.6

megapascals); temperature = 72°F (22.2°C)).
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Figure 7.8. Fracture pattern in a plane disc acrylic window after short-term overpressurization
(t/ D

~ 
= 0.38; D0/DJ = 1.14; pressure 4285 pounds per square inch (29.5 megapascals)). Low-

pressure face is covered with 0.005-inch.deep (0.13 millimeter) machined notches on 0.05-inch
(1.27 millimeters) centers. Part A. Overpressurization at 35°F (1.67°F).
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retaining ring primary seal for interior pressure;
also serves as bearing gasket for
exterior pressure loading
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section A-A

Figure 7.17. Typical design of a plane disc acrylic window-mounting assembly for a personnel
trans fer capsule for both internal and external pressure service.
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Figure 7.18. Fracture in low-pressure face of a plane disc acry lic window after being subjected to dynam ic
overpressure on high-pressure face of window (t/D1 = 0.38; D0/D~ = 1 .14; static pressure = 450 pounds per
square inch (3.1 megapascals); dynamic pressure = I 200 pounds per square inch (8.3 megapascals); temper-
ature = 55 F (13 C)).
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Figure 7.19 . Fracture in low-pressure face of a flat disc acrylic window after being subjected to point-
Impact loading on low-pressure face (t/ D~ = 0.38 = D01D 1 = 1 .14; static pressure = 450 pounds per
square inch (3.1 megapascals); 200 pounds (90-7 kilograms) at 6 . 1 feet per second ( 1 . 9 meters per
secon d); tem perature = 35°F ( 1.7 °C’ )).
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low-pressure face 
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shielded window 
low-pressure t 
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~~~~~~~~ - ~~~~~~~~unshielded window ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

Figure 7.21. Depth of crack penetration in impacted windows of figure 7.20. Note that the crack was
stopped by t he elastonietric layer between the shield and the structural member of the window , thus
preserving t he structural integrity of the window. This is not the case with the unshielded window which
lost its structural integrity and would have exp loded at one-tent h of its regular short -term critical pres-
sure , if the window were pressuriied on t he opposite face to the impact.
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SECTION 8. PLANE RECTANGULAR WINDOWS

8.1 INTRODUCTION

Plane rectangular windows are primarily used in aquaria , water tunnels , incubat ion
chambers , and subsurface habitats. Their primary advantages are a very large undistorted
field-of-view and the low cost of the window-mounting assembly. Because high tensile
stresses are present at the center , edges of the seat , and corners of the low-pressure face ,
these windows are only cost-e ffective for pressures less than or equal to 1 5 pounds per square
inch (0. 1 megapascal). If the cost-effectiveness criterion is ignored, the usable range can
probably he extended to about 30 pounds per square inch (0.2 megapascal). Pressures above
this value usually require expensive massive custom castings , instead of inexpensive mass-
produced acrylic sheets. Thus they cannot successfully compete in cost with spherical win-
dow shapes.

8.2 STRUCTURAL PERFORMANCE

Plane rectangular windows perform under hydrostatic loading as either a flat simply
supported plate or as a flat plate with fixed edges. Because the soft gaskets under the retain-
ing flange permit the window edge to flex, it is a reasonable assumption that the edge is free
to rotate and t hus the window reacts like a sImply supported plate. Flexing the plate induces
a biaxial tensile stress field in the low-pressure face and a biaxial compressive stress field in

F the high-pressure fare. Because acrylic plastic is notch sensitive in tension , steps must be
taken to protect the low-pressure face against scratches. On the other hand, the low stress
level in the edges of the window allows even a sawed finish on those surfaces.

Tne magnitude of stresses at the center of the low-pressure face , as well as the critical
pressure of the window , is a function of the window ’s thickness , width, and length. Because
both width and length are very large compared with thickness , the restraining effect exer-
cised by the mounting on the deflection of the window is negligible . As a result , the width
of the bearing surface can be as small as D0/D~ 

= 1.04.

8.3 MODE OF FAILURE

Since plane rectangular windows are generally used only in low-pressure service , their
thickness-over-width ratios are usualiy less than 0.1. This causes them , like thin plane disc
windows , to fail in fle xure and in most cases without prior warning. Also similar to I)laIle
disc windows , the highest values of critical pressures are found under short-terni loading and
low ambient temperature , while t he lowest values are encountered at long-term loading and
high ambient temperatures. The value of critical pressure under cyclic pressure loadings
falls between the two extremes.

8-I
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8.4 PREDICTION OF CRITICAL PRESSURES

In the total absence of test data , the designer must either generate experimental data
or re ly on analytical calculations with appropriate safety factors. The simplified experimen-
tal approach that needs the smallest number of windows (minimum of five) to qualify a par-
ticular design requires only that the windows (full scale or model scale) be tested to catas-
trophic failure under short-term loading and that t he data conversion factors in table 8.1 be
applied.

For applications where the critical pressure under actual operating conditions must
be known, several windows must be tested to destruction under simulated service conditions
(long term, cyclic , or both) and their performance extrapo lated by using the plotting tech-
nique discussed in section 7.4 (shown on figures 7.13 , 7 .14, and 7.1 5).

Critical pressures under different operational conditions cannot be precisely calcula-
ted because of the time- and temperature-dependent properties of acrylic plastic. It is rela-
tively easy, however , to ca lculate the thickness of the window for the required operational
pressure by the use of the analytic expression for rectangular plates , if a low working stress
:; selected . Using 570 pounds per square inch (3.9 megapascals) as the nominal maximum

stress level, a family of design curve s was plotted for the selection of aquarium window
dimensions at temperatures less than or equal to 100°F (38°C) (figure 8.1). These design
curves can be applied with a high level of confidence to the design of plane rectangular win-
dows , providing the windows are not exposed to dynamic pressures or point-impact loading
and the depth of scratches on the low-pre ssure face does not exceed 0.02 inch (0.05 centi-
meter). For operational pressures and window dimensions exceeding those in figure 8.1 ,
it is feasib le to apply the formulas in table 8.2 for the calculation of window thickness
(references 8. I through 8.6).

Table 8.1 - Conversion factors for acrylic plastic plane rectangular windows.

Operational Temperature
Pressure 50°F 75 °F 100°F 126°F 1 5 1°F
Ranges (10°C) (24°C) (38°C) (52°C) (66°C)

Conversion Factors

SOO psi 7 8 10 12 18
(17 .2 mPa )

5000 psi 7 8 10
(34.5 mPa )

I,

4
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Table 8.2. Approximate formula s for calculation of maximum stresse s in plane acrylic
plastic windows under uniform lsy drostatic loading (reference 8.1).

ell iptical , solid

I-dgc 0.31 25(2-cs )wb 2 (0.146 —0.  la)wb 4
Supported (at center) Sb = — 

2 
= max s max y = 

- ~ 
(for v = 1/3)

Li (reference 8.2)

Edge (at edge) 3w b 2a2 3wb 2
l”i xed (span a) Sa = (span b) Sb = = max

2t 2(3+2a 2 + 3a4 ) 2t 2 (3+2a 2 + 3a4 )

3wb 2 (~ 2 m+l) — 3wb 2 (m+a 2 ) 3w(m 2 
— 1)b 4

(at center) s = — Sb = 
___________________ max y = — ____________________

a 2 (3+ 2~
2 
+ 3a 4)m 4 t 2 (3+2a 2 

+ 3a4 )m 16m 2Et 3(6+4a 2-f- 6a~ )

_________________ __________________________________ 
(re ference 8.3)

square , soli d

H

0.308 Wa 2

A ll edge s (at center of each edge) s~ = __________ = max
1-ixed

6w(m+ l )a 2 0 .0138wa 4
(at center) s = — ___________ max y — __________

47mt 2 Et 3 (reference 8.4)

0.2214 Wa 2 0.0443 Wa4
l-d gcs (at center , on diagonal section) s = — __________ max y = — ___________ (v = 0.3)
Supported t 2 Et 3

0.2778 Wa 2
(at corners , on diagonal section) s = — _________ = max

(re ference 8.4)

rectangu lar , solid

All Edges wb 2 wb 4
S~ppor ted (at cen ter) max s = = P max y =

Et~

a/b 1 1.2 1.4 1.6 1.8 2 3 4 5
P 0.2874 0.3762 0.4530 0.5172 0.5688 0.6102 0.7134 0.7410 0.7476 (1.7500
a 0.0444 0.0616 0.0770 0.0906 0.10 17 0 .11 10 0.1335 0.1400 0 .14 17 0. 1421

__________________ (reference 8.6)

All edges wb 2 wb 4
I’ixed (at centers of long edges) 5b = = max s max y = a

where p and a may be fou nd from the following table :

a/b I 1.2 1.4 1.6 1.8 2

p 0.3078 0.3834 0.4356 0.4680 0.4872 0.4974 (1.500(1

r ______________ 

a 0.01 38 0.0188 0.0226 0.0251 0.0267 0.0277 0.0284 (ret er ence 8.6)
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Table 8.2. Continued.

Notes:

I. Maximum design stresse s for different ambient temperature ranges:
32 to 50°F (0 to 10°C) 1700 pounds per square inch (11.7 megapascals)
32 to 75 °F (0 to 24°C) = 1500 pounds per square inch (10.3 megapascals)
32 to 100° F (0 to 38°C) 1200 pounds per square inch (8.2 megapascals)

I... 32 to 125°F (0 to 52°C) = 1100 pounds per square inch (7.6 megapascals)
32 to 150°F (0 to 66°C) = 900 pounds per square inch (6.2 megapascals)
32 to 175 °F (0 to 79°C) = 600 pounds per square inch (4.1 megapascals)

2. Notation:
w: unit-applied load in pounds per square inch (1 pound per square inch = 6.894757 E+03 Pasca ls)
1: thickness of plate in inches (1 inch = 2.540000 E-02 meters)
s: unit stress at surface of plate in pounds per square inch (I pound per square inch = 6.894757 Ff03 Pasca ls )
y: vertical dellection of plate from original posit ion in incises (1 inch = 2.540000 E-0 2 meters)
E: modulus of e lasticity
To : rcciprocal of vr, Poisson’s ratio
positive sign for s: tension at upper surface and equal compression at lower surface
negative sign for 5: equal compression at upper surface and tension at lower surface
positive sign for y: upward deflection
negative sign for y: downward deflection
subscripts r, I, a , and b used with s: radial direction , tangential direction , direction of dimension a , and direction
of dimension b. respectively

3. All dimensions are in inches (1 inch = 2.540000 E-02 meters)

Scratches can be avoided by applying an abrasion-resistant coating to the low-
pressure face or their effect can be mitigated by using laminated construction or pre-
stretched acrylic material. Of these approaches, the application of abrasion-resistant coating
is probably the most economical. For aquarium and habitat windows, it is best to apply the
coating to both faces or frequent cleaning of the high-pressure face may destroy its optical
value in several years.

8.5 SEATING

The mounting for plane rectangular windows requires basically the same features as
the mounting for plane disc windows. Because of the large sizes and low operational pres-
sures, however, larger dimensional tolerances and deflections under pressure can be allowed
without detriment to the structural performance of the window (figure 8.2).

8.5.1 Bearing Support

The bearing support for the edges of the window need not be machined , if a flatness
less than or equal to 0.125 inch (0.3 centimeter) can be achieved by other means. Welds
joining the angles or channels tha t serve as bearin g suppor ts should be ground flush to
eliminate point loading on the window.

8.5.2 Bearing Gaskets

These should be of 60- to 90-durometer hardness and from 0.1 25 to 0.250 inch thick
(0.3 to 0.6 ce nt imeter) to equalize the bear ing stresses in a plane w indow press ing against an
uneven seat in the mounting. To avoid ex trusion , the gaskets should be bonded to the

8-4

— —-- 



bearing surface in the mounting. Since the bearing gasket also serves as a secondary seal it
should be fabricated from elastomeric material and the joints bonded or vulcanized.

8.5.3 Sealing

Because of its large circumference and the unevenness of both the retaining flange
and the window surface , sealing should be primarily done with room-temperature-vulcanizing
silicone rubber squeezed into the annular space between the ege of the window and the wall
of the window cavity. The bearing gasket underneath the window serves as a secondary seal.

8.5.4 Retaining Methods

A flat retainer flange bolted to the mounting should be used to retain the window.
A soft elastomeric gasket is used below the retaining flange to equalize the contact pressure
between the retainer flange and the window. The properties of the gasket under the retain-
ing flange should be similar to those of the bearing gasket below the window.

8.5.5 Window Cavity

The window cavity in the mounting should have sufficient depth to accommodate
the window and both compressed gaskets without undue looseness or squeezing. It should
be dimensioned to allow for an annular space of 0.1- to 0.2-inch (0.25 to 0.5 centimeter)
magnitude between the window and the cavity wall. Because the cavity wall serves as part of
the seat , it should be sandblasted and painted prior to mounting.

The mounting also serves as a reinforcement around the penetration. Because of
large window dimensions and the rectangularity of the opening, large deflections in the
mounting can be expected. To avoid premature failure of the window, it is necessary to
consider this during design. As a guidel ine it is recommend ed that the annular space be tween
the edge of the window and the seat should never decrease to zero when the assembly is sub-
jected to operational pressure and temperature and that rotation of the seat should never
exceed 0.5 degree (0.008 radian).

8.6 FABRICATION

Large plane rectangular windows are generally sawed to size from commercially
avail able , flat acrylic plastic sheets. Milling of the edges is not required, unless the window
will be mounted in a machined seat (figure 8.3). Because sawing introduces large residual
stresses into the edges of the w indow , annealing is mandatory to preclude initiation and
growth of cracks.

Because of the large dimensions, annealing should be performed at low tem pera tures
so that excessive shrinkage does not take place. Adequate annealing can be achieved, if the
large window plates are heated to 185°F (85°C) for at least 24 hours while evenly supported
in a horizontal position.
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8.7 RESISTANCE TO IMPULSE AND POINT LOADING

Pressurized rectangular plane windows are very sensitive to dynamic pre ssure and
point-impact loadings. Because of their large size and very low t/D~ ratios , protection with
tralisparent shields is inappropriate , as it prov ides very little protection. II. dynamic over-
pressures or impacts are expected during the projected life of the window , the only reasona-
ble protection is to increase the thickness of the window during the design stage. This is
particu larly advised for windows in aquaria containing massive c reatures , e .g.. whales , por-
poises, sharks , sword fish, etc.

8.8 CONCLUSION

Aquaria with large transparent panels have been built utilizing off-the-
shelt , 48- by 60-inch (122 by 1 52.4 centimeters) acrylic plates with a thickness of 2 to 4
inches 5 to 10 centimeters). There is no need , however , to have the imagination ol thc
architect fettered by the dimensions of commercially mass-produced acrylic plates , as plat e s
of almost any conceivable size can custom cast. Custom-cast plates of 96 by 96 by 1 2 inches
1 244 by 244 by 30.5 centimeters) have been successfully produced, and larger sizes can he
readily supplied by industry, if the customer is willing to pay the additional charge for the
req utred tooling.

It can be successfu lly argued that from the cost-e ffectiveness viewpoint it is more
economical to procure many small mass-produced panels instead of a few large custom-cast
panels. There is no doubt , however, that the cost of mounting and sealing many small panels
more than offsets the higher cost of the large custom pane ls. The panoramic vision of the
large panels a fforded to the spectator is then a valuable bonus feature .
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Figure 8.1. Required thickness of acrylic plastic in rectangular windows
under hydrostatic loading. Note that the curves apply only to designs
where the water level is never above the top edge of the window and ther ambient temperature does not exceed 100°F (38° C).
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aquarium window frame

Figure 8.2. Typical mounting for aquarium windows. Note that the
( retaining bolts are located on the interior of the aquarium.
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SECTION 9 . PLANE DISC WINDOWS WITH
CONICAL BEARING SURFACES

9.l INTROI)UCTION

Plane disc windows with conical hearing surfaces that resemble the shapes of conical
frustums were introduced into the oce an engineering field by Professor A. Piccard in the late
1930s. \Vithout the use of ti-ic conical frustum shape and acrylic plastic , deep submergence
submersibles would probabl y not have developed as rapidly as they did.

T u e conical frustum shape and acrylic plastic work well a~ a unit for high-pressure
service (figure 9 . I). The shape makes it possible to (1) increase the field-of-view through a
small penetrat ion in a thick hull. (2) have a reliable seal against high pressure . and ( 3 )  improve
the structural performance of a plane disc with a plane bear ing surface. The acrylic plastic
because of its inherent viscoelastic behavior allows the conical frustum to mold itself to the
shape of the conical seat in the flange without the initiation of cracking at stress risers. It
also keeps the stresses at a low level by allowing the conical frustum to act like a viscoelastic
plug. whose axial position in the conical seat is a function of external pressure. Without such
characteristic properties of viscoelastic plastic , a conical frustum window design would fail.

Attempts to use stronger , hut more brittle , materials in conical frustums have failed.
Both Professor A. Piccard (reference 9 .1) and the author (reference 9.2) h ave attempted to
use massive glass instead of acry lic plastic for conical frustum windows. By interposing a
layer of compliant material between the steel seat au-id the glass bearing surface it was thought
that a stress-r i s er free match between the two mating surfaces could be achieved , which
would keep the stresse s at an acceptable level. Unfortunately this (lid not prevent cracking
in the window ( figure 9.2). As subsequent finite-element stress analyses have shown, the
conical frustum plug in a conical seat is inherently subject to very high, shape-induced , stress
concentrations around its circumference near the edge of the low-pressure face , although
bot h conical surtace s match perfectly. Because of these concentrations , the shear stresses in
the glass are of suc h magnitude that tensile cracks are initiated in the glass during the relaxa-
tion phase of the first pressure cycle to which the window is subjected. The same stress
risers also act upon the conical frustum made of acrylic plastic , but because of the material’ s
viscoelasticity the peak stresses in the window ’s body are substantially less.

Because of advantages associated with the design of conical frustum acrylic windows .
they enjoyed a virtual monopoly in man-rated pressure vessels from the late 1930s to the
late I 960s. I lowever . with operational requirements now calling for increased underwater
visibility , spherical sector windows are beginning to replace them , exce l- it in those applica-
tions where either a small view port is operat ionally acceptable or where very high-pressure
requirements exist. Thus , conical frustums are presently used only where the operational
requirements (or viewports are less than 12 inches (30.5 centimeters) in diameter and the
requ irement for design pressure is in excess of 5000 pounds per square inch (34 .5 mega-
pasca ls) . Since conical frustum windows economically satisfy these requirements ti-icy will
remain a viable solution to the need for inexpensive . reliable, small diameter windows in
pressure hulls used lor human occupancy.
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9.2 ST RUCTURAL PERFORMANCE

Plane discs with conical bearing surfaces respond to hydrostatic loading on their
high-pressure faces as do p5ane discs supported around their circumferences by inclined seats.
Because the seat is at an angle to ti-ic plane faces of the disc , it produces vertical and radial
react ions on the disc. Within the disc , t he radial reaction force generates compressive radial
stra ins which are superimposed on the strains produced by flexure. As a result of this super-
position. t he compressive stress at the center of ti-ic high-pressure face is higher than that on
a plane disc with a plane bearing surface. Conversely ti-ic resultant stress at the center of the
low-pressure face is either compressive or tensile: if tensile , it is lower than that on a plane
disc with a plane hearing surface and ~~ identical thickness-to-minor-diameter ratio.

Beciousc of this interaction between membrane flexure and radial compression , it is
feasible to design conical fnistuni windows that will not have tensile stresses on the low-
pressure face , prov iding ti-ic windows are not subjected to dynamic l)ressure , point-impact
loading. au-id static pressures above their design limits. Ti-ic variables that determine the
resu ltant principal stress are ( 1 )  the thickness-~o—minor-diaineter ratio (t/ D~

). (2) the seat
overhang ratio (Di/Df ). au-id ti-ic angle of ti-ic conical seat (a). To eliminate tensile stress , the
t hickness-to-minor-diameter and seat overhang ratios are increased au-id ti- ic included conical
angle of t u e  seat is decreased (references 9.3 and 9.4). Consider the f’ollowing examples.
For a 90-degree (1.57 radians) included conical seat angle , the t/ D~ 

rat io must be equal to or
exceed 0.5 and the Di/Df ratio must exceed 1.06 (figure 9.3). For a 60-degree (1.04 radians)
included angle, the minimum t/D~ 

ratio required is less ti-ian 0.5 and ti- ic Di/Df ratio must
exceed 1.04. For a I 20-degree (2.09 radians) angle, the minimum t/ D~ 

ratio must be higher
than 0.5 and the Di/Df ratio must exceed 1.1.

The interaction between membrane f’lexure , radial compression , and vertical shear
not only decreases ti-ic magnitude of ’ the tensile flexure stress component at ti-ic center of ti-ic
low-pressure face and increases the compressive flexure stress component at the center of
the high-pressure face , but it also generates very high compressive stress concentrat ions
around the window ’s circumference at ti- ic edge of t i e  low-pressure face (t’igure 9 .4) (refer-
ences 9 ,5 throtugh 9.8). The stress riser generating these concentrations can be visualized
as the reaction of t h e  window ’s bearing surface to an attempted rotation of ti-ic window ’s
edge in the flange seat because of membrane Ilexure. At a given pressure conical frustums
with low t/ D1 ratios tend to deflect more at the center than those with high ratios : thus ti-ic
resu lting stress couccntrations are larger for windows with lower ratios. Also , since larger
included angles provide a larger bearing surface for ti-ic window and decrease the magnitude
of the radial reaction force by the seat . ti-ic stress concentrations at the low-pressure face are
smaller for larger conical angles. By using photoelastic strain investigation techniques (rcf—
erences 9 .3. 9.4 , and 9.5), it has been shown that for a given pressure the magnitude ol’ the
stress concentration at the edge of the low—pressure seat is inversely related to the t/ l) ~ rat io
and scat angle and that t h e  magnitude of t h e  tensile stress on the low—pressure face is inversely
related to the t / l) 1 rat io and directly related to the included conical angle ( figures 9 .5 and 9.6).
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Ti-ic magnitude of stresses in the conical frustum is also significantly influenced by
friction between the window’s bearing surface and the steel seat. Finite-element computer
studies (re ferences 9.6, 9.7 , arid 9.8) show that if two idealized cases — a window free to
move without boundary restraint and a window totally restrained at the boundary -- are
compared , several interesting observations can be made: The peak compressive stress gen-
erated by the stress riser at the edge of the low-pressure face , as well as the principal com-
pressive stresses at the center of the low- and high-pressure faces , is higher when the bound-
ary restraint is absent (figure 9.4). This condition is advantageous for windows with a t!D1
ratio less than or equal to 0.5 , i.e., prone to the presence of tensile stresses on the low-
pressure face. Windows with a high t/ D

~ 
ratio (greater than or equal to 0.5) may, however ,

benefit from some boundary restraint , since this would tend to decrease the high compres-
sive stresses in the windows. Viewports with conical frustum windows are between the
extremes of fixed and free boundaries. For windows in greased steel seats with 32-rms
finish, the experimentally measured stress distribution is close to the calculated case for the
free boundary (figure 9.7) (references 9.6 and 9.8).

9.3 MODES OF FA ILU RE

Conical frustum windows, like other acrylic plastic windows, can fail under short-
term, long-term , or cyclic loading conditions. Under short-term loading conditions, the
physical properties of the material that determine the strength of the window are the short-
term tensile and compressive strengths. Under long-term and cyclic pressure loadings, it is
the viscoelastic and viscoplastic properties that determine the window’s life. Since the win-
dow can be subjected to all three conditions during its operational life, all will be discussed
in this section.

9.3.1 Short-Term Loading

9.3.1.1 CRI TICA L PRESSURE. When subjected to short-term pressurization, the
window deflects and axially displaces through the conical seat in the flange until catastrophic
failure occurs. The magnitude of hydrostatic pressure required to cause failure depends on
the window’s nondimensional t/D~ 

ratio, conical seat angle, finish on the low-pressure face ,
seat overhang, and ambient temperature (see appendix B).

The nondimensional t/D~ ratio increases the resistance of the conical frustum window
to failure (reference 9.10), although not in a linear manner. An increase in the ratio is always
accompanied by an increase in critical pressure, until the ultimate compressive strength of
acrylic plastic is reached, approximately 48,000 pounds per square inch (330.9 megapascals)
at 70°F (2 1°C). This occurs in the hydrostatic pressure range of 40,000 to 50,000 pounds
per square inch (275 to 344 megapascals), the exact magnitude depending upon ambient
temperature.

The conical seat angle also increases the window’s resistance to failure (reference 9. 10),
although not in a linear manner (figure 9.8). An increase in the angle is always accompanied
by an increase in critical pressure , until the geometrically imposed limit of 180 degrees (3.1
radians) is reached. Most improvement occurs in the range of 30 to 90 degrees (0.05 2 to 1.57
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radians). Additional increases in conical angle are followed only by minimal increases in
cr itical pressure. For this reason , t he 90-degree ( I  .57 radians) conical f’rustum is considered
to 1-ic an optimized . cost-effective design where the field-of-view , structural performance, and
cost have been properly balanced.

The fiutisli on the low-pressure face is important to the critical pressu re of windows
with a t : D1 ratio less than 0.5 . since such windows have tensile stresses at this location. The
presence of even very shallow scratches (less than 0.01 inch (0.25 millimeter)) will siguiifi-
cant iv decrease the critical pressure of ’ these windows. For windows with a t/D

~ 
ratio greater

than or equal to 0.5 . scratc hes do not significantly reduce the critical pressure , as t i-ic low-
press ure face is in compression and thus not sensitive to surface crack initiation.

Tie window seat overhang significantl y influences t i e  critical pressure (f ’igure 9.9)
(reference 9 . 1 I ). Inadequate overhang (D~/Df < I) drastically decreases ti-ic critical pressure.
as it provides inadequate radial and axial support to the friistuni cone that is extruded through
ti-ic conical penetration in the hull (figure 9.10). Excess overhang (Di ’Df > I ) allows the
critical pressures to be maximized , but at the expense of ti-ic optical t’iehd-of ’-v iew.

For each- i conical angle and t/ D~ 
ratio , there is only one D1/D f ratio at which the

critical pressure is maximized at ti-ic least expense to ti-ic angle of optical v iew . For windows
with t/D~ ~ 0.35 , the required overhang is very small , since such windows primarily fail in
membrane flexure without significant axial displacement through t i e  conical seat. For win-
dows with t/D~ 

>0.3 5, the overhang required for maximization may be very large, sit- ice
such windows primarily f’ail in shear after considerable extrusio n through the conical seat.

Standard overhang is considered to be D1/Df = I as it simplifies t h e  standardization
of test data. Since the data in figure 9.8 were generated with D

~/Dt’ = 1. ti- ic values for criti-
cal pressure represent neither ti- ic maximum nor minimum that can be attained with conical
f ’rus t um w indows in seats whose overhang is selected on ti- ic basis of a particular window ’s
t/D

~ 
ratio and conical angle. Since the windows in actual service are provided with some

Ios itive overhang (Di/Df > I)  as required by operational requirements (section 15), the
va lues for standard critical pressures are conservative and thus acceptable b r  (lesign Purposes.

To date the effect of scat overhang has been studied in detail only for 90-degree
1 .57 radians) frustums (l’igure 9 . 1 1 )  (reference 9.11). Results show that the critical pres-

sure for a part icular window design can be increased by increasing the Di’Df ratio instead of
t i c  t D~ ratio. ‘f ’Iie gain in critical press ure can be dramatic: For ti-ic 90-degree ( 1 . 5 7  radians)
con ical Iru.ustum wit h- i a t/ l)~ ratio of 0.4 . t h e standard cr itica l pressure can be increased more

than 100 percent b~ increas ing t he Di/Df rat io from I to 1.5 ( f’igure 9 .11 ) .  llowever . this is
not necessar ily accompanied by an equivalent improvement in static or cyclic f’atigue. There
are indications that such improvement is insignificant or . at best , minor , as catastrop hic t’ai l—
urc under pressure cycling does not occur in the same mode as tinder shor t—term loading.
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Ambient temperat u re influences t i e  critical Pressure signif ’icantly because of its
effect on the tensile and compressive stre iigt lis of ’ acrylic plastic (references 9.11 and 9. I 2) .
Because its e ffect has been shown to be t’airly linear between 3 2 au-id 190°F (0 to 88°C’).
short-term critical pressures cat- i be readily extrapolated from existing data ( figures 9. 1 2
and 9.13).

9.3.1.2 I)ISPLACEMENT AND DEFORMATION. When hydrostatic pressure is
applied to a conical f’rustum it flexes , displaces axially, and deforms either sequentially or
simultaneously, depending on its t/D

~ 
and Di/ D f ratios, conical angle, au-id ambient tempera-

ture. Sit- ice it is difficult to separate the individual ef ’b’ects generated by flexure . axial dis-
placement . and plastic deformation , ti-icy are generally lumped under ti-ic tern-i of axial dis-
placement . which is measured by a dial indicator resting against ti-ic center of ’ ti-ic low-pressure
face.

Axial displacement of the conical f’rust um is a stepless function of pressure au-id
temperature for any given window ( b’igure 9.14) (references 9.10 , 9 .11 , at-id 9.1 2). At lower
ambient temperatures at- id ~ressures , ti-ic relationship betwee n pressure and displacement is
linear: at h~~her ambient temperatures and pressures, it is nonlinear with ti-ic displacement
increasing at a much-i higher rate titan ti-ic pressure . immediately preceding failure , the dis-
placement increases without any further increase in pressure , indicating the yield of ti-ic
material in the window.

Detailed data relating displacement to short-term pressure are in appendix B. When
utilizing experimentally obtained displacement data , it must be remembered that the magni-
tuide of ’ displacement is not only related to ti-ic nondimensional ratios of t/ D ~ and Di/Df. but

also to D. For this reason it is necessary to use a linear scaling factor when extrapolating t l e
axial displacement of a model-scale test specimen to a full-scale operational window.

Axial displacement is important in the design of conical seats in flanges for conical
t’rustums. Without knowing t i e  actual values of axial displacement , it is virtually impossible
to design a conical seat with ti-ic proper overhang (Di/Df). For a given pressure level , dis-
placement is generally the smallest under short-term loading and the highest under long-
term loading. On this basis , displacement under short-term design loading could be neglected ,
if it were not for ti-ic fact that most accidental overpressurizations are of a short-term nature .
making the short-term axial displacement data applicab le (appendix B). However , if the
long-term axial disp lacement at design pressure is larger that-i under the short-term overpres-
surization, the former then becomes ti-ic controlling factor in sizing the seat overhang.

Def’ormation of ’ windows prior to catastrophic failure varies in character and magni-
tuidc with ti-ic window ’s t/ D~ 

and DifDf ratios , included seat angle, and ambient temperature.
llowever . there is still sufficient s imilarity between ti-ic modes of ’ failure to give them ti re
structural behavior characteristics of a single family.

(‘onical frustums with low t/ D1 ratios (t/ D~ ~ 0.35) fai l  in simple membrane flexure

in a mauincr similar to platte disc windows with plane bearing surfaces (section 7). The first
indication that the membrane tiexure has exceeded ti-ic tensile strength of acrylic is a
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star-shaped crack located at the center of the low-pressure face (figure 9.15 ) .  Additional
pressure causes the disc to flex which propagates the cracks farther into the body, resulting
in a conchoidal fracture (section 7). By way of summary it can be stated that the conchoidal
fracture is characterized by a conical fracture surface which simultaneously intersects the
conical bearing surface of the window around the circumference of the low-pressure face and
the central area of the high-pressure face (figure 9. 16).

Conical frustums with high t/D~ ratios (t/D~ > 0.3 5) fail primarily in shear rather than
simple membrane flexure , although a significant amount of membrane flexure is still present
in the 0.35 < tfD1 < 0.5 range. Because of the higher ratios, the conical frustums flex only
a small amount and the majority of axial displacement comes from a plastic extrusion through
the minor opening in the conical seat. The formation of a plug-like extrusion on the low-
pressure face , whose diameter equals that of the minor opening in the flange, is accompanied
by the f’ormation of a crater-like depression in the center of the high-pressure face (figure
9.17). After the depression and the extrusion reach a certain magnitude, the stress reaches
such magnitude that circumferential cracks are initiated on the bearing surface of the win-
dow. An addit ional increase in pressure causes one of the cracks to propagate into the
window’s body until a conical fracture surface that intersects the high-pressure face at the
edge of the depression is formed (figure 9.18). Any further axial displacement caused by a
pressure increase is limited to the central portion of the window , while the separated outer
shell of the window remains stationary in the conical seat , As t ie pressure is increased , the
central portion of the window extrudes and the crater deepens at a faster rate, since the
remaining bearing surface is much smaller. Finally the body of the remaining window above
the opening becomes so thin that a secondary fracture cone originating at the throat of the
window seat and penetrating the high-pressure face at the center of the crater is formed, a
process that finally causes the window to leak ( figure 9.19).

The locations of the initiation of the primary and secondary conical fractures vary
with the t/ D1 ratio and conical angle. Ti-ic effects of higher ambient temperature on deform-
ation are to increase the plasticity and decrease the tensile and compressive strengths of’ the
material. As a result , the magnitudes of the crater and the extrusion become much larger
before fracture is initiated, although the overa ll ability of the window to withstand pressure
without failure decreases (figure 9.20).

9.3. 2 Long-Term Loading

9.3.2.1 CRITICAL PRESSURE. When a conical frustum window is subjected to
sustained pressure loading of ’ a given magnitude, it will continue to displace and deform until
catastrophic failure takc~ place or it will displace and deform for a short period of tin-ic au-id
then for all practical purposes cease to do so. The first response is termed static t’atigue . it
is observed in all sustained pressurizations (figures 9,21 and 9.22) with the exception of
those where tie window is subjected to a suistained pressure whose magnitude is only a very
smail fraction of its short-term critical pressure . i.e ., less ti-ian 1/ 10 of short-term critical
pressure .
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The static fatigue of any window can be described in terms of three variables: pres-
sure, time, and ambient temperature. Experimental data on static fatigue, plotted on pressure
and time coordinates, can be used to predict the time to failure of any window, if the magni-
tude of sustained pressure and the ambient temperature are known. However, such data do
not exist because of the high cost of generat ing such information. As a result the designer
must conduct an experimental program with either full- or model-scale specimens to deter-
mine the static fatigue properties of a particu lar conical frustum design.

Adequate data do exist , however , to guide the designer in the selection of structural
characteristics for the window, For example , the static fatigue of a conical frustum window
iniproves with increases in the t/D~ 

and Di/Df rat ios and the conical angle, while it degrades
with increases in temperature and the duration of the loading (references 9. 13 through 9. 16).
For a few windows, the static fatigue life at sustained pressure levels of 20,000, 10,000, and
5000 pounds per square inch (137.8 , 68.9 , and 34.5 megapascals) and room temperature
has also been established (appendix B).

9.3.2.2 DISPLACEMENT AND DEFORMATION. Conical frustum acrylic plastic
windows flex , axially displace , and deform under long-tern-i loading in a manner identical to
that which occurs under short-term loading (figure 9.23). TI-ic only difference is how the
displacement and deformation of the window are achieved : Under short-term loading, the
continuous increase in hydrostat ic loading increases the magnitude of displacement and
def’ormation , while under long-term loading it is the duration of the loading which causes the
increase, For example , a conical frustum window under susta ined loading may react to a
hydrostatic pressure of 10,000 pounds per square inch (68.9 megapascals) after 0, 10 , and
100 minutes of ’ susta ined loading in the same manner as the identical window would under
pressures of 10 ,000, 12 ,000, and 1 5 ,000 pounds per square inch (68.9, 82. 7, at- id 103.4
megapascals) during short-term pressurization.

Magnitudes of displacement and def ’ormation under sustained loading vary with the
t/D~ 

anti Di/Df ratios , conical angle, and ambient temperature in a manner similar to that
t’ound under short-term loading. Thus to minimize the axial displacement and distortion of
the window , a conical frustum design with the highest t/D~ 

and Di/ D f ratios and conical
angles, allowed by tradeoff studies that consider the weight and size of the viewport assembly,
should be selected.

Axial displacement and distortion under sustained loading are in many respects more
important considerations than critical pressure during the design phase, i.e., before the win-
dow fails catastrophically it will lose its value as an operational window, Fortunately exten-
sive experimental data exist on axial displacement , the result of three , definitive, long-term
studies conducted at sustained pressure levels of 20 ,000 , 10,000 and 5000 pounds per square
inch ( 137.8 , 68.9 , and 34.5 megapascals) (see appendix B and references 9.13 , 9.14, and
9. I 5) .  Because the test programs used five test specimens for each t/ D~ ratio and included
angle , the resulting displacement curves are not only reliable , but they also provide insight
into the range of displacements obtained from five identical windows tested under the same
conditions (figures 9.24 and 9.25). The spread of displacement readings between individual
test specimens with t i e  same t/ D

~ 
ratios was generally less ti-ian 20 percent of the mean 
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value, which indicates good reproducibility of experimental data , particularly when it is
considered that temperatures during the sttstain ed loading varied by as much as hO percent.
TI-ic applicability of ’ existing experimental data can be extended beyond 1000 hours by plot-
ting ti-ic axial displacements on log-log coordinates as a fuunction of time (tables 9 . 1, 9 .2. and
9.3) . Since ti-ic resulting plots represent straight lines, ti- icy cat-i be easily extrapolated by an’:
desired amount. Extrapolations beyond 10 years are not recommended , however , as signif-
icant deterioration of ’ physical properties in the material cat- i be expected after this time
(se ction 5) .

Table 9.1. Average axial disp laccuiteuits of co ttica l frustum acrylic windows during sustained loading at
5000 pounds per square inch 34.5 megapascais) (re i~ reutce 9. 15) .

Inc luded Conical Angle
Tiutte.

t D. hr 30 deg 60 deg 90 deg 120 deg 150 deg

0.345 itt 0.036 in 0.028 in 0.026 in 0.026 in
10 0.042 in 0.032 it t 0.029 in 0.029 in

0.375 100 0.048 in 0.040 itt 0.034 in 0.036 in
500 0.062 in 0.044 in 0.039 in 0.041 in

1000 0.07 2 in 0.047 in 0.04 1 in 0.044 in

0.074 in 0.025 in 0.024 in 0.020 in 0.023 in
10 0.086 in 0.028 in 0.025 in 0.021 in 0.024 in

0.500 100 0. IOU in 0.030 in 0.027 in 0.024 in 0.026 iii

500 0, 106 in 0.03 1 in 0.028 in 0.025 in 0.027 in
1000 0. 112 in 0.032 in 0.030 in 0.028 j ut 0.028 in

0,054 in 0.024 it t 0.023 in 0.021 in 0.015 in
10 0.056 in 0,025 in 0.024 in 0.021 i t i  0.0 In  iii

0.625 100 0.058 in 0,027 in 0.026 in 0.023 uut (JUl 7 li t

500 0.058 itt 0.028 in 0.027 in 0.024 iii O U t s  i i i

1000 0.059 in 0.029 in 0.028 in 0.025 in 0.019 in

0.042 in. 0.022 in 0.020 itt 0.016 j ut 0.017 in
10 0.046 in 0.023 in 0.021 in 0.016 itt 0.0 18 i t t

0.750 100 0.048 in 0.023 in 0.022 jut 0.0 18 in 0.0l~
) it t

500 0.049 in 0.024 in 0.()2.~ in 0.OIs it t  0.020 in
1000 0.050 in 0.025 iu 0.023 its 0.019 in 0.021 in

0,040 in 0.020 in 0.023 in 0.014 in 0.018 in
10 0,040 in 0.021 in 0.023 in 0.015 iii 0.019 in

1 ,000 100 0,041 in 0.021 in 0.024 itt 0.016 in 0.020 itt
500 0,04 1 in 0.022 in 0.024 ii 0.017 itt 0.021 in

1000 0,042 in 0,023 in 0.024 it t  0.017 in 0.022 in

Notes:
I deg = 1. 745 329 [.02 raui
I in = 2.540 000 [-02 m
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Table 9 .2 . Average axial displacements of conical frustum acry lic windows during sustained loading
at 10,000 pounds per square inch (68.9 t t t e g~ipasc.ds (refereutce 9 .14).

Included Cott ical Angle

Tituie ,
1)1 hr 30 deg 60 deg 90 deg 1 20 deg ISO deg

0.146 iii 0.062 itt 0.050 in 0.050 in
10 0. 102 itt 0.066 itt 0.064 in

0.500 100 ~~~~ 0.195 iii 0.I~I4 itt

500 app ltcah ie

1000 -

0.180 in 0.057 in 0.046 in 0,036 in 0.032 in
10 0.197 itt 0.066 in 0,04 7 in 0.038 nt 0.038 jul

0.625 100 0.340 in 0.076 in 0.054 itt 0.045 itt 0.041 itt
500 0.524 in 0.081 itt 0.058 in 0.049 in 0.045 in
1000 0.084 hi 0.062 itt 0.053 in 0.045 itt

0.120 in 0.052 in 0.042 itt 0.035 itt 0.03 1 itt

10 0.126 in 0.059 in 0.044 itt 0.036 it t 0.033 itt
0.750 100 0.133 in 0.065 in 0.048 itt 0.039 itt 0.038 in

500 0.138 in 0.069 in 0.051 in 0.04 1 in 0.039 iii
1000 0.140 itt 0.071 itt 0.052 itt 0.042 lu-i 0.040 itt

I 0.085 in 0.046 in 0.038 itt 0.034 in 0.030 in
10 0.092 j ut 0.048 itt 0,038 itt 0.035 it t 0.030 itt

0.875 100 0.103 itt 0.055 itt 0.044 itt 0.036 it-i 0.035 in
500 0.106 it t 0.055 in 0.044 itt 0.039 in 0.037 in

1000 0.108 in 0.057 itt 0.045 in 0.040 in 0.038 in

0.076 itt 0.04 2 in 0.033 itt 0.030 itt 0.028 in
10 0.078 in 0.043 itt 0,035 itt 0.030 itt 0.029 itt

1 .000 100 0.078 in 0.048 itt 0.042 in 0.034 in 0.034 in
500 0.08 1 in 0.052 itt 0.043 in 0.038 itt 0.036 itt

1000 0.082 hi 0.053 itt 0.044 in 0.039 in 0.037 in

0.074 in 0.04 1 in 0.032 in 0.029 hi 0.027 in
hO 0.076 in 0.04 I in 0.034 in 0.029 itt 0.028 in

1 .250 100 0,077 in 0.047 in 0.04 1 hi 0.034 itt 0.033 itt

500 0.077 itt 0.051 in 0.042 in 0.03 7 i t t  0.035 in
1000 0.079 in 0.053 in 0.043 itt 0.038 in 0.036 in

I deg = 1.745 32~
) E-02 rad

= 2,540 000 I .u2 ut

(
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Table 9.3. Average axial displacements of conical frustum acrylic windows during sustained loading
at 20,000 pounds per square inch (137 ,8 megapascals) (reference 9.13).

Included Conical Angle

Time,
t/D 1 hr 30 deg 6O deg 9O deg 120 deg 150 deg

00 25 
100 not not not not not
500 applicable applicable applicable applicable applicable

1000

0.308 in 0.118 in 0.098 in 0.074 in
~‘ 750 

100 not 0.610 in 0.256 in 0,163 in 0,149 in
500 applicable 0.755 in 0.360 in 0.320 in 0,310 in

1000 0.825 in 0.408 in 0.395 in 0.380 in

0,708 in 0.141 in 0.090 in 0.087 in 0.071 in
0875 100 0.2l3in 0.l46 in 0.122 in 0.099 in

500 — 0.260 in 0.196 in 0.144 in 0.124 in
1000 - 0.328 in 0.238 in 0,160 in 0,145 in

0.504 in 0.126 in 0.080 in 0.082 in 0.060 in
1 ~ 0 

100 0,726 in 0.165 in 0.124 in 0.109 in 0.081 in0 500 0.946 in 0,186 in 0.151 in 0.130 itt 0.092 in
1000 — 0.204 in 0.l67 in 0.l37 in 0.i0l in

1 0.285 in 0.112 in 0.075 in 0.068 in
1 250 100 0.324 in 0.156 in 0.099 in 0.089 in not

500 0.345 in 0,168 in 0.108 in 0,101 in applicable
1000 0.485 in 0.183 in 0.118 in 0.109 in

0.2 12 in 0.108 in 0.073 in 0.062 in
1 500 100 0.246 in 0.138 in 0.099 in 0.080 in not

500 0.256 in 0,150 in 0.105 in 0.093 in applicable
1000 0,275 in 0.l60 in 0.115 in 0.103 in

0.2 10 in 0.102 in 0.072 in 0.062 in
I 750 100 0.236 in 0,130 in 0.097 in 0.080 in not

500 0.244 in 0.142 in 0.108 in 0.085 in applicable
1000 0.2SS in 0.148 in 0.ll2in 0.O9O in

0,196 in 0.099 in 0.070 in 0.061 in 0.05 1 in
2 000 

100 0,223 in 0.127 in 0.089 in 0.082 in 0.068 in
500 0.230 in 0.136 in 0.096 in 0.092 in 0.075 in

1000 0.238 in 0.143 in 0.103 in 0.097 in 0.077 in

Notes
I deg = 1,745 329 E-02 rad
I in 2.540 000 E-02 m
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For conical frustum viewports to be used as optical elements for underwater cameras ,
it is not only important to know how much the window displaces in the conical seat towards
the camera, but also how much the low- and high-pressure faces depart from their original
plane configurations. The departure from a thick plane lens becomes very marked as the
window approaches failure (figures 9.26 and 9.23B). Unfortunately, the change of the plane
disc into a lens with an optically noticeable , concave , high-pressure face and a convex , low-
pressure f’ace occurs even at pressures for which the windows are rated operationally safe
(figure 9.27) (reference 9.16). Thus the designer should know how much the conical frustum
departs from an ideal plane disc. The published data on this subject are meager (figure 9.26).
and the designer must either perform a finite-element strain analysis of the design prior to
construction or fabricate one and measure the changes in the window ’s curvature. This
would best be accomplished by optical means or, if not poss ible, by closely spaced electrical
or mechanical displacement indicators. Because of the large expense involved, neither is
often used. It is important to note, however , that regardless of whether the experimental
or analytical approach is used the results are comparable , particularly if the assumption is
made that the window is free to slide in its seat (table 9.4).

Table 9.4. Low.pressure fa~e displacements per l000-pound.per-square.inch
(6.89 megapasca ls) linear range (reference 9.6).

~ /a X i03 at Locations
Type of Displacement n a  0.0 n a  = 0.5 r/a 0.9 n/a = 1.0

Experimental 4.60 4.04 2.50 1.54
Analy tic
(free boundar~) 4.52 3.93 2.38 1.41
Analytic
(fixed boundary) 3.51 2.82 1 .06 0.00
Notes: pressure = 0 to 5000 psi (0 to 34.5 mPa)
t/D~ = 0.46 a = radius of low-pressure face
Di/Df = 1 .06 r = radial distance to a point on low-pressure
temperature = 75°F (23.8 C C) face measured from its center

9.3.2.3 BEARING SURFACE DETERIORATION. Beside s axial displacements and
distortions , another important factor that must be considered in the selection of the t/D1
and D

~
, l)f ratios and conical angle for a given window is the deterioration of the conical

bearing surface . Because of shear stresses the conical bearing surface will craze and crack
with time, The cracks will ultimately propagate through the body of the window and form
a conical fracture surface identical to the one observed in windows under short-term loading.
It k interc’~t ittg to note that the extent of surface cracking on the conical bearing surface
varie s printarily with tite conical angle. Thus, if the t/D~ 

and Di/Df ratios , pressure , duration
of loading, and tett perature are held constant, the extent of bearing area near the low-pressure
t. icc covered with cracks and the depth of crack penetration will vary inversely with the coni-
cal angle (figure 9.28). [his indicates that one can locate stress risers, like 0-ring grooves,
with greater impunity in the bearing surface near the window ’s high-pressure face when
the conical angle is large. A general rule is that the shear cracks in the bearing surface of
conical frustums extend only about 80, 40 , 20, 10, and 5 percent of the bearing surface ’s
length measured from low-pressure faces for 30-, 60-, 90-, 1 20-, and 150-degree (0.52 , 1.04,
1.57 , 2.09 , and 2. 61 radians) windows, respectively.

9-Il



9.3.3 Cyclic Loading

9.3.3 ,1 CR ITICAL I’RESSURE. ‘4 Itert subjec ted t(t cyc lic pressure loading, a coutical
t ’ru~t utti acry lic plast tc wit udow will . iI’ cycled loutg et iouglt to some e leva t e d  pressure , fail
catast roplt ically because ot the cyclic fatigue ( i f  t i te t iiateria l. ‘[he tt uuuher of cycl es req uired
to prodttcc catastrophic failure depeutds ott t lte rnagt iit tide t max m i  urn pressure d uritig the
loading ph ase of tite cycle , duration oh’ the loading and re laxation ph ases . att d atnhit’nt te t t t—
peratu re. Failure w ill occur sooner if the pressure is high, loading ~ltase long, relaxation
pitase s hort , and att ihient tern perat nrc high.

[he sa u te geometrical parameters apply to the desigut of conical (‘rust tutu w it t dows
with a htglt cyclic l’atig tte capa bility as to con ical frustum windows wi t lt  a high s ta t i c  fatigue
ca~ abi1tt or high short—t e rm critical pressure , i.e., t he t at- id I)~ Df’ ratios and conical
angle should be as l ;t tgc as possible.

Little published data ~rc avai lable on the cyclic fatigue l i fe ott conical f riistuni wi rt —
I ret ’erences 9 . I 2 at- id 9 . I 7 . and t h e  destet ier ntusl cottd itct an cx perirnental ~1rograni if ’

t h e  cyc lic I’a t t c u e  of the destgn m u s t  he k n o w n .  I lowe s en . t ite available data li:t~ c est a bl is lted
t hat ~ ltctt  crit ical press u res of identical conical t

’
ntsl urn te s t specimens arc plotted as a lunc—

lion of t h e  utuunber of r~rcsst tre cyc les on log—log coord iuiatcs a linear graph result ( figure
9 . 2~ ) an d t lta t t l te t uaxtm o u t  pressure d uritug a cycle should be less t htat i  25 percet i f ot the
shtort—te rn i critical pressure for t he same window . ii’ a cyc lic f’at igue life in ex ce ss of ’ 1(1 .00(1
cyc les is to be exp ecte d wi t lt  cot t f ’ide rt ce. T h e  h i t t ear i t y of the grapit makes it possible 10
cx tr~upo late the critical pressures from t lte I ew specit itet is that f ’a iled at a low nuuiiber of ’
vyc les to a m uch larger tt urnbeu ’ of cycles. I ~x trapolation beyond I 0 years is ui ot reco nt—
t it ett dcd . ltowe~cr , sit - ice t h e  strength of acryl t c plastic deterior ates sigt iificat t lv a f t e r  10 yca r’~.

9.3.3.2 l)ISPLACEMENT ANI) DISTORTION. l)uring cyclic pressure loadiutg . the
conical (‘nust urn flexes , displaces , arid distorts in a manner similar to that f’ound ii uring long—
tertt i pressure loadittg . l’he primary dil’ferettc c is t lte magnitude of strait s , displacement .
,t t id distort iott . I )uri ttg the f’irst pressitre cycle . the conical f rost ~tni l)ehaves as it does t tt der
long—term loading at the s itt ue pressure . t emperat ure . at- id duration. T Ite strai t t s and displace—
m et t t s  l i c gutu to diffe r during ti- ic second cycle. ‘Ike dif ference hecotties tnore pronounced as
( lie it utuiher of cyc les increa ses until t ite w t t t d o w  (‘ails . It is interesf ing to note t hat the dii’—
e t c t t c e  hct~ ‘en t huc structura l tc sponsv ’s in cacti cycle becomes less as ti- ic cycling progresses .

lit ~euieraI . the dii t c u  c t t c e hetw cc u i the f’irst and succeeding cycles is a f unct ion of the tet u—
((era to re aut d t ltc relat t o utsht up hctw L’el t  the m aximum cyclic pressure and the window ’s short—
terun ~ r u t ical press u re , ,.\s a n i t fe . if t lte cyc !uc pressure is uii ore t Itan 50 perceutt ot the short—
t e rt t t  cr t i i jI prcssl tre t he dif ’f ’e ret tcc be tween  struc t t uu’a l  tes po t ises  dut’ing t lte f’irst and
‘utc~~’cd t ug c~ d e s  is s t g t - i i f ’icant . while ii’ t h e  c~ d i e  pressure is less th at i  25 peu’cefl f ~f the
s ho r t—t e rm ci t tc a l  p c ss t t r e  t he d i f f e renc e t s mitior (f igures 9 ,30 and 9 .3 I

‘4 luc tt tite unagitit tides of t i- ic strai n s and dis placements dunitig a load itug ph ase a f t e r
so t t t . ’ t iuuu bcr of c~ L Ies are compared with - i  t h ose (‘rotu a ~t t s t : t i neul loadit tg of the sant e to ta l
Ii aiiit ig duration, those utnder cyc lic loading ire st ita Ue r , If t h e  lett gt It of ’ t h e  h ( .1( 1 tg phase
mit eac h cycle ts eq uai to (lie relaxation phase . (lieu- i ti - ic increase tnt dis pl: teeu iiet it ca u sed h~
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c v c liutg creep ts only about ID to 20 l ercet lt of ti - ic suis tait ied loading crcc~ t iteasure d :tt the
iiumhcr of hours equal to t i- ic tota l oI all pressure cycle duration s .

9,3.3.3 BLA RIN(. SURFA(’I l)ETERIORATION. The cordeal hearing s urface
Lie % chops c’it’di.t itt f ’erent ial s hear cracks sit u ilar to t h ose f ’oui’id ci uring short— a nut long—term
pressure loaulings. If the nutriher and ti - ic depth of’ ti - ic crac ks ot t  t lte hearing s ur face of
j~ressu rc- cyc led windows are compared with those f ’t’on’t w indows sutbjc eted to suistait ’ted
loading. the sutm of ’ hoadiutg platsc uluratiotm must he an order of ’ magnitude larger than that
of t he unimttc rru ipted sustat uted foad it ’ig before t he dc pt hi and nuimber of cracks reach eq ital
utta gr t it  tt u le.

h’nhhished data (referenc es 9 ,3 , 9,6 , 9,8 , 9 , 12 . arid 9 16 ) on the init iation of cr a ck s
o ut Ute hearing s itrf ’ace und er cyclic press itre loading arc very limited for iwo rc asou t s : I I it

requires inure ut- ianpow cr to unlock the pressutre vessel f requently and inspect tf ic w indo~ s

b r  hearing cracks than it uloes to itistruirnent ti- ic ~vit ’uu tow f’or the detection of only ca l ,t—
strophic fail u re and 2 )  (hue appcitrance of ’ surface hearit -ig cracks precedes eata st  pluc fail nrc
by it undreds , and sometimes t htou sa ut uls , of pressure cycles and ti- ins is not as art itu p r t au t i
cr iter ioit it t  desigt - i as is ca iastrophuc f ’a ilttre ( figure 9 .32i. Fuirt iter more , detect iou ot lie
f t r s t  crac k ott the hearitig surface is of ’ a qua h i ta t i ~e uiature. v~ t i t le dt et ee t ion of ’ ca ta s t rop hic
fa ilure 5 t tot . I’his does riot mean that the appearance of ’ cra c ks ott (lie hearing sur face
sitout ld 1-ic ignoreul , To t h e  cot - it ra ry . (lie appeara nce of rnitt iy deep 1 grca ter (ha u-i 0. I ui cf - i
(0. 25 ceu t t i mefer )  I circumul ’ere nt ial cracks is at- i itidication that the c~ die I.it igite l i fe of ’ ( tie
w tudu i~~ w ill expire in t i- ic near future and that replace utien t w ittd n~ mit tust he ordered. I I  t~~~

t u t u ie lu cyclic fat ig u me lu t e  reu uai uts can be appt’ox it t - iate ly asc e t ta i t cd h~ reuil ’ pL ’ e t t t l g  t he c r aLk5
ot t t i-ic bearing surface after it has been suihjectcd to several ~u dui if iouial pre ssu t c LvehI. ’s an d
u o t itig the i t t crease in crack dept h . W h en inspecting t i te ‘.u t ido~ ~~. care t i t l ist  hC I , ike t t  lot to
coil fuse c ircut it l’e rc t itta l shear cracks wi t h  axial scr~t tc t ic s am id gi u~tcs  f ’ortue d \~ lien t ite s I t
acry lic surfac e slides on ti- ic barul metal. The presence of these t uarks is nat ora l. at - id does
not in dicate expiring fatigue life . These axial s crat dl t c s and gouges ~v ii l  be part iculat ’i~ t.u tm—
e ro uts nea r the low-pressure lace , w here ti- ic bearing pressure het~’~ ec t u ( t ie mat j i g  acry l ic aitd
stee l s ui r t . i c es is t i te highest.

9.4 PRE D I CFI O~ OF CRITICAL PRESSURES

‘I’o heterm u ine a sale conical l’ntstutm des ign b r  a given working pressure . t ltc ulL’s igttc r
n’iust cou ts i der both t ite projected service parame ters at which t h e  window ~ II operate amiul
t he structural  capahi hities of ’ t he select ed Llu .’s igt i .  ‘l’lte service paratt icters that mut s t he k tow n
are I I niax t ut it un i ambient tetuperatuire at design pressture , ( 2 I t uax iniut m expected os er—
press n riia it itt caused by htuiniatt error or eq uipntcnt malf unct ion . (3 1 loitgest e.x pecte ul dura’
(ion of a single sustained loading at uhesign press nrc. and (4) desim ’ eul f a t igue life at design
pressure (‘or press - ire cyc les wi th kuiowrt loading am id relaxat ion pIt ises ‘I’hc struci  uura I c’apa—
hilit mes t hat mnust be k nowti ,tre def ’ined by t h e  ( I I cri t ica l prcss uurc undcu’ short—term pressuri—
/at to ut at design temperature . ( 2 )  s ta t i c  f’~ut igiue, i.e.. dimration of s u istait ied loading that will
cause f lue wi n dow to fai l  catastrophical ly utuder desig ut pres su re and tempcrati .tre . atlit 3 I
cyc lic tatigu ic . i.e., number (II cycl es at des ipti  i) nesstu rc ( hat  ~ ili cause t h e  ~ itt dow to fa i l
c’:ttastrop iiieaily at design-i temperature.
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Knowing both- i the  projected service parameters and struuctura l capabilities , the
design-icr can compare them and the, either reject or accept the design. This is , of course .
the ideal approach-i to the selection of a cost-optimized , safe design. To date there has been
only one study ( reference 9 .12 )  in which all structural parameters for a chosen design were
experimentally establ ished prior to placing it in service (1000 pourtds per square inch (6.89
megapascal s) and 150 0 1,. (66~

(’ )) . The primary reason for the lack of such data is the cost
and long time frame : for example , the study in ref’erence 9, 12 lasted 1 year and cost
approximately S30 .000 (see figures 9.13 , 9 ,14 , 9.2 I , 9 .22 , and 9.33). Other reasons involve
proprietary data and classified applications.

Faced with ti-ic absence of published data , the designer can either initiate a study to
determine the structural parameters inherent in ti- ic design or follow standard design pro-
cedures based on the cumulative experience of the ocean engineering community. The
standard approach-i (section 15) will not produce a desigti that is cost-optimized (‘or a given
set of service parameters . It will, however , produce a design rapidly and economicall y that
will satisf y most service requirements with an adequate margin of safety. Since this pro-
ced cure has beet- i discuussed in detail in section 7 , it will only be summarized in this section.

The stat dard procedure for windows with a design-i pressure less ti- ian 10 ,000 pouunds
per square intel- i (68 , 9 megapascals) is based on the postulate that the stat ic and cyclic
fatigues of acrylic plastic windows are re iate d to their short-ter m critical pressures by a set
(~t convers ion (‘actors (table 9 .5), w hose m agnitudes are functions of ambient temperatuire
and expected stafic arid cyclic fatigue requirements of standard designs. The magnitude of
conversion (‘actors is based on a requirement (‘or a maximum of 10 ,000 pressutre cycles .
where the sum of loading phases does not exceed 40,000 houmrs , or a single sustained loading.
where ti-ic leutgthi does not exceed 40 ,000 hours. The conversion factors also provide
approximate safe ty  margins of 300. 100 , and 50 percem i t against short-term , long-term. and
cyclic press ure loadings , respectively, at design pressure at- id temperatuure. These sai’ety mar-
gins are present only in windows in prime d”)ndition: age, surt’ace deterioration , accidental
overpres surizatiom is , and cumulative number of hours in service decrease the margins te zero
in ahoutt 10 years . the projected maximum life ot’ standard windows.

For design pressumres larger ti-ian 10.000 pounds per square inch (68.9 mega pas caf s ) .
t he procedure us to select ti-ic dimensions of ’ the conical frustuum (‘ron-i a set of designs , whose
ncrfo rnta nuces have been-i established. Because of limitations inherent with acrylic plastic, the
conversion factors f’or these designs (table 9 .61 arc less ti-ian those (‘or a des igt- i pressure tess
t lta ut 10.000 pounds per square inch (68. 9 niegapasca ls) . As a result . t he safety margins are
even less . ilowcve r , all windows designed on ti- ic basis of data in table 9 .6 itave pert ’ormued
“ , t t i s k t L  tori ly in th ie ritnge of 10,000 to 20.000 pouu-ids per squuare inch (68.9 to 137.8 mega—
pascals) wi t lto ut  premature failure .
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Table 9 ,5. Conversion (‘actors (‘or acry lic plastic cortical frustum windows designed for
pressures less than 10,000 pounds per square itich (68. 9 megapasca ls).

Temperature

50°F 75 °F hOO °F 126 ° F 15 1 0 1:
10°C) (24 °C) (38 °C) (52 °C) (66 °C)

Operational
Pressure Convers ion Factor *

2500 psi
( 17.2 mPa )

5 6 8 10 16

convers ion (‘actors (‘or these pressures rnumst
5000 psi be interpolated between upper am-id lower~’ahues 4501) psi
(34 .S niPa ) ,,j _ _ J __ i_  — (3 l mPa )

4 5 7 9

7500 psi
(51.7 mPa )

4 5

iO .000 psi 5 8000 psi
(68.9 mPa) 

— (55.2 mPa)
4

I IIL’\C CoflV Cr . IOfl OIL tu r~ 1 p~~I
~ 

onh I )  st iort ’ter iii critical prc~su res Cs perintenta lly obtained iti t’ta ngcs w itit  u)~/t)1. “ t a t

an auitb icnt te m perature of 75 m 24 (‘I

(
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Ok’ 9 6 ( ‘t i~ Cr511111 i , t c tors  t o t aL’t ~ IlL plastic conical t’rustuin wilidlIws desi~tse d t’or
p L ’ ss(I r cs in L’\CCSS ot 10.000 pounds per square inch 168.9 iteg apasc ats ) .

icti tpc ’ rati irc 5)) I ( 1 ( 1  d i

— _________________________________________

O~w r .O i~~r c i t  oil deg 90 deg (20 deg ( S i  Llc1~t’r c s s u i e  i/I)~ (1.04 rad) 1.57 rad) i2.09 radi 2 61 rad i

I t  . IIuI( p5i 1.0
I — s Sb ni1’~
( 1 1 1 1 5 ,  ps .1

I 52. 7.1 o Pa l

3j55 1 psI 1.2
1)9 (1 3  niPa )

14 ,l II ( ( I  1.3
(96 .53 itt Pa)

I 5 . ut(i pS I 1.4 1.1 3 1.1 7 1.23 .69
~l I ( 3 . 4 5 ir Pa) — _____________________ ___________________________ ____________________________ ________________

io ,(inii 
~~ 

1.5
i I iu. 34 inPa)

17 ((liii pSI 1.6
117 . 24 i r Pa )

I 8.OilO ps i 1.7
i1 2 4 14 oPal

19 .000 psi 1.8
( i  31.03 mPii)

20 000 psi 1.9 1.20 1.26 1.53 2.41)
, 13 7 . 9 3  mPa)

‘i c’niperature . 75 ’ l” (24 (‘

11.000 i s i  1.1
(75.86 rnPa)

12 ,000 psi 1.2
(82.73 mPai

13 .000 psi 1.3
(89 .63 ntPa )
14 ,000 psi 1.4
(96. 53 mnPa)

15 ,000 psi 1.5 1.13 1.17 1.23 1.69
(103.45 InPa i —__________________ ____________

i6.000 psi 1.6
(110.34 niPa)

17 .000 psi 1.7
(117.24 inPa )
18(10(1 psi 1.8
( 124 .  14 uiuPa
19 .000 psi 1.9
( 13 1. 03 mPa)

20.00(1 psi 2.0 1.20 1.26 1 .53 2 41)
( 137 .93 t ruPa)

0 t)( I ,IIIIL’S can he used only for se rvice at ambient teu l t p e ratur es les s t Itan 75 I 24 (‘I
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9.5 SE ATlM~ OF %%1~~DO WS

9,5,1 Conieal ~mig k

‘o ut ica l f ’rust lilt- is req umrc sea is w ith prc’c use I~ ntatc lted conical hearing surface s .

~iIted ’ t i - i t s  cat on ly be done h’s hia itd lap pit ’ig t he window inside the scat ,  the cost is prohibi-
tive , For this reason . ext e ns i’s e ex perimeu t ts have been conducted to esta blish - i t ite e f fec t  of ’
angu lar ti isut ta t  cit be tw ecu the wi iido’s~ 

‘ s bearing suurf ’ace a mt d t h e  seat I ref ’eret ice 9 .5 I. Out
t he basis of I Iicse ulata . it cait he postutlated t ltat  a misun atei t  of less than I degree (0 .02 radi-
an ) itas no sign i t’icant ,‘ ‘f e et on the short—term critical prcss lure . Titere is t o  qutest io lt.  ito w—
es er . t h a t  a u- i  anguulat’ niisit’uatc it of ’ less than I degree (0.02 raulian) has a sigt iif ’icat it e(’t’eet  Ot t
t ite tt’ iagn ituuu lc of ’ stresses at t i-ic ccti ter attul edge of ’ t he low—pre ssu l re ‘ace (f ’igures 9 .34 and
9,35 f in the elastic ratige of elastic plastic.

If ’ t i t c ’ gap between the s’s iudow anul the scat is niaxin- iutm at the low—pressure face.
t hen the positive l’Ie\ uurc stress componc’t - it at t he center of ’ the low—pru ’ssuirc t’ace and tl’te
negat ive f lexure stress con’u ponent at tl ’tc center of ti - ic bight—pressure f ’acc are increased. At
t h e  same time. ti - ic compressive radial stress component is dccrea seul at the center of the
low-pressure I ice arid increased at t i e  cen le r of ’ t he high—prcss utr e bice. TI-ic principal stress
at t h e  center of ’ (lie low—pressure face then becomes more positive ( Linger I f ’or t l)~ va iutcs
less t itan or eq ual to 0.5 anul less negati ’s e (smaller) f ’or va hi,uc ’s greater t itan 0.5 ‘s’s hen com-
pare d ‘s’s i t ht wu t - i~lo’s ’s that have been pn’ecisuon lapped it- ito their seats . i.e.. ideal windows.
‘fli ts Ii in w indo ’s ’ss wi th a t D

~ 
ratio less that i or equal to 0.5 ti- ic gap at ti- ic ’ low—pressu ire face

us unu ulesirahle stutce it it icreas es tite rcsullant tensile stress at ti’u e cctfte r of ’ t h e  low—pressure
htce . whi le f ’or ‘s’s it’lulows with a ( / D 1 ratio u rc ater t haui 0.5 t h e  gap is desirable si n ce it
decreases the umignt(ude of peak cOmpressive str es s found on ti- ic hearing surface near the
bo w _ l r u ’ L.ssl ure face (rele i’cnce 9.22 ) .

If t i lL ’ ~. ‘ is  I n s  imuum at tl’ue iiig h—~rrcss iure (‘ace. t iten ti- ic radial cot - i- i pressive stress
comtlpi iu eut t  is increased at the center of the low—pressure face attd uhcct eased at (lie center of
tite high —pre s s u re f a c e .  ‘ftc hiexure stress cot ltpot ’icu lt s on t ltc how— pressuurc arid itig h— prc’ss uurc
f a ces  r e t t i a i t t  ap pr oxtuB a t e l \  the sante as thc~ do tom’ aut iulca l wiuiuli,i’s’s 

, ‘l’lic’ priticipal stress
i the center oh ’ t he lo’s~

. — i r res stu r e face t heut bcconics less Posit i ve ( s m aller I for  t D  ‘s a lu tes  less
t han or eq u~il to 0,5 arid ITt ore iiega live I larger) for va lues grea ter I Itani 0.5 wheit coin pared
‘s’s il l-i iulca l ‘s’s i !mulo Ws . Tints for ‘s’s t i t d o w s  w it lt  I l)~ ratios less t ltait or equal to 0.5 t f t c  gap .t l

t u e huei i —pre ss t urc ’ ( ‘ace is clesurab le since it decreases t h e  res u i it a t t  ( si rL’ss : it t tic cen ier of t h e
iIiw~b’ rc ’5su tr e face .  w itul e for ‘s’s undi i ’ s~ s wi th  rat ios g t La l c r  t i t a u- i 0.5 ( lid ’ gaj ) is uuttde s ira bie sit - ice
it Ill. rea ses lie pc ak cout ipressi ’s e stress on the beating s uurf ’acc near t he how—pres s uure face.

I hese problems are ovcu’s liadovletl b\ the ef h ’ects of ’ ti - ic angu lar mismatch on the
loss -pressure sea l,  \ large clearance bel ween the h u g h —pressure t~ice autu l the seat makes i t

J I b I ic u t il to seal (lie (‘ace witht easke ls or O—ruu igs ‘s’s tu l l e  t lte window is under radial or axial
ci ‘ilupres ’sioi t .  I’ l l  t i t i s  reason , a la rge cleau’~itt cc is c u i i t ’ s iulered opL’ratiouia il~ uunaccep a hle.
ilthiougii It  uieliera (c ’s ~t f~uvora hle st rc”ss f ield iii c’Oilcs wit It t ’I)

~ 
rat ios less than or equal to

0.5. ( IL ’;i r . i i lce a t  (l ie low—pressure (‘ace poses no problem in sea ling and is. ~td’c’L’l)taI)Ie.
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Because of these scaling problems two courses of action are recommended for windows
with large gaps at the high-pressure face.

1. For frustums with t/ D 1 ratios greater than 0.5, the machining tolerance (‘or the
included angle should be positive, i.e., the angle should be larger ti-ian or equal to the nomi-
nal value, while for the associated seat in the flange the tolerance should be negative . i.e.,
the angle should be smaller than or equal to the nominal value. The magnitude of machiti-
ing tolerance on the inicluded angle in both cases should not surpass 0.25 degree (0.004
radian), resulting in a possible maximum angular mismatch of 0.5 degree (0.008 radian).

2. For frustums with-i t/D1 ratios less that-i or equal to 0.5, the machining tolerances(‘or the included angle should be positive , the same as for the associated seat in the flange.
li-i addition, the n agnitude of ti- ic tolerance should not surpass 0.25 degree (0.004 radian),
resulting in a possible maximum angular mismatch of 0.2 5 degree (0.004 radian).

9.5.2 Bearing Surfaces

TI-ic bearing surfaces on both the acrylic plastic conical frustum and the steel seat
itave a significant influence on the frustum’s stress field and the initiation of cracking on the
frustum ’s bearing surface, This is caused by the roughness of the metallic seat surface which
determines not only the coefficient of friction between the acrylic plastic and ti-ic metal ,
but a lso serves as a stress riser for the initiation of surface shear cracks.

9.5.2,1 FRICTION. Friction between a (‘inc-machined (3 2 rms) acrylic frustum
and a metallic seat depends on both the finish of ti-ic seat and the presence or absence of a
lubricating agent. For a dry seat , the friction increases with the roughness of the metallic
surface at-id the hydrostatic pressure acting on the conical frustum (figure 9.36A). The
coefficient of friction is quite large even for polished (tat-i ~ = 0.35 on 8 rms) or ground
(tan ~ = 0.45 on 20 rms) steel surfaces. This indicates that for fine-machined seat surfaces ,
typical of’ most window insta llations, the coefficient of friction exceeds 0.5. For a lubricated
scat , the difference in coeffic ients for polished and grout-id surfaces is much less that-i for dry
surfaces (figure 9.36B), Since most operational conical frustum windows are well lubricated
prior to installation , it is not necessary to polish the steel seat surface, i.e., the 0.1 5 coeffi-
cient of friction for a lubricated ground surface is only minimally higher than the 0. I coef-
ficient for a lubricated polished surface,

A photoelastic study of stress fields in conical frustums resting on ground and pol-
ished seats has shown that there is no significant difference between the magnitude or dis-
tribution of stresses , regardless of whether the seats are dry or lubricated (figure 9.37). This
is not the case , however , if the seat is made rougher by machining rather that-i by polishing
or grinding. The increase in friction and the change in stress magnitude have not been quan-
tified, only their effect on initiation of surface shear cracks itas been experimentally observed,

9.5.2.2 CRACK INITIATION. (‘rack initiation on the bearing surface of the acrylic
conical frustum depends to a large degree on the roughness and condition of ti-ic steel seat.
The presence of circumferential grooves for containment of single or multiple 0-rings is
detrimental and cracks will initiate sooner in ti-ic acrylic bearing surface than if ti-ic grooves
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were absent (figures 9.38 and 9.39). However, if only low surface ridges and grooves (less
ti-ian 250 rms) caused by machining in a lathe are present, the roughness of the surface is
beneficial.

I—
Since data are only fragmentary, a general relationship between the degree of rough-

ness and crac k initiation cannot presently be made. However , based on experiments (ref-
erence 9.6) using 90-degree ( 1.57 radian) conical frustums (t/D~ 0.59 and Di/Df = 1.06),
it can be tentatively postulated that an increase in roughness from polished (8 rms) to rough
machined (1 25 rn-is) surfaces is beneficial for conical frustums with t/D~ 

ratios greater than
0.5. in this particular experiment , 15 well lubricated windows were rapidiy pressure cycled
five times to 88 percent of their short-term critical pressure. Only the windows pressurized
in a seat with I 25-rms surface roughness completed the test without cracks in tie bearing
surface and a minimum amount of permanent plastic deformation (table 9.7). All others
had cracks , w hose depths were inversely related to the roughness of the seat (figures 9.40
and 9.41). The data from this experiment also substantiate the findings of a finite-element
stress analysis (section 9.2), which postulated that boundary restraint is beneficial for win-
dows with t/ D

~ 
ratios greater than 0.5 , as it tends to decrease the magnitudes of peak com-

pressive stresses on the bearing surface near the low-pressure face and axial displacement.

Table 9.7. Deformations of model-scale v iewporns after five shor t-term pressure
cycles to 20 ,000 pounds per square inch (137.8 megapasca ls).

Set Number

Flange Finish, 1 2 3 4 5
rms Low’Pressure Face Permanent Extrusion , in Average

125 0.025 0.030 0.038 0.037 0.025 0.031
63 0.064 0.055 0.069 0.080 0.058 0.065
32 0.070 0.060 0.078 0.085 0.064 0.071

High-Pressure Face DepTess ion Depth , in

125 0.004 0.005 0.008 0.007 0.003 0.005
63 0.029 0.015 0.032 0.036 0.016 0.0 26
32 0.035 0.035 0.023 0.042 0.026 0.033

Notes
D = 1.06 in ( 2.7 cm ) t / D

~ 
0.59 (in = 2.540000 E—02 m

= 0.62 temperalure 70°F (2 1 °C)
o = 90 deg (1.57 rad) D1/Df = 1.06

9 .5.2.3 ROTATION OF BEARING SURFACES. The rotation of bearing surfaces
on the steel seat, caused by forces transmitted from the hull to the seat flange, also affects
the distribution and magnitude of stresses in the conical f’rustum window (figure 9.42), as
the rotation changes the magnitude of the seat ’s included angle (referct tce 9.20). Ti-ic result
is similar to the angular mismatch between the frustum and seat (see section 9.5. 1 and
re ference 9. 18). In this particular case , tite seat was supported in sucit a way that the appli-
cation oi the pressure tended to decrease the angle of the seat. As expected l’rom theoretical
considerations , this increased the bending moment and the magnitude of flexure stress com-
ponents in the conical frustum. Because of the effect that seat rotation has on the magnitude
of stresses , care must be taken to not have the rotation exceed 0.5 degree (0.008 radian).
umm iless the designer plans to achieve well defined change in stress distribu tion.
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9.5.3 Sealing and Reta imuiitg

Sea lmit g of coulical l’rust t mm ns ts ge mtc ra ll~ aceo mit pu s h ed wi th both loss ’ amt d ii 1gb—

— 
pressure seats ( figure 9 .43 . desiguts A and 1)). ‘l’he low—pr ess ure seal ut ili ,c ’s ei ther a thick
c iastomer ie •.~as ket atop ti - ic hi igit—pressutre (‘ace or an 0— riutg wedged bet ’ sv e et - i  the chamfer ed
edge o(’ ti - ic it ighi—pre ssu ire face,  t h e  l)earing simrf ’ace of ’ t he seat , and the steel retaimd ng ring.
h u e  hiig li-prcss imre seal uitiliies ti - ic grease trapped betweem i ti- ic conical l’rustum n and tite seat.
‘t his arrangement is get ter a lk considered ‘scry satisfactory. .t ’s t i - ic n ost reliable it t gh i— pres sure
seal known is the I ightl~ ‘s’s edged f ’rustumm. while thie less reliable low—pressure seal mu ts(  onl
keep tuie w t m iu lo ’ s v t ’rouu leaking at ve r low pressure ( le ss than 50 poum- ids per sq lm am’ e inch
O.35 ntcgapascal ) 1 diuring pressuri/a t lou l and depressuri zation procedures. The only dil’f ’i—

ciii lv is that during ve r~ iou ’tg susta intu’ul loading the window m a y  creep ‘so much ax ia l l \  that
upon depress iurizat ion it mnav not rcturul ctiough to compress t i c  gasket or wedge seal prop—
er R agaInst the retaining ring and some leakage svi il take place at  lo’s’s pressure.

‘Ibis problem can he c h im i- iu itat c d diuring t lc  design process by providing su i’Iic icnt
rncci ianieal prccot- i- iprcssion f ’or t i - ic seals at  0 pouin h— per—s qi iare —i u ’ic l-i (0 mcga pascal I ambient
pressure. Tints , even duiring t h e  t i taxtu num duration of susta ineui loading at design pressure.
there svi l l be suf ’t ’tcm cri t compre ssuom i on ti- ic seals to prevent leakage aroutnd the ‘sv utt do ’s s dur-
ing rapid uiepressuirii~ut iori of ’ t i-ic prcs’sutrc vessel. (TI-ic magnitude of recoti- imncnu ied preeorn-
pressio l- is is in ‘section h 5 . )  For conical f rustums with a t/ D

~ 
ratio less (ha t- i or eqi tah to (i.~

this is probably the best curicnu1~ t’s’ ,t i bab be desi gn. I lowevcr . for those with a rat io greater
than 0.5 other seat ulesign ’s can he uiscd hecautse of ’ thie iuicreased wit idow thicknes s . I ‘s ’so
of ’ t he more comt ltrm onm iiriC’s USC 0—rings . hut riot as wedge seals. Ti- ic ulniqule featuire s of these
sea ls 1 desugri ’s B and E ) are I 1) 11- icy seai at bothi low and high pressures regardless oh ’ t i- ic
w imtdow ’s ax ial displacement under pressure aitd ( 2)  the 0—ring groove is niacitined in the
conical frust imrn. Both- i l’eat utre s are operatio nmall~ va iuabhe. since ti - ic ‘s’s indow can have both
the 0—ri ng and t h e  beariitg co rt tact as high—pressure seals am- id ti - ic 0—rings cot- i- ic assembled
with - i the window and do 1101 depem id out selection and f i t t i ng it - i  ti - ic field by uutq imal if ’ied
persont ic l. Of t ile two 0—r ii g seals , t i- ic onu e on ti- ic bearing st mr l ’acc (design F) is more posi-
Ii’s e . sit - ice it depends oi ti- ic axial disp lacement of ti- ic 0—ri ng rather than radial com tpre ssiou t
and it requires a less comp lex seat in ti- ic (lange. It also ias  ti- ic capability of ’ rciieviitg any
buildup of pressure ict iitg on ti- ic low—pressure l’acc duritig deprcssur izat ion. Its muajor draw—
~~ Is s that unless ti - ic groove is located near ti - ic itigh—pressur e f’ace and is properly mt’iachti ned.
it will serve as a cm’ack initiator in ti - ic wim ’mdow. However, locating ti- ic groove within 0.3t
ui is tance f rom ti- ic high-pressure (‘ace and providing ti- ic bottom of ’ ti - ic groove wi th gemierous
radii (0.02 5 to 0.05 m elt (0.06 to 0.12 centimeter) ) will eliminate this probleni . Ti-ic other
sea l ut ml h u ng am- i 0—ring iu radial corn prcssion (desi gn B). although more expensive to incorpo-
rate im to ti - ic v ies ’s port assemb ly. has several good (‘eat t mre s that make it desirable l’or sonic
app lica ( mo uis : Because it us not located in ti- ic bearing st mrf ’ace the 0—riu’ i g groove does not act

a crack iu - i mtuator  and because ti- ic 0—ring is in radial comTt pressio n it also seals against any
pressure ac( i itg again st the iow— prcssi ure lace of t lte window. This latter h’eat imre is sometimes
dc’sm r~mb lc . .ts utne deep— il ’s i itg suhut t er sihle s himild up s iigitt internal pressure d uring ti- ic dive
.tt - i d ltc wt ndoss ., ‘shi o ti l& i not act like poppet valves when reaciting the oceart surface during
uscem - it. Sd s ’ e r : t I s’s tn sb o ss s s’s iUi t itis se a hmm - ig s~ stem - i t  have perfomni ted stmcccss l ’ully at 20.000-
pout -i d ’ s—p e r— s q ua re—i iii 35 ntte~apasca ls ) service ( t’igure ~,44 I.



The s , ut us l aetor \  operatiom of seals using 0—rings as we dge seals (design 1)1, radial
‘sc,iis ( dc st gm t  B. or axial seals (design F) rcq imircs that the surface of the seat he ru st—free at- id
~ 

‘ssess at least a 32-rum (‘inisit. Rust will cause ti- ic seals to leak . w hile excessive surface
rou g h iu iess ss Iii ca imse t i e  seals to abrade and loose their scaling ability af ’ter only a l’ew 1)res-

— sutre c~ d e s . I lie ‘seat ing sur face eat i be kept nmst— f rce (‘or short periods of t itne (less th au I
ear ) h~ a liberal application ol ti - ic proper grease (if greases otl er ti - ia n- i DC—4 silicon-ic are

utse d it  is u i c e es s, t r \  to check b r  titeir compatibility with acr~ lie plastic ) or by painting ti - ie m n
aun t s uthse qt ment lv sanding theun sm’nooth. Ti-ic only long—term - i- i solution is to use a Monet weld
over lay and mmtcit int c mt smooth. lu’i somtte eases. t hick ehectro less nickel plat imi g has given good
service fo r ext ended period’s of t im ne. hut i t ’ s  l if ’e is usimally only a little better than that u- if a
paimtte i l ‘seat t Ies ’s t i tan 5 c a m s ) .

i on  pm’oper operat ‘ u . all ‘seal designs require a window retainer tiiat al)plies axial
for ce hef ’ore t he hi~ drostat ic press ure reacites su(’hicient magnituide to take over this fumne-
tw it. ‘li-ic s s uu i .h  ‘ss m ’cta i m ’tc r , t~ ptc a ll a l)o ited—on m ring, relies either on am - i elastorneric gasket
or a circu lar leaf spri n g to .tppl~ prcsslm re uiti if ’orrnly along ti-ic circuit- i- if’erem ce of ti - ic high—
pu c ssttne l , uee . li- i addm t ior u . either ti- ic gasket or ti- ic spr it ig is reqiuircd to compensate (‘or t he
dim itens iom ij I tolerance s on the window ’s thick ness which cause it to scat either too high or
to( low m u ti - ic 5d’~t t .

Ii nit e desu g ’ .s I ,•\ .t nil D). the elastonteric gasket under ti- ic retaii er ring also serves
us .u loss -p ne ’s u ure ‘s c . I .  It t h ese ca se ’s , t i c  comupress ion of ti- ic gasket or 0— rim ’ig mmmst he su f ’—

i m e uc n t  to exer t  a ‘ e , u l uu t g  ac t t o i t .  ese nt w item thue w indo’sv has axially displaced under press imre.
\\ lu cre ( he gask oi ( ) — r t n tg doe utot ‘serve as a low—pressure seal. om ly s i mf ’I’icient compression
is Ite c e’ss .ir\ t i seat t i e  ‘s’s t t t& i ow pro~)er ty .  rite retainer ring must have suff icient rigidity to
pres et it  mt ’ s  t e l ’ ‘nttt a I uo mt witeni t h e  screws are I igl ttem ed ar oumu d i t s  circuimf ’erem ce. Ti is gen —
erall~ requ .rc’s a t l i ick ute s ’s of ’ at leas t 0. I 25 irucit (0.32 cent imt uet e r ) im windows w i t h  a mrmajor
dia m eter .d less t I t an 12 und ies (3 (1.5 cent i mttcters ) and 0.25 incit I 0.64 cent imet e r)  for thtose
‘ssi l I t  a u ’ uu )ou di .t tnt ’ ( cm lit c’s . es ’ of 12 int el - ic ’ s 30.5 c e n ( i t t t e t e r s  I’ To prevent overcom upres—
‘storm o ’ ca s kets t h e  t e(air iei ring miust be able to botto m agaim ist the flange when hilly

ug h Id te d.

9.6 1 ABRft’ .~ FIo\

A c i \ lie I) i.tst ic ctini ic,ii trust im rns require ti - ic sanm e material umid f ’a hricat ion ( l Lmahi t ~
.i ’ ss um r .umt ce a’s ~t t t ~ ot her ;icr\ tu e pla ’s (t c window used for niamt rue d pressure vessels (see sectiom ’is
7 amtd l’~~. ‘E’hrci’ re ( l u mreu ut d ’ u - i t ’ s w hiclt appI~ spec i(’icallv to conical t’ruist tmnt s svi ll he d isc it ’s sed
m m n thu is ‘sd’ ’s’t j o n- i ,

9.6.1 1)imensiniial Tolerances

‘I iic’st’ t i tust h)e ‘sp ecmi ic d ‘so t ita ( t i- ic window will l’i( it- ito the seat wit i out any dil’h ’i—
cu It~ or loss of  sea l t u g  ab i l i ty .  i.e.. t i e  duameter of ’ t i c  Itigh—pressure f ’ace mumst he kept within
ser ~ t igitt ul m mii e nts io m ’ial tolerance ’s or t l e  window will m- io t seal properly at t i- ic higlt—pni’ssutre
face s’s Itere the iosv —pn ess tre ‘seal is located. I lie e f f e c t  of va i’ iatio n in the diam ite ter can basi-
cally be compc’umate d (‘or l~~ sel cctun g a design w here ti- ic edge of ’ t he higit—pressurc lace is

J 
c imam (’ere d o receive at- i 0—ring for ax ial conlpres’s ionu. The t itick rmcss of ti- ic wimtd ow tt tus( he
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dimensioned (‘romu the high-pressure (‘ace , and the diameter of the low-pressure (‘ace becomes
only a referemtce dimension. Sit-ice both ti-ic high-pressure face and tuie window thickness are
easy to measure in t l c  machine shop, no problems should be encountered with ti-ic diameter
of ti-ic low-pressure (‘ace being of proper size, it ’ ti-ic included amigle has been kept within ti-ic
specif ied angular tolerance.

The e(’(’ect of angular deviation from ti-ic nominal angle on the distribution of stresses
in the window and practical approaches to specifying angular tolerances were discussed in
section 9.5. I at-id will not be repeated. What does require reiteration , however , is the f ’act
that a well equipped machine shop can turn conical t’rustums on a lathe to an angular toler-
ance of’ ± < 0.1 degree (0.002 radian), a major diatueter tolerance of ± < 0.01 intel - i (0.02
centimeter ) . am - id a titichness of’ ± < 0.01 inch (0.02 centimeter ).

Sit-ice au-i acrylic plastic wim tdow chtanges dimensions significantly in comparison to
its steel seat during.a temperature change, it is important to determine bet ’orehand at what
temperature the window should perfectly fit the seat and at what temperature and humidity
ti-ic window ’s dimemisions are to be n casured in the machine shop. Since there are no si ops
that consistently maintain an ambient temperature lower than 70°F (2 1°C) or higher than
80°F (2 7°C), it is recommended that the dimensions on ti-ic drawings be stated at- id that ti-ic
measut rements he performed at 75 °F (24 °C) amid 50-percent relative humidity , although their
nominal dimensions are calculated (‘or a design temperature differing (‘rom 75°F (24 °C).

9.6.2 Surface Finish

A high quaRty surt’ace finish is important for the low-pressure face of ’ windows with
ratios less ti-ian or equal to 0.5, as ti-ic principal stresses at the center of the low-pressure

(‘ace are positive. lii windows with a t/D~ 
ratio greater than 0.5 . the fitie finish required on

h ue low-pressure f’acc is only f’or optical purposes, since the principal stresses at t he center of
the low-pressure face are miegative. Ti-ic finish on the high-pressure face is only a fum- iction of
optical requiremem ts because this face is not subjected to tensi le stresses during lty drostatic
loadittg.

There can he mm ‘stress risers on the bearin g surface in the circum(’crentia l direction .
‘s ince t h is is the orien tatio n of ’ the shear cracks t ’ound on this st mr l ’aee . Ti-ic particular risers
to he avoided are t he mac hining niiarks that result from turning in a iatlte. Unless these are
eliminated by very fine tur ning (32 rms) or fine sanding. ti-ic static at- id cyclic fatigue lives of ’
ti-ic window will be significantly shortened. TI-ic wit’idow must also he annealed to eliminate
residual stresses gcmterated by machining at-id polishing operatiotis (figure 9.45). (For proper
annea liuig procedures . see sect Ion 1 5. )

9.6.3 Chamfer ing

Chamfering ti- ic higit-pressure (‘ace ’s circum u(’ere nce is hene( ’icial t’or measurement of
that dimension is well as for su bsequent handling duirim ’m g installation of ti- ic wim idow in the
steel seat. Several dcsm grt .~ exist t hat use t he result ing charnl’er l’or containment of ti- ic 0-ring
seal (figure 9.43D).
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9.7 RESIS TANCE TO IMP ULSE AND POIN T LOAD ING

9.7. 1 Im pulse Loading

Conical frustums of acrylic plastic wit h- i 0.5 ~ t/D~ ~ 1.0 and a 90-degree ( 1 . 5 7
radians) im’mcluded conical angle fracture uinder dynamic impulse loadim-ig generated by under-water explosions in a 40 to 70°F (4.4 to 2 1 °C) ambient environment at a peak overpressureequma l to approximately 20 percent of ti-ic short-term critical pressure (ref ’crences 9. 1 7. 9.19 .and 9. 22). Static pressure superimposed on the dynant ic peak overpressure has rio signit’icantct ’f’cct , it the static pressure does not exceed approximatel y 25 percent of ti- ic short-termcritical pressure, Both model- at-id full-scale windows perform in at- i idem-it ical manm er w ltc m- ithe t ‘D~ at- id Di/Df ratios at- id included conical angles are the same, What the quantitativeeffect of dynamic impulse loading is on a window ‘vit h a t/D

~ ratio less than 0.5, greater
than or equal to 1.0, or an included angle less than 90 degrees (1.57 radians) is not known.Ti-ic effec ts of’ static pressures itt excess of 25 percent of short-term critical Pressure orambict’~t temperatures in excess of 70°F ( 2 1 °C) on the dynamic peak overpressure requiredto initiate (‘racture in ti-ic windows arc also not known, Based om theoretical considerat iom-is,however , reasonab ly reliable predictions cat- i be made of the pert’orn’iance of windows with- idifferent t/D1 ratios and included angles tested at higher ambient pressures Or temperat uresunder dynamic impulse loading:

1. Conical angles differing from 90 degrees( I ,57 radians) cause w indows to performlike 90-degree (1.57 radiat- is) conical frustums,
2. t/D

~ ratios less ti-ian 0.5 make windows less resistant to dynamic pressure titanconical t’rusturns with-i 0.5 ~ l/D1 ~ 1.0. w hile t/D
~ ratios larger ti-ian 1.0 ma ke windows moreresistant to dynamic pressures,

3. Ambient temperatures in the —40 to +40°F (—40 to +4.4°(’) ran ge cause windowsto perform like those in the +40 to +70° F (+4,4 to +2 1° C) range , while temperatures from+70 to +150 °F (+21 to +65°C) make them hess resistant to dynan ic pressures.
4. Ambient static pressure im ti-ic 25- to SO-perc ent range of short-tern- i-i critical pres-sures causes windows witim a t/D1 ratio less ti- ian or equal to 0.5 to fail at a lower dynamicpeak overprcssulre am-id those with a ratio greater ti-ian 0.5 to fail at a higher dynamic peakoverpressure,

Ti-ic (‘racture of conical frustum windows under dynamic pressure impulse loading isinitiated at ti-ic low-pressure (‘ace am-id progresses to the high-pressure face. If’ t ime dynamicpeak ovcrpressure is only high enough to initiate fracture (approximatel y 1 7 percent ofshort-te rm critical pressure) , the resulting damage general ly consists of a conical surface onthe low-pressure (‘ace wit h- i ti-ic apex of the cot- ic pointing toward ti-ic high-pressure face (fig-umre 9.46): however , t le  window is still capable of ’ withstamiding stati c design pressure withoutiea kinmg. It ’ ti- ic dynamic peak overpressure is high enough to produtce catastrop hic failure ofti- ic window (greater titan or eq ual to 25 pcrcemit of the short-term critical pressure), t Ieresu lt imm g damage con sists ntot only of spahling on ti-ic low-pressure (‘ace but also of severa lraihnal crac ks that initiate at the center of tuie window, radiate toward ti-ic edges. am ud perle-trate t ie  entire thic kness of the window (figure 9.47),
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in gcu ue ru l . it appears that tine resistance of’ con ica l l’rustunis to cx plosi~’e-gcne rate d
~l\ t ua mt c overpres su tr es is ahou t ti - ic same as that (‘or circular discs witi n plane bearing surf ’aces
‘section 7) . it would t i - us  appear that ti- ic cou- iica l hevel angle has no. or at i ost v e r y  little ,

e(’f’cct ot t he per f orm - i- ia - ice of ’ plane acrylic dtscs under dynamic pressure loading. Ti-ic explan—
aIl Ou m a y  he that ti- ic pressure is applied so rapidly (a rate of ’ approx im~tte ly 30 x I O~ pounds
per square lutch per second (0.21 X i06 megaspasca i)) that ti-ic beneficial viscoelasti c wedgim -ig
action of the fru stum li-i ti-ic conical seat cannot occur and ti-ic f’rustum reacts to ti-ic rapidly
applied dynamic pressure like a simple plane circu lar disc.

if t ltere is any advantage to conical f ’rust lms f ’or dynamic pressulre applicatiom s. it is
their performance under ambient static pressure while being subjected to dynamic overpr es—
sure, i-or plane discs with plam-ic bearing sur faces t i e ef ’f ’eet of ’ a mi-i bient static j ressure is
a iwa ys detrimental : (‘or conical frustums with - i a t/ D

~ ratio greater titan or cq uma l to 0.5 it is
ci t i t er neumtr :ml or positis e : arid for conical t’rustunis with a t/ l)~ ratio less t han 0.5 the e ffect is
prohably the same as it Is for plane discs wit h l)lane bearing surfaces,

9.7.2 Poim t-Impact Loading

Conical (‘rustum acrylic plastic w indows fracture when impacted om their higit- or
low—pressu re f’accs with a hard object. Because point—it i- ipact loading occurs more f ’rcquc nt lv
on the high—press umre face t han on t i e  low-pressure (‘ace. ~t has been thie subject of several
exper it’ncnta h studies (ref ’crences ‘~

) ,3 , 9.7 . and 9,1 7) , TI-ic results of ’ studies in which the
imilpact is app lied at right angles to thie itigh—pressure face show that ti-ic n’tagnitudc of kinetic
em iergv req uuircui to initiate (‘ractutre is a f ’unct ion of ’ ti-ic thickness , t/ D~ 

rat io, ambient tenmi-
perature . ambient hydrostatic pressure , impact velocity , window diameter (Di). irnpadtor
diamtteter . amt d I oca t j ot- i of ’ un  pact.

9.7.2 .1 RESISTANCE TO FRACTURE. Because of ttt c mam-i~ exper imental v~ur ia-
blcs . ti- ic studies were limited to the t’ollowing: 90—degree 1.57 radians) included angle:
thickt css - Iu.i-minor-diamcter ratio of 0.4 

~ t/ D~ ~ 1 .0: impact velocity of 4 to 20 (‘eel per
‘seLoul d ( 1 .2  to 6 meters per seeom d ): ten perature of 38 to 70°F (3.3 to 2 1 °C): au- id iml pact o r
diameter of 0.25 to I, I 25 inches (0.64 to 2.85 centimeters) , *

Tic ve locity of ’ ti- ic intpacto r from 4 to 20 h’cet per secon d ( 1 . 2  to 6
meters per sccom d ) appears to itave no ef ’f’cet on t i- ic magnitude of ’ kim ue tic
energy requt ired to l’ract imre a window.** The poim- it at which vciocit~ infl u-
ences t Ime magnitumde of the kim’tetic ertergy required for fractum re is not known- i :
titcre are indications , however , that it occumrs at velocities higher t ltam i 50 hut less
t hati 1 000 f’eet per se cond (1 5 to 305 nnefcrs per second).

1/ i  i i t ipa 1, ’  ~ shaped uk’ ,’ a /u ’n,/sp h~’r ’  li / l ose ape,v ,,Ia Ii tin ’ vup ’!a, ’ ’  oJ ’ a~’ri ’ lk ’ windows,
,/ ‘ rat,’ture under potnUonpact loading is de~,ned as the lost ol sealing aid/ i t; ’ , / f , ’r I:j w, crac ks on 1/i,’ hi~’/i ; ’r ~’scto ’ ’ lace it;

(he iin,ne’dia(, ‘it m it t ’ of p ti, t ‘i in,paet appear at tone/I loit er i, ~ 5! t e,n ’r t~,’, lu a u i /u s, at n’h id; the wu ’ nd,o, ’ fracture ’s
/ /o !d , ’ i ’ ’r / ‘, ‘,‘au ’s, ’ i/u i’ do ito! /i” ‘rea ct ’ tin ’ short-tern , er,!! al ,ir o u  ;‘ ,if tia’ no t ion - or tans, ’ ii it leak , i//t ’ v are con’
t i / i ’,’, / ti, he stru,c ’turalli ’ ins !r;,i/, flit
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The impactor diameter significantly af ’t ’ects the mtiagnitude of thie kinet ic
energy m’equ ired (‘or l’ract uuring t h e  con ica l t’ruustuu m wi nmdow ( t’igumre ‘*48). if ’ t l c  dia w—
et d ’r of t ite impaetor is less than 0.5 D1 ( reference () 7). As ti - ic in - i - i pactor

diat neter increase s so does ti - ic kinetic enie rg~ require d to I’ractuim’c a wi ndow
ss’ iilt tilL’ ~~~~ t;D1 ratio and An interesting re lationship appears to e’s is l

hctss’een ti - ic diam ncter of tite imnpactor au- id ti- ic di: s mt cter of t h e  wim idow wiieni
t i-ic t rat io is kept co nstautt. i.e., t ime kii ct t e cu u ’ ’rg v required l’or fracture
can he represented on semihog cooru l inates as a linear f ’utniction i of diameter , if
t hie rat io of ti - ic impactor diameter to w iu dow d~amd’ter reniiaiim constant at
0.25 ( figuurc d) 4() ). By umsi ng this rehationsitip ex perimental data generated
sv ilh model—scale w i iidows can he extrapolated t~ 

(‘till—sca le windows ss ’ith i ti - ic
sam - i- ic t ratio , if ti - ic diameter of ti - ic impacto r ”us sc a led wi th t h e  diameter

of ’ t he w indosv to unaim - ita in the constant ratio of 0.25.

Anihient pm’ essum ne influ icutce ’s ti- ic kinetic energy requuircd (‘or t’ractutrim g
a conical (‘rustunu ss iudoss ( figu re v .50 t (references 9,6 and 9, 1 7). Increased
am bmem t pressuire ra Ise ’s ti- ic kind ic energy required to f racture ss’ inilo~s s ~s’i tIi
a t rat io gm’ eatc r t han or equal to 0.5. A ithotigh ex perimenta l data do not

es is t  for impacts out windows with - i ratios less th an 0.5. it us postulated that
t i-ic t rcsence of stat ic ambiet t I) ne s ’ s utne will lower ti- ic kinetic energy required
ion i-iuithttion of ’ fTac lure because the static pressure generates additional ten-
si le ‘s tresses on ti- ic low—pressure face witere fract umre originates .

The t lt ickness—to— m im- ior—diam itcter ratio has a si gni if ’icant ef ’t’ect omi
kim - ictic energy. if thie wi rndow diam’nctcr ts kept constant (figuurc 9,5 1)  (refer-
cnce ‘*6). ‘[his indicates that tuie en iergy appears to be related to thickness.
ratiter ti - ian - i ti- ic t i )1 rat io of ’ t i- ic contical f ’rustumii w inulow. exce l-it w h en ti- ic

rat io is less than-i 0.5. This post nmiate is substantiated by coun paring the approx-
imately equal kinetic energies requiired to f ’racture two 2—inch—thick (5 ce nm ti—
m eters) conical f’rustumms: ( I )  t/ I)

~ 
= I .0. impactor diameter = 0.5 inch ( 1 .27

ce nt imeters) . anj = 2 inches (5 centimi ctcrs) amid (2 )  t/ D u = 0.5. impa c tor

d iameter = 0.5 inch (1 .27 cem tinneters). and 
~ u = ~ inches ( 10.16 cc nm tim r meters ) .

Ambicutt teunperatu ire t’rotii 3$ to 70°F (3 .3 to 21 (‘) has no signit ’icant
e f f e c t .  On ti - ic basis of ’ km iown f racture to u gh ness . lzod int - ipact strength . an d
te u s ile strcngt lt for acryl ic plast ic (‘rot-i- i —40 to + I 50° I’ (— 4 0 to +66~(’ ) , it can
be postuihated t itat tett pc ratumres (‘rot- i- i —40 to ±40 F (—4 0 to +4 , -t °(’ ) ‘ss ill also
have t- io effect. wh ile thiose l’rom +70 to +150°F (+2 1 to +66 °C) may decrease
t ite unaguiitude of ti- ic rcquiired kinetic cnel’g~

TIc location i of Imraet ohi the high—pre ssi ure face has a ve ry significant
e f fect  on flue magruit i.m dc of k inet ic energy rcqtu ircd for fr ac t tmre As long as the
p Ou tt  o f  imnpas ’t i’s located omi the hig h—pr ess uu n’ e (‘ace within ti - ic circle dini’ct l
a t t i i s e t i c  low—pres s u re face , tI me amnou mr n t of kinetic energy rcquircd (‘or fracture



initiation remains constant. Movirmg the center of impact outside that circle
deem’eases the required magnitude . T u e most vulnerable location on the conical
f ’rumstut n w indow to point im pact is in the innmediate vicinity of the retainer
ring ’s edge.

Time resistance of conical f’rustum windows to point-in-i pact loading appears to be
approximately the sante as that of plane disc windows witit plane bearing suirhtces am- id a
tD~ ratio less than 0.5. Sin-ice there are no impact data for plane disc windows with plane
bearing sumrf aces and t/D~ ratios greater than or equal to 0.5. it is not feasible to make a mean-
mng fuml comparison iii thus range . It is expected , however, that the resistance to inn pact will
he itigher titan that of plane disc windows with plane bearing surfaces and that th is improve-
mnc nt will increase with increases in the t/ D~ 

ratio,

In general , it appears that the impact resistance of conical frust umms , simi- iular to plane
disc windows with plane bearing surfaces , is not adequate to withstand impacts generated
duiring typical at-sea operations, Thus, a submersible moving at I knot (0.5 meter per second)
or be ing Itoisted aboard its support ship wit l a deck-mounted crane generates niore kinetic
energy than conical frustums with t <4.0 inches (10.2 centimeters) can absorb without
fracture (< 500 foot-pounds) (< 678 newton-meters). For this reason, t i-icy should be con-
sidered as fragile and wherever possible be protected by a transparent impact shield bonded
wit lt a transparent elastomer to t ie  high-pressure face or an external bumper.

9.7.2.2 FAILUR E MODE. A conical frustum window with 0.5 
~ t/D~ ~ I impacted

at the center of its high-pressure face fails by spalling on the low-pressure face and the forma-
tion of star-shaped fracture planes radiating from the point of impact to the circumference
of the face (figure 9.52) (reference 9.17). The spalhing takes the form of a conical fracture
surface whose apex is towards the point of impact on the high-pressure face, and the circum-
ference of the fracture cone coincides with the edge of the low-pressure face.

Off-center impacts produce fracture pattern- is different in appearance from-i-i those
prod uiced by a central impact. The spalhing does not take the form of a regular fractumre
cone , and instead of star-shaped fracture planes there are several irregular fractures propagat-
ing to the edge of the higit-pressure face (figure 9.53). The fracture mode of conical frustumms
impacted on thte high-pressure face under ambtent static pressure does not differ substantially
fromim those observed on windows under zero ambient pressure (figutre 9.54). In addition,
tute fracture pattern does not change significantly when the surfaces of the window are
scored to sin-it ulate sharp surface scratches.

If the impact is not severe enough to initiate fracture , full hertzian cracks will be
observed on the high-pressure face at the edge of the hemispherical impact indentation.
Repeated impacts on the same location with insufficient kinetic energy to initiate fractures
do mtot cause the itertzian cracks to propagate , and for this reason ti- icy are not considered
as fracture initiation on the window under impact loading.
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9.8 NONSTANDARD WINDOWS

There are many applications m u  which window design considerations demand a small
outer diameter while operational requirements demand conical bearing surfaces with a large
included angle. The only way to reconcile these conflicting requirements is to eliminate the
sharp edge of the window with a deep chamfer. Since a chamfe r decreases the area of the
conical bearing surface of the window , care must be taken in design to keep the magnitude
of the chamfer within a structurally acceptable range.

Extensive data exist on the structural perfo rmance of plane disc windows with conical
bearing surfaces equipped with shallow chamfers , i.e., L/t less than 0.06. where 2 is the width
of ti-ic chamfe r measured along the w indow ’s axis of revolution. Only scattered data have
been generated for conical frustums with very deep chamfe rs . Thus an empirical relation-
sht ip between- i L/t and short- and long-term critical pressure cannot be established at this
time. Sufficient data exist, however, to guide the designer in the selection of chamfe rs that
will significantly decrease the outside diameter of the window without any measurable
decrease in structural performance (figure 9.55).

For conical frustum windows with an included conical angle equal to or in excess
of 90 degrees (1 .57 radians), the width of the chamfe r should not exceed L/ t 0.5. It is not
known how wide the chamfer may be for windows with angles less than 90 degrees (1.57
radians) without a significant decrease in structural performance. Still, it can be assumed
with reasonable confidence that chamfe rs with less than L/t = 0.25 can be tolerated by such
windows without an increase in critical pressure under short- and long-term loading.

9.9 CONCL USION

Plane disc windows with conical bearing surfaces fabricated from acrylic plastic are
the most reliable windows known today for withstanding hydrostatic pressures from —1 5 to
20 ,000 pounds per square inch (0.1 to 138 megapascais). Because of’ their excellent per-
formance and reliable scaling, ti- icy are pre ferred by designers for all applications , except
where panoramic visibility is the primary design requirement. It can-i be thus stated that
the window invented by Professor Auguste Piccard has successfully withstood ti-ic test of
time as am-i excellent solution to a difficult problem .
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I C ur t ’ <1 Glass conical frustum window after hydrostatic pressuni/ation to 10 ,000 pounds per square inch
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li i i ’s ‘~ u = . 5 an n d co u umea l ~m mig he = 30 degrees t O .52 rar1iami))
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I I
(21°C)

16,000 - —

90°F (32°C)

a 12 ,000 - —

ILl

110° F (43°C)

137°F (58°C)

8000 - 148° F (64°C) —

I—
168°F (76°C)

185° F (85°C)
>-
I notes:

test specimens = NSRDL 5-in-diame ter (12.7 cm), 60-deg
4000 — (1.04 rad) conical angle, 2.5-in-thick (6.3 cm) , shrunk —Plexiglas G windows

test conditions = pressurized at 650 psi/mini (4.48 mPa} until
implosion

1 psi = 6.894757 E+03 Pa
1 in = 2.540000 E-02 m

0
0 0,2 0.4 0,6 0.8 1.0,

DISPLACEMENT , in

Figure 9.14. Ef fe c t  of te m perature on short-term displacement for 60-degree (1.04 radia ns)
conica l frustums with a t/D~ ratio of 0.5 located in a seat w ith a Di/O f ratio of 1 .04 (ret ’-
erence 9.1 1) .
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phase 1: elastic deformation
no cracks present

phase 2: mild plastic deformatuon
formation of crater and plug

rac ks init iate in bearing surface

phase 3: cevere plastuc deformation
central portion of w indow separates
crac ks init iate in low-pressure face

phase 4 . very sever e plastic deformation
window is on verge of failure

phase 5: win dow fai ls catastrophically
sea ling ability is lost

Figure 9 .1 S. Fracture f ’irrmiia t ir in is in t h ick conical
tr ums tu nrms sv it hm t , l)~ )‘ 0.35.
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/

Par t A. Low-pressure face.

ow-pressure face
with convex bulge

cracks in low- _ _
~~~~ - cold flow plug

pressure face . extrusion (with
surface cracks)

conical bearing surface
cracks In bearing surface

Figure 9.23. Large-scale deformation of conical frustum under sustained pressure loadin g
(t / D~ = 0.75; conical angl e = 60 degrees (1.04 radians) ; Di/D f = I ;  temperature 70°F
( 2 1 °C) , pressure = 20.000 pounds per square inch (137.8 megapascals); w 1000 hours)
(reference 9 .1 2).
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Part B. High-pressure face.

coid TEow plastic cratennq _~n huth-pressure face

/ _

—~

~ uI

Figure 9.23. Continued.
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1.000 : : : = =notes:
0 0 

— - - - - ——- — —  — - - 4
temperature = 71.6 F (22 C) — — - - - — — — - -

thickness = 3.864 in (9.81 cm) - - — - -

material = Plexiglas G — - - — — — -

mounting = DOL type I - - — — -

conical angle = 90 deg (1.57 rad) — _. - — — — -

t/D 1 1
Di/Df = 1

0.010 

0 

0 -

0.001 .— — — - — — - - — — - -
1 10 100 1000

TI ME. mm

Fi gure 9.25 . Axial displacements of conical frustums plotted on log-log coordinates.
Once the sustained pressure level has been reached , the displacement can be repre-
sented by a linear graph , a feature which is useful for extrapolation of data
(reference 9.14).
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\~~~~~~~~~~~~~~~~~~~~~~~~ O 3 O . 3 O O 3 Oi i 0 O O 1 O O~~~~~ 
3

3~I~
___ _ _ _

= : : : : 1 in = 2.540000 E-02 m

I 4.250 in

Part A. Displaced shapes of viewports , fixed boundary (pressure = 1000 pounds
per square inch , 6.89 megapascals).

3 0 0~~ 0 0 0~~~ 4 .3 .1 . a 3. 0 •3~ . .3 . .

3.90Q in~~ - - - - - - ‘

- - -

4 1 in = 2,540000 E-02 m
4.250 in

Part B. Displaced shapes of viewports , free boundary (pressure = 1000 pounds
per square inch , 6.89 megapascals).

Figure 9.26. Displacements of a thick conical frustum window calculated on the basis of a
finite-element computer program (t/D1 = 0.46; D1 = 8.50; D1/Df = 1.06; temperature = 75°F

(23 .8°C), pressure = 0 to 5000 pounds per square inch (0 to 34.5 megapascals)). The dis-
placements calculated on the basis of free-boundary conditions are significantly larger than
those based on fixed-boundary conditions (reference 9.6).
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I ~ 
x 1

1 = -0.70
2 = -0.59
3 = -0.48

_______ 4 = -0.37
_________ 5 = -0.26

__________________________ 6 = -0. 15
7 =  -0.04
8 = +0.07
9 = +0.18

10 = +0.29

Part C. Radial displacement contour plots , fixed boundary (pressure 1000 pounds
per square inch , 6.89 megapascals); a = radius o low-pressure face.

x 1o~
= -1.30

2 =  -1.17
3= -1.04
4 = -0.91
5 = -0.78

) 7=-0 .52
6 = -0.65

8 = -0.39
9= -0.26

10 = -0.13

Part D. Radial displacement contour plots , free boundary (pressure = 1000 pounds
per square inch , 6.89 megapascals); a = radius of low-pressure face.

Figure 9.26. Continued.
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3 3_
*~3 3~ 3

~~ 10 9 ~8 ~~~~~~~~~~ 
~~ta x

1 = 0.33
2 = 0.67
3= 1.00
4 = 1 . 3 3
5 = 1 .67
6 = 2.00
7 = 2.33
8 = 2.67I 9=3.00

10 = 3.33

Part E . Axial displacement contour plots , fixed boundary (pressure = 1000 pounds
per square inch , 6.89 snegapascals); a = radius of low-pressure face.

3 3 3 3 3 3  3 3

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

2 1 

~1/a x
1 = 1.50
2= 1.80
3 = 2.10
4 = 2.40
5 = 2 .70
6 = 3.00

________________________ 7=3 .30
8=3.60
9 = 3.90

10 = 4.20

Part F. Axial displacement contour plots , free boundary (pressure = 1000 pounds
per square inch , 6.89 megapascals); a = radius of low-pressure face.

Figure 9.26. Continued.
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Part A. Dry surfaces. 4

— 

$ 

gro u nd steel 

—

2 500 1000 1500 2000 2500 3000
U-
U-
0
I-
2

0.40
polisned steel

Lu
0 

__________0 
0.3C _ _...__— - —________

0 .2C

0 10 _____________ _____________ ______________ _____________ _____________

500 1000 1500 2000 2500 3000
BEA R I N G  PRESSURE , psi 1 psi = 6.894757 E+03 Pa

Fig u re 9 .36. Effect of bearin g pressure on the coefficient of friction between acrylic plastic and
bearing sur faces with 8- and 20-rms finishes. At bearing pressures in excess of 3000 pounds per
square inch (20 .7 megapasca ls). the coefficient of lr i ction assumes a constant value
(referen ce 9 . 1 8).

-+4.
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Part B. Lubricated surfaces.

0 5C
• grou nd steel
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BEARING PRESSURE , psi 1 psi 6.894757 E+03 Pa

Figure 9 .36. Continued.
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FIgure 9 .3 g .  Effect ol O-r ing grooves Ifl the flange scat on the in i t i a t i o n  of bearing cracks in acryl ic  p lastic
c l I n I c a l  f r u s t u m s  ( I  I)

~ l .0: conical ang le = 37 degrees (0.65 rad ian) :  pressure = 10 ,000 pounds per square
inch I (~~~~() megapascals); t empera ture  = 7~ I ( 24°C) ) .  T h e  location of the cracks corresponds to th e  loca-
(ion :1 t he ( )- r I I I I~ g r le)v Cs III fi gure 9.39 .
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nside outside

charge wei ght = 14 .6 gra ms
standoff distance = 12 inches (30.5 centimeters)
p10 k overpres sure = 6200 pounds per square inch (42.8 megapascals)
hy drostatic pressure = 0 pound per square inch (0 megapascal)

I C I I I C  ~• 47 Results of dynamic pressure impulse loading on acrylic
plastic conical f rus tum I i .  1) , = 0.5: conical angle 90 degrees (1 . 57

ra d ia r ~s):  t e m p e r a t u r e  = 5 4 l ~ ( 12 . 2  C) ;  and sho r t - t e rm cri t ical  pres-
sure = l~~tJ00 pounds per square inch (124  n iegapa scals)) . Not e
di a t  the rad ia l  cracks in i t i a t i l i g  on the low.pressurc face  have corn-
I ) ICICI > pene t ra ted  the body ol the window subjected to a peak
dynamic  overpressure equal to 0.35 X shor i -tern i crit ical  pressure
(reference 0 .1 7) .

r
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400 _____________ _____________ _____________ _____________ _____________

300
1-i n-diameter impactor

LUz
Ui
C.)
~ 200
Luz

0
E
C) 100 -

~~~~~~~~ 
___________ ___________ ___________

0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ n-di ameter impactor

0 1 2 3 4 5
1 ft -Ib= 1.355818 E+00 N-rnMINOR DIAMETER , in

1 in 2.540000 E-02 rn

Figure 9 .48. Effects of thickness , window diameter . and size of impactor on critical kinetic energy
required to f rac ture  90-degree (1.57 radians) conical frustum windows with t /D 1 = 0.5 at ambient
0-pound-per-square-inch (0 megapascal) pressure and 70°F (2  1°C) temperature. The larger and
thicker windows are more impact resistant although the t/D1 ratio remains the same , and the
irn pactors with greater radii require greater kinetic energy to fracture the window (reference 9 .17).
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I
400C’

1-inch-diameter impactor

3000 —

notes:
pressure = 0 psi (0 mPa)

2000 — temperature ~‘- 70° F (21°C) —

t/D 1 = 0.5
impactor diameter = 0.25D ,
1 in = 2.540000 E-02 m
1 in-lb = 1.129848 E-01 N-rn

1000 — —

.a 700 — Yz- inch-diameter impactor —
>-

W 500 — —

~~~~300 - -
0
I-

0

200 — —

‘h-inch-diameter impactor

100 I I
0 1 .0 2.0 4 .0

M I N O R  DIAMETER , in

Figure 9.49. Plotting techni que for extrapolating critical kinetic energies obtained with
model-scale conical frustum test specimens to full-scale windows with the same tID 1
ratio. Note that the impactor diameter must always be equal to 0.25 D~ (reference 9.17).
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200

180 _ notes: J
0.5-in-diameter ( 1.27 cm) impactor

90 deg (1 .57 rad )
= 2.0 in (5.08 cm)

160 
1 ft-lb = 1.355818 E+00 N-rn

140

>-
0

120 ~~~~~~~ —

~ 
::~~~ i.~ 1.0 

—

r D

Figure C) S I  - I Mc c i  of t h ic kn ess on t he i m pact resista n ce of con ica l f’rustums . Because the
dia meter s tnt  a ll wi n dows are t he sa me , the increase in impact resistance must be a function

I I lk  k r ics s  , i l i ine  and not the I ra t io  ( r e fe re n ce 9 . 7).
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pC ,I’-cr le rad is — 0 125 UI 10 32 cent imeter) projectile radius = 0.25 inch (0.64 centimeter )
P1 j ’ ‘ Ij - /~~ght = 50 ~ ,~~iiIs (22 1 k Iugrams) projectile wei ght = 50 pounds (22 .7 ki lograms)
pr ~ -, ir  0 pound per square InCh (0 C I  1apas (d I )  pressure = 0 pound per square inch (0 megapasca l)
CF ‘ C ~ 4 I i  I~ 3 7  ~~.. 1 11,- r second critica l velocity = 7 .3 feet per second

I 12 CI ’ 1 s per SI~ I .4 ii (2.22 meters per second)

‘
C

.

—

-
~~~~ 

. .

1
•‘

I
f .

5 - .

proj ect i I~ radius = 0.375 inch (0.95 centimeter) projectile radius = 0.5 inch (1.27 centimeters)
pr ojt ~c f l l I  weig ht = 50 pounds (22. 7 kilograms) projectile wei ght = 50 pounds (22. 7 ki lograms)
pressure 0 pound per square inch (0 megapascal( pressure = 0 pound per square inch (0 megapascal)
c r 1 1  I velocity = 6.6 feet per second critica l velocity = 6.1 feet per second

( 2 meters per second) (1 .86 meters per second)

I I / I l L  C )
• 5 _~ I r i c i u re  l.itlci i i~ in iden t i ca l  ac ry l ic ~Li~Iic . h i M. L I e g l L

_
L. ( 1 .57  radians) L I r l i c a l  f rustuins

impacted cent ra l l y on th e hi gh-pressure f ac e  wi th  spherica l ~r ( cc l  l i e s  of d i f f e r e n t  d ia i i i e le r s  ( I  I )  =

I I  ~, I )~ = I in ch 12 .5 4  c C l I r l I n L ’t cr ~~I .  t empera t u r e  = 71) I -  ( 2 1  ( l I .  N I L  the  ~t J r - ~I l apcLI  c i a c k s  and

~p a l l ing  on Mie low-pressure face  o r i g i n a t i n g  L t i r e c t l ~ below the po int  I t  impact I r e f e r e n ce  0 .1 7 , .
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4- inch insict e diameter 1 10.2 centi meters)( window
1-inch (2.54 centimeter s) off-center

impact
projectile radius = 0.25 inch

- -... (0.64 centImeter )
pro jectile wei ght = 100 pounds

(45 .4 kilograms)
pressure = 15 poufldf ncr square

- - 
inch (0. 1 megapasca ll

crit ical velocity = 5 .8 feet per sec
- , ond (1 .77 meters per second)

a - - - - 2-inch-inside diameter (5.08 centimeters)
I window

- 
1.5-inch (3.81 centimeters) off- C- center impact

- . 
- projectile radius = 0.25 inch

. (0.64 centimeter)
- projectile wei ght = 100 pounds

- - , (45.4 kilograms) C-, pressure = 15 pounds per square inch
- (0.1 megapascal)

- - r crit ical velocity = 4.1 feet per sec-
ond (1 .25 meters per second)

,1~ -

Figure 9 . 53. Fracture pa t t e rns  in Ci cr ~ li c Plastic 90-degree ( 1.57 rad i a i i \ )  c I I r i i ca (  f i  u s tu rn s  impacted
I f f - L c r I I c r  t in the Il i g I -pr cs~l l r c  face  with sp her ica l  p r I j c L I i l c ~ . NiI ic t ha t  an o f f — c e n t e r  impa ct dlie\

not cre ate a s t ; i r - ~h ia p e d c r a c k  as a cent ra l  impac t  Cl t’~~ I i c l c l L ’ilcc 1 ) 1 7  I.
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projectile radius = 0.5 inch (1.27 centimeters ) projectile radius = 0.5 inch (1.27 centimeters)pro jectile weight = 200 pounds (90.7 kilograms) projectile weig ht = 100 pounds (45.4 kilograms)pressure = 2667 pounds per square inch (18.4 megapasca ls) pressure = 0 pound per square inch (0 megapasca l)critical velocity = 12.9 feet per second (3.9 meters critica l velocity = 12.6 feet per second (3.84 meters
per second) per second)

projectile radius = 0.5 inch (1.27 centimeters)
projectile wei ght = 200 pounds (90.7 kilograms)
pressure = 2667 pounds per square  inch (184 megapascals)
criti cal velocity = 12.9 feet per second (39 meters per second)

Figure C )  S-4 F rac ture  pa t t e rns  iii acry lic p lastic . O0-degree ( I .57 i a d i a r i ’ , I .  ci inical f r u s t u m  wind ows
centra l l y impacted ti n hi gh-pressure face  ( I  l ) ~ = 0.5 , l)

~ = 4 inches ( 1 0 .2 c c i i i  h i d e r ’ , ) ,  t empera t ure =

70 1- ( 2  I ( 0 N i I k -  that  it r cquiic- s sign itic -an t ly inure k ine t i c  energy ( I i  h i l i l i a l e  t r a c t h h i c  in a wiiid ow
u n d e r  high ambi ent  ‘ , I , i l i~ pru n r c  ( r e f d r L - I I L L - 9 . 1 7 ) .
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SECTION 10 . PLANE DISC WINDOWS WITH

- 

TWI N CONICAL BEARING SURFACES

10.1 INTRODUCTION

As discussed in section 9 . p lane disc windows with a single conical bearing surface
are extensivel y ttsed for both high- ati d low-pressure loadings , if the pressure is always
applied to the high-pressure fitce of the window , If pressure is applied inte n t ion Ct l l y or
accidentally to the low-pressure face . the window tends to lift  from its conical seat in the
flange and only the restraint exercised by the ret aining ring keeps it from being ejected,
Since the edge of the window contacting the retaining ring is very thin , even a very low
pressure will shear the edge of the high-pressure face, Because of this characteristic a
plane disc window with a single conical bevel cannot serve successfully in a pressure ves-
sel subjected to both external and internal pressures,

Pressure vessels which are designed for both internal and external pressure service
require viewports that  can withstand and seal off pressure applied to either face . This m l -
poses a special icquirement upon the design of the viewport.  To date , three types of view-
I)orts have been developed for manned service with usage depending on operational require-
ments  ( figure 10.1). All are acceptable from structural  and operational viewpoints.

The three designs diffe r significantly in acquisition , cost , bulk , and weight , charac-
C ter is t ics  which are of great interest to operators of diving bells, personnel transfer capsules.

and submersibles with diver lockout capabili ty,  Of the three, the costliest , bulkiest ,  and
heaviest assembly is the one that  uses two plane discs with single conical bearing surfaces
placed hack-t fl-b ack in the mounting flange , The least expensive , but medium in bulk and
weight , uses the single pl at t e  disc with  plane bearing surfaces. The lightest and least bu lky.
but  of medium cast,  util izes the plane disc with twin conical bearing surfaces.

The most obvious approach is to place two conical frustum windows hack-to-hack .
hu t  th i s  design has several disadvantages . The chief problem is that  two metal  support ing
frames must  he used , cacti thicker than the two lenses , The addit ional  cost of the lenses and
f rames  is s ignif ic ant .  and the addi t ional  weight can he even more important .  When the
o b j e c t i s e  is to have a positively h itoyant  hell ,  each pound of bell weight above a set amount
m u s t  he of fse t  by ex te rna l  f lotat ion.  Since exist ing syntact ic  foams are about half  the
specific grav ity of water , 1 pound (0.45 kilogram) is added to the dry weigh t of the bell t’or
cacti poitnd of buoyancy - This additional weight must then he accounted for when consid-
ering the dy na t n i c  loading on the padeyes . l i f t  w ire , winch , and hell launch-and-recover y
e q u i p m e n t  on the deck of the boat or pla t f orm.  Another  problem is t h at water inva r i ab ly
t ilaflageS to get between the lenses . The res u ltant  fogging and corrosion can in a short t ime
decrease i s i h i h i l y  through the Vi ewp or t  to the p oint  where it loses any  va lue  as an
i i I r ’ ,~’r vj ~~ufl window .

l0-1



By using a desi gn with only a single disc window with pl ane bearing surfaces , the
weigh t and bulk disadvantage can be reduced and fogging el iminated.  Plane acrylic discs
with plane hearing surfaces were used in early designs for relatively shallow depths , bu t
because of tile presence of high tensile stresses in service and the subsequent thickness of
acrylic required to reduce them , the wei ght saving in the window-flange assembl y was nom-
inal. Sealing problems also occurred because of the requirement for hard gaskets on both
sealing-bearing surfaces. What finally gave the third design , the plane disc with twin conical
bearing surfaces , its advantages was its superior structural performance and positive sealing
capability (fi gure 10,2) . This structural superiority over the competing window is derived
from the twin conical bearing surfaces that superimpose radial compression on the pressure-
generated tiexure moment in the disc. As a result , radial compressive stress is superimposed
upon the tensile component of the flexure stress. Thus tile magnitude of principal tensile
stress in tile center of the low-pressure face on the twin-beveled disc is always lower th an in
a disc with plane bearing surfaces. As one increases the t/D~ ratio of twin-beveled plane
discs , the magn itude of tensile stress decreases until it disappears completely (t / l)~ ~ 0.5) .
This is not the case in plane discs with plane bearing surfaces , where the prin ci pal tensile stresses
on the low-pressure face cannot be elimin ated by increasing the magnitude of t/D~ ratio.

The fact that the tensile stress in a twin-beveled plane disc is always less than in a
disc with plane bearing surfaces has significant structural value , since the lower ten sil e
stresses make the window more resistant to po int-impact and dynamic overpressure loadings.
In this respect the viewport with a twin-beveled plane disc window behaves like the view-
port with two single-beveled disc windows , except that it is half the cost , weigh t , and hulk .
It is this combination of low cost. low weight , low bulk , and decreased magnitude (or total
absence if t/ D ~> 0.5) of tensile stresses that makes viewports with these windows so attrac-
tive to designers , fabricators , and operators of pressure vessels for internal and external S

pressure service (figure 10.3).

10.2 STRUCTURAL PERFORMANCE

A plane disc window with twin conical bearing surfaces behaves under pressure basi-
cally as a plane disc window does with a single conical bearing surface. Because of the con-
ical bearing surface, the principal strain at the center of the low-pressure face is positive for
t/D~ less than 0,5 and negative for t/D~ greater than or equal to 0~S. Its magnitude is approx-
imately the same as the pr incipal strain measure d at the center of the low-pressure face on a
plane disc with a single conical bearing surface and the same included conical angle and
t/D~ ratio for two reasons: ( I )  the same resistance to bending moment and (2)  the presence
of the same radial forces.

The major diffe rence between plane disc windows with a singl e conical bearing surface
and those with twin conical bearing surfaces lies in the magnitude of bearing stresses acting on
the conical bevel. These stresses in the plane disc with twin conical bearing surfaces are
higher because the surface area of the bearing surface is less than half of that u r i l  windows
with a single conical bevel (figure 10.4). Since the magnitude of bearing stresses on the
conical surface varies with distance trom the low-pressure face , the loss of the bearing sur-
face between the high-pressure face and the midp lane of the window does not double tile
bearing stresses on the remaining bearing surface , but  only increases them insignificantly
(compare figure 10.5 with figure 9 .4). Because this increase is insignificant , tile fatigue life
of the bearing surface on a window with twin conical bevels is about the same as that of a

1 0-2



hearing surface on a win dow with a sin gle conical bevel , i.e.. cracks will not appear signifi-
cantly sooner on the bearing surface.

A finite-element stress analysis perfo rmed for a range of t/D~ ratios in plane discs
with  twin conical bearing surfaces shows that like plane discs with a single conical bearing
surface the magnitude of the peak bearing stress for a given hydrostatic loading does not
decrease with an increase in the t/D~ ratio at the same rate as the maximum compressive
stress does at the center of high-pressure face (figures 10.5 , 10.6 , and l0.7 and table 10.1)
reference 10. 1).  Because of this phenomenon , the crack-free cyclic fatigue life of plane

disc windows with twin conical bearing surfaces decreases with an increase in t/D i ratio ,
h t he  windows are pressure cycled in all cases at the same fraction of the window ’s short-

term critical pressure , For this reason the conversion factors of table B2 in section 15 are ,
in terms of crack-free cyclic bearing surface life , overly conservative for low t/D~ ratios and
somewhat marginal for high t/D~ rati os. However , since for low t/D~ ratios the catastrophic
fa i l u r e  is not initiated at the bearing surface , but at th e center of low-pressure face , the con-
servatism of conversion factors for bearing surface cracking does not make thin windows
overdesigned in comparison to thick windows.

10.3 MODES OF FAILURE

Plane disc windows with twin conical bearing surfaces fail in the same manner as
plane disc windows do with a single conical bearing surface (figure 10.8). Thin windows
fail primarily in flexure , while thick ones fail by the formation of a shear surface in the
shape of a cone whose apex intersects the center of the high-pressure face while the diameter
of the low-pressure face intersects the conical bearing surface. Because of this , both the
laces and conical bearing surfaces must be free of crack initiators , e.g., scratches , 0-ring
grooves . machining marks, or crazing.

10.4 CRITICAL PRESSURES

10.4.1 Short-Term Loading

Under short-term loading, critical pressures of plane discs with twin conical bearing
surfaces for many t/D i ratios and included angles are about the same as they are for plane
discs with  a single conical bearing surface , if the in cluded angle and t/D~ ratio are the same
(table 1 0.2). For this reason , all em pirical curves relating short-term critical pressure to the
t /P 1 ratio and included angle of plane discs with a single conical surface can be used with a
high degree of confidence for predicting the critical pressures of plane discs with twin coni-
cal bearing surfaces (table 10.2 , figures 10.9, 10.10 , and 10.11 , and sections 9 and 15).

10.4.2 Long-Term Loading

Ex perimental data do not exist for plane windows with twin conical bearing surfaces
u nder long-term pressure loading. For this reason it is not definitely known whether the
critical pressures and displacements are the same as they are for plane disc windows with a
single conical bearing surface. However , based on the fact that the short-term critical pres-
sures and displacements are the same , it is highly probable that they are also equal for long-
term loading.

10-3



-r
— 

.
~~
. ,.. I LI-i ~.O ‘ I

— QO “f I t

0 0 0 0 0

~~~~ri r~~~’O ,,-. r~ ‘i~~~r—
-— ‘-1- — ~Q’ ~ i’ QO QO C’ ‘.0 — F— t~—

C’ ‘It QC C’ 0 ‘.0 I, ~ F—
I r- I i ~-“I ‘I-, ~tI ~ i ‘It — I-I ~r) QO

“I  — r I i—i — I — -
~~

I I i I

= a
~“i~~ ’~i q —  O’~~N 

~~~~~ ‘ I t ’~
‘i’ — O n  ~‘~~r ‘e r- i r— ’0 

—
>, C’ — ‘0 0’ I N- — —

— ~~ ~~~ -1- ‘0 r-I I— I—— 2 — ‘0 C’] i~ i — — .-~-I I I I I I
0

ni ‘~
- t - - — F - -  X C ’  0 -

— C’ ~~i Y~ ~~ n i  C’ F— — ‘Ii- QO-

~~ 
-~- “~ ~ ‘ C’ .O C’ C’ 0 ‘It ‘C I~~ F-- ‘C’

— — C i C I C i C’ f’ ~~~ ~~I ‘Ii- — 1’] “~
— ‘ C ’  ‘ i  ni — i —

—. i I i i i I

.
~‘ ~0 —

E E E ~~~~~~— C C — 
~,

.~~ ~~~~~~~~~~~~ 

_

]~
10 10

E~~ E~~~~= ~~~~~~~~ .~~~~ r
‘C C c ~~~~~

2 ~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~— -~ 
,-~ .) -~ -) .< — -) i’C ..1 ~~ -)

.
~~ ~~~ r o . ~~~~~~~~ ~-~~

_ .0 ‘o •’C~~~ 10~~~~~~0 ~~~~~ C 1..~~~~~
E 2 ~~ - ~~~~~~ E E ~~ - E E ~~ -. E E ~~ - E E ~~~ ~~- 2 - .~c~ ~~ o -  ~~~~~~~~~ ~~ o - ~ o o - 2 o~~~ -5 ~~~~~~“ 2 _

“C ~~~~~~ -

F) 0) 
Q

~~>~~~~~~..- Q
-~ E-

~ 
-
~ 

‘
~~

0)

~~~~~~~~~~~~~~~~ LL~

‘I’ P -
~

-

.
~ ~~~~ 

ni

~ 0)
‘C

‘0 0
— C i  . -— 0 0 — — CI “I —f r, ‘.0

-~~~~ C’ 0 0 —
C’ C’ C’

10-4



Table 10.2. Experimental evaluation of twin-beveled plane disc windows
under shc’rt-tern i pressure loading at ambient room temperature. *

Specimen D0, in t/D~ ~/t a, deg 
~cf’ PS~ STCP , pS~ STCP/P cf T, °F

9 3.520 0.230 0.250 90 5000 5640 1.128 70.0

10 3.720 0.320 0.250 90 9000 10 ,640 1.180 69.5
11 4.020 0.317 0. 120 90 9000 9300 1 .030 72.0
12 3.250 0.423 0.120 90 13 ,600 13 ,780 1.010 74.0

13 through 10.310 0.308 0.1 16 90 8800 9400 1 .070 72.0
18 (average) (average)
19 3.820 0.2 10 0.250 120 3000 4605 1.535 69.0
20 4. 130 0.290 0.250 120 7000 9455 1.350 70.0
2 1 3.337 0.260 0.250 60 5000 6540 1.308 69.0
22 3.46 1 0.355 0.250 60 8000 9455 1.180 69.0

23 through 10.500 0.363 0.250 90 10 ,500 > 10 ,000 1 .000 74.0
(average )

* ~f STCP/Pcf > 1, the critical pressures of the twin beveled plane disc windows exceed the minimum
critical pressures of sing le bevel disc windows with identical t/D~ ratios.

Notes:
= m ajor diameter , inches.
= overall thickness , inches.
= width of cylindrical surface , inches.
= minor diameter . inches.

a = included conical angle , degrees.
T = ambient test temperature , ° F.

~cf = experimentally determined , average catastrophic failure pressure of an
equivalent window with a single bevel and identical t/D~ and a, pounds per
square inch.

STCP = experimentally determined short-term critical pressure of the test specimen
with twin bevels , pounds per square inch.

STCP!Pcf = relationship between experimentally established short-term critical pressure
of’ test specimen with twin bevels and the catastrop hic failure pressure of
equivalent windows with twin bevels.

Material:  Plexiglas G satisfying requirements of ANS I/ASM E PVI-10-l .
I in = 2.540000 E-02 m.
I (leg = 1.745329 E—02 rad.
I psi = 6.894757 E+03 Pa.
1~ . = ( t ~ -32 )1 .8 .
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10.4.3 Cyclic Loading

Experimental data exist only for three t/D~ ratios and included angles (t / D i = 0.26.
a = 60 degrees (1.04 radians) : t/D~ = 0.23, a 90 degrees (1 .57  radians) : t fD~ = 0.21 , a 120
degrees (2.09 radians)) under cyclic pressure loading (table 10.3). For these values , the
ul t imate  fatigue life of a plane disc window with twin conical hearing surfaces appears to be
essentially the same as it is for plane disc windows with a single conical bearing surface.
Whether this is also true for other t /D~ ratios and included angles is not positively known. It
can be postulated that the fatigue life of discs with twin conical bevels is probably either the
same or a little less than it is for discs with a single bevel for the entire range of t /D~ ratios
and included angles , although the bearing stresses in t h e  conical surface are somewhat higher.
Tile reasons appear to vary with the magnitude of the t /D~ ratio. At low t/D~ ratios (~~ 0.25),
cyclic fatigue failure is caused by a crack init iated at the center of tile low-pressure face:
thus the higher hearing stresses have only an insignificant e ffect on the n lagnitude of crack-
initiating stress at the center of the face. At intermedi ate and high t /D~ ratios , howeve r , fail-
ure is caused by tile formation of a conical shear fracture surface initiated omi tile conical
bearing surface at approximately midhe ight of the window. The removal of material from
the window by the second conical bevel tha t  otherwise would shear off during formation of
primary conical shear fracture eliminates formation of the primary , but  not secondary.
fracture cones ( formation of these fractures was discussed in section 9.3.1 .2) .

Since the formation of the secondary fracture cone is generally accompanied by loss
of pressure sealing ability, it is only at this point that the window is considered to have failed.
Because this cone probably forms after the same number of pressure cycles , regardless of
whether the disc has a single or twin conical bevel , its ultimate fatigue life is probably the
same. This , of course, does not mean that fatigue cracks may not form sooner on the hearing
surface of windows with a single bevel , it only means that catastrophic failure will not.
Experimental verification of these postulates remains to he performed.

There is no doubt , however , that  0-ring grooves cannot be incorporated into the
bearing surface , as is the case with discs equipped with a sing le bevel (figure 10.1 2). The use
of 0-ring grooves will ini t iate tile formation of a conical shear surface, as the locations of
the groove and of the shear cone base coincide (figure 10.13).

10.5 SEATING

The precautions discussed in section 9 for plane discs with a single conical bevel must
he used when seating discs with twin conical bear ing sttrfaces. In some respe cts the seat ing
of windows with twin conical hearing surfaces requires closer machining tolerances for both
the window and tile seat , i.e.. the window must not only be securely restrained against
pressures applied to either side , but it also must seal reliably regardless of the side to which
pressure is applied.

The seat in the flange and tile retaining ring must provide adequate  overhang (D~/
Dj-), regardless of which side of the window is pressurized (figure 10. 14) . The magni tude of
overhang, in absence of any other data , should he based on data generated by testing plane
discs with a single conical bevel (see sections 9 and I 5 and appendix  B). However . th e
designer should treat t h ese values as min ima , since the displacement of plane disc windows
with twin conical bevels may in many cases he somewhat larger than  tha t  for conica l l’rust t ims .
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Table 10.3. Experimental  evaluation of twin-beveled plane disc windows
under cyclic pressure loading at ambient room temperature. *

Pcr /DP
Specimen P0. in t f D~ ~/t 

~cr ’ PS~ DP , PSL ~~~~~~~~ a , deg

3.520 0.230 0.250 3000 500 6 90
2 3.720 0.320 0.250 6000 500 12 90
3 3.737 0.308 0.1 16 5500 500 I I  90
4 3.6 16 0.308 0.250 5500 500 I I  90
5 3.337 0.260 0.250 3000 500 6 60
6 3.461 0.355 0.250 6000 500 12 60
7 3.820 0.210 0.250 3000 500 6 120
8 4i30 0.290 0.250 6000 500 12 120

* There was a total absence of cracks or surface crazing at the conclusion of 1 000 pressure cycles ,
indicating that  the cyclic fatigue life of these windows exceeded 10 ,000 cycles.

Notes:
Description 01’ Pressure Cycling Program

Total number  of ’ pressure cycles = 1 000

Pressure phases Minimum Average Maximum

Pressure at beginning, psi 490 554.6 600
Pressure at termination , psi 250 502.9 730
Duration , ho urs 2 6.8 58
Temperature , °F 60 74.8 92

Relaxation phases
Duration , hours 2 6.3 36
Temperature , °F 60 74 .8 90

D0 = major diameter , inches.
t overall thickness , inches.

D~ 
= minor diameter , inches.
= wid th  of ’ cylindrical surface , inches.

~cr = short-term critical pressure , calculated on t h e  basis of ANSI/ASME PVHO- I ,
psi

DP = design pressure , psi.

Material = Plexiglas G satisfying requirements of ANSI / ASM E PVH O-l.
I in = 2.540000 E—0 2 in.

I psi = 6.894757 E4-03 Pa.
I deg = 1.745329 E—0 2 rad.
l~ . “ ( t~~— 3 2 ) / l . 8
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10.6 SEALING

Plane disc windows wi th  twin  conical bearing surfaces require a special seal for satis—
t act or \  pe rfor m ance. The design mu st  not on!~ perfor m satisfactori ly against pressure act-
ing on ei ther  sI( l C of the  window . hu t  also when the pressures act ing on the window are
almost equal in magnitude , e.g.. a lockout chamb er dur in e  lockout  of divers  a t  design de pt hl .
Several designs have  been developed for this applicat ion and e x p e r i m e n t a l l y  eva lua ted  e i ther
in the lab oratory or in service (figures 10. 15 . 10. 16 . 10.17 . and 10. 1 8) .

10.6.1 Design A

Design A (f ’igure 10.15) is considered tile least desirab le fron t  both s t ruc tu ra l  and
sca l ing  viewpoints. The 0-ring grooves in tile conical hearing s i i r f ’aces s~~~-s e as crack in i t ia tors
and thus significantly lower the cyclic fatigue life of the window . 1-urther mor e . because of
the difference in the temperature expansion co e ff ici ent s , it  is very d i f f i cu l t  to keep b oth
0-rings under axial compression through a wide range of temperatures and sen ice pressure
loading scenarios. Once the precompression on 0-rings is lost , the  window assemb ly wi l l
lea k .

10.6.2 Design B

Design B (figure 10.16) is very satisfactory for sealing. hu t  onl y par t ia l ly  sa t i s fa c tory
structurally . The 0-ring groove in the vertical edge of ’ the window ’s circ u m ference  is not as
had a stress riser as it is in design A. However , under an ade quately high stress level , it will
serve as a crack initiator. This will generally occur only at a pressure Level above the rated
working pressure . but still significantly below the short-term critical pressure level.

10.6.3 Design C

Design C(f igur e  10. 17) is the most satisfactory. It does not serve as a crack ini t ia tor
in tile window , and it also allows for looser mac ll ining tolerances of the window thickness
because the 0-ring is under radial compression augmented by axial squeezing. It  will seal
adequately even when the window has displaced axially f ’rom its neutral position. Since the
0-ring relies for its sealing action on the initial radial and axial compressions. , c are must  be
taken during design to allow for radial contraction of the acrylic window because of the
401 F (40 °C) external ambient temperature experienced by div ing systems in arctic
environments prior to their submersion in the ÷28° F (— 2 °C) Arctic Ocean. The oversized
windows will cause some difficulties when they are mounted in the chamber at room tem-
perature , unless the window s are precooled to at least —40° F (—40 °C) prior to assemb ly.
(‘onsiderab le care must also be exercised in the selection of materials for the 0-rings , as
many of the standard materials loose th eir  elastomeric properties at such low temperatures.

10.6.4 Design D

From sealing and structural  viewp oints , design P ( figure 10.1 8) is about as sat isfa c-
tory as design C’. It i s . however , less desirable f ’rom fabrication , assembly , and maintenance
viewpoi nt s. The bottom o1 the deep 0-ring groove is not easily visible even when the  win-
dow and 0-ring are removed , which make s  inc ip ien t  rus t ing  and p i t t i ng  hard to detect .
Even if rusting is detected, it is very d i f f i c u l t  to remove.

4
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10. ” 1- ~BRlC \ Tl0~

I ahr ic. i t  i i i  ot plane d is c wi n d i i s s  w i t h  t v ~ i i i  conical hearing s u f  aces is easier  to
.ic-eomp l ish t h a n  i t  is f o r  conical  f rus t  i i i n ~ . . is t h e  C \  Ii n dr ie a l  area around th e  cire’u mf erence
of ’ t h e  ~ i il do\% . t i i i  iv~ i t  to be held in t h e  chuck i t  a lath e ‘~ i (h ou t  special  tooling. The same
a n g u l a r  to leranc es  mu st  he m a i n t a i n e d  ~h i t r i i m ~ m a c l t i n i n g  as t h i e ~ are or p l ane  dis cs  w i t h  a
s in g le  bevel .  The d imens iona l  t i i l e r a n c e  on t h e ’ m a l or  d i am ete r  of t h e  ~ i r t ~l ( iw m ( i w e v e r .
m u st be t i g h t e r  t l i . i r i  I l i r  coni cal  t r t i s t u i n s  t o  en st i r e  pr oper  r ad i a l  comp r es s i i i t m  of ( l i e 0—r i ng
bets~ec’n t h e  t i n t e r  d i , i n i c ’t e i  t.il ’ t he  w i n d i t v ,  and t h e  ins ide  s L l i l , t c e  of t h e  seat  even at  l i i w
op era t  i i i i i a l  t empera tu res .

lois RI ’.SlST~~NCE TO t ’ N I W R W .~TER I XPL OSR ) ’sS ~\ l )  I’OlN T-I~1P ~( 1
LOA1)I N (;

There are presently no e x p e r i m e n t a l  d a ta  on t h e  p e r f o r m a n c e  ot p lane  d isc  w in dows
w i t h  t w i n  conical h earing su rf aces when sub ~e :: ed to un d erw ~i t ci ex p l o s i ( i r i s  and po in t—
impac t  loadings . However . it can be postual ted  w i t h  a Ii ighi degree of ’ co i t  t i d e  iice tha t  the
v, indo~ behave- , l ike a conical f r u s t u m  w i n d o w . I h i s  po st ii  l u t e  is ba sed on the  fact t h a t  the
sho r t—te rm crit i ca~ pressi.ir e of p lane discs w i t h  t~ s i i i  conical hear ing  su rf a ces is t h e  s, im e
as it is for p lane discs with a single ’ co r t ica l  h e . i r i m i e  su r t . i e e .  S ince  f ’a i lu r es  of windows  unde r
p o i n t — i m p a c t  loading and itn d erwat er  exp los i o ns  are sh o r t—t e rm plie i ioiuern i . there  is no
rea son to be l ieve that  tile response of discs ss i t h i  t w i l l  conical be vels  wi l l  diffe r from t h a t  of
d is cs w i t h  singl e conical bevels .

It is also believed that  discs w i th  twin  bev e ls are pro bahl ~ b et te r su i ted  to re sist Point
imp a cts  or u n d e r w a t e r  explosions th an  are discs w i th  a single le~ ci .  t !nder po in t—impac t
hu ad in e  the tw in— b eveled  disc should be more impact  res i stan t ,  since oni th e  th ickest  area
of f l u e  disc is exposed to impa ct  while the vulnera b le  t i l i r i  edge of t h e  disc ’ is protecte d by t i le ’
me ta l l i c  se , it ‘1 he ie s i st ~i i i e e  t o un derwater  explosions should also he higher  because the
dy n a m i c  oVe r pressut  m e can only ac t  on a small e-e iltr ii l are a Oil the’ h i i g h — p r e s s u u i e ’ face. S t i l l , in
absenc e of a u i v  exper i m enta l  data  to conf ’irni th i s  pos tu l a t e .  it  is pr u i e lent  to a s su tn i e  t h a t  the
r e sis t ance of discs w i th  t w i l l  b evel s does not exceed t h at  of ’ elke ’ s w i t h  a single conical bevel.

10. 9 CONCLUSION

1 he m a x i m u m  safe operational pressu re of plane di~e’ wi ndows wit h tw in con i cal
bearing su r face s  and a cyl indr ica l  seal ing surface ’ w i t h  a w idt h of l , t ~ 0,25 can be specif ied
on the basis  of desi en cri teria developed in t i le A N S I / A S M I  PVI -10-l Sa f ’e ty Standard fo r
plane disc windows with  a single conical bear ing sur la ce  (section 1 5 ) .  The t . ’D~ ratio depeflds
l i i i  the mag n i tude  of the  specit ’ied d esign pressure 1 s a f e ’ m a x i m u m  operational p r e ssu lc  1,

design t emperature , and included conical an g le.  Depending on the value of the design tern-
perat n rc’. d i t t ’ere nt con ve r ci l ) ml  factor s are selected for calc~i la t in g  t lie required sh ort—term
cri t ic a l  p ressure ( table B2 in appen d ix .-\ of ( l ie ’ A N S I / A S \ I l -  PVIIO- j Sa fe ty  S t a n d a r d  ).
For exa m ple , a design pres sure of 500 pound s per square inch ( 3 . 45 i i i eg ap ascalsf  at 7 S F
24 ( - ) cal ls  f o r  a con~ cr5101 1 ac to r  of 6. which r e s u l t s  in a specif ied shor t—t erm c r i t i c a l

pr c sst ir c o f 3000 pounds per square inch 20. 7 n iegap ; i sca l s )  (500 \ 6 = 3000) . Once t h e
sho r t—te rm c r i t i c a l  pressure is c a l c u l a t e d , t hen  t h e  m i n i m u m  t i)~ rat io needed to meet t h is
req u i r em ent  is d e t e rmined  b y u s i n g  the  design cut  rvcs in l’igui res B3 and 134 in a p p e n d i x  ,-\ of
th~ A \ S i  i .-\S ’sl I PVI 10—i S a f e t y  S tandard .  I n  th is  ease the  

~~~ 
ratio ( t )O— degr i.’e I I . 5 7

rad ia u s )  inclu ded angle )  is 0 .2 3 .
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plane disc
with p lane bear ing  surfaces

two plane discs with
sing le conical bearing surfaces

p lane disc
with twin conical bea ring surtaces

Fi gure 10 .1. Proven design concepts for viewport s in pressure hulls
subjected to both internal and external pressur es.
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_______________________________

Part A. U
~~ 

f ixed edge.

~2400 psi ____

-800

+400 psi
_ _ _ _ _ _ _ _ _

S 1 psi = 6.894757 E+03 Pa

p = 1000 psi; stress contour = 200 psi
• m a x i m u m  = 588.8 psi; • m i n i m u m  = -2595.6 psi

Part B. ü ,~; free-s l iding edge,

U
3~~~-:7-77-rTT-~\-2100 psi

-1350

-lbOO psi -1200

-1 200
N -1350

-600 psi

• 1 psi 6.894757 E+03 Pa

p = 1000 psi; stress contour = 150 psi
• m a x i m u m  -342,9 psi; U m i n i m u m  = —2469.3 psi

Figure 10.5. Results of f ini te ~eIement  stress analysis for a twin-beveled plane disc
with a 90’degree ( 1.57 radians) included conical angle and t/D~ 0.46. N ote t h at
two boundary conditions which bracket the actual interaction between the bearing
surface on the window and the mounting seat were used in the analysis. Compare
the values of maximum stresses with those for single-beveled plane discs with
ide ntical dimensions.
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Part C. °hoop’ fixed ed ge.

-2000 psi

÷~::
1 psi = 6.894757 E+03 Pa

p = 1000 psi; stress contour = 200 psi
• max imum = 588.8 psi , • m i n i m u m  = - 2595.6 psi

Part D. °hoop free-s l id ing  edge.

-1800 psi

~~~~~~~~~~~~~~~~~~~~~-1350 

-1350

-1200 psi
-1500

-600 psi
1 -

1 psi = 6.894757 E+03 Pa

p 1000 psi; stre ss contour = 150 psi
• max imum = -308.5 psi; U m i n i m u m  = -2469.3 psi

Figure 10, 5. Cont inued.
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4, 
Part E. ~~~~; fixed edge.

y
L

-900 psi

—12 00

-1350

—l 5 O psi

* S U

• 1 psi = 6,894757 E+03 Pa

p = 1000 psi; stress contour = 150 psi
• maximu m = 8,9 psi; • m i n i m u m  = -2818.7 psi

Part F , o~ ; free-sliding edge.

~~~~~~~~~~~ -900
9°0 P~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ -1050

-600 psi -1200

-150 psi

U

• 1 psi 6.894757 Pa

p = 1000 psi; stress contour = 150 psi
• maximu m = 9.5 psi; U min i mum = -2335.5 psi

Figure 10.5. Continued ,
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Part A. o~ ;f ixed ed9e.

iç~

-500 _ _ _ _

‘I psi = 6.894757 E+03 Pa

p = 1000 psi; stress contour = 500 psi
• maximum = +1404.3 psi; • min imum = -6611.3 psi

Part B. a~ ; free-slidin g edge.

/
!_ 1200 

_____

,
/

8o0

~~~~

Thii~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
8or

1 psi = 6.894757 E+03 Pa

p = 1000 psi; stress contour = 400 psi
• maximum = 260 psi; U minimum = -5792.1 psi

Figure 10.6. Results of finite-e lement stress analysis for a twi n -beveled plane disc with a 90-degree
( 1.57 radians) included conical angle and t/D 1 = 0.23.
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Part C. 0x fixed edge .

V
U

-4800 psi 

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

1 200 -400

0 psi — — — __________

+ 2000 psi

• -4800 psi
1 psi = 6.894757 E+03 Pa

p = 1000 psi; stress contour = 400 psi
• ma x i m u m  = 2204 .5 psi; • m i n i m u m  = -5261.2 psi

Part D. 
~~~ 

free-sliding edge .

-4800 psi 

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

__________________ 1600

0 psi — —

+1200 psi —_..
1 psi = 6.894757 E+03 Pa

p = 1000 psi; stress contour = 400 psi
• maximum = 1 299.3 psi; • min imum = -5992.7 psi

Figure 10.6. Continued .
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Part E. 0hoop f ixed edge ;

U

-4800 psi

-1600

1200
1200 

- 
—

O psi 
— _____ 

— — — — —1600

+2 000 psi ~

1 psi = 6,894757 E+03 Pa

p = 1000 psi; stress contour = 400 psi
• maximum = 2204 .5 psi;  U m i n i m u m  = -526 1 psi

Part F, uhOOP ; f ree-s l iding ed ge,

-4800 psi 
__________

+ 1200 ::~ _______________________________________________________________

1 r s i  = 6.894757 E+03 Pa

p = 1000 psi; stress contour = 400 psi
• maximum = 1 299.3 psi; • min imum = -5344.6 psi

Figure 10.6. Continued.
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16

• STCP of discs with twin A
conica t bearing surfaces

1 2 —  .

~~~~~~~~

C’)

range of STCP for discs with a
LU 

sing le conical bearing surf ace

I
1 psi = 6 894757

E+O3 Pa

0 1 I I
0 0. 1 0.2 0.3 0.4

t/D~

I igure 10.9. Comparison of short-term cri t ical  pressures (Sr ( ’P ) fo r  discs with sing le
and tw imi  conical bearing surfaces with 60-degree (1.04 radians) included ang le.
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• STCP of discs with twin
conical bearing surfaces

12 —

C’

0. ran ge of STCP for discs wi th
single  conical bearing surface

-

1 psi = 

—

6 894757 E+03 Pa

0 I I I I
0 0.1 0.2 0.3 0.4

t/D~

I:i gure 1 0.10. Comparison of sh or t - te rm critical pressures (STCP) fur discs wi th
sin gle and twi n conical hearing surfaces with 90-degree ( 1.57 radians)  includ e d
ang le.
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16

• STCP of disc with twin
conical bear ing  surfaces

12 —

C’)
range of STCP for discs with

x a s in gle conical bearin g surface

N
0

0 0 1 0 2  0 3  0 4  

—

t/D 1

Fi gure 10. 11 .  Comparison of short-term critical p ressu res (STCP) for discs wit h single
and twin conical bearing surfaces with 1 20-degree (2.09 radians) included angle.
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Fi gure 10.15. Sealing arrangement for twin -beveled disc s using
axially compressed 0-rings located in the grooves on the bearing
surfaces of the window. This is not a recommended design , as
the 0-ring grooves in the bearing surfaces sign i fica n t ly decrease
t h e l’atigue life of the window.
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Figure 10. 16 . S c  . i l i ; w  .ii r augemneml I  ni t wmi i .h e v ele d disc s using a radially
compressed U - t  i i t ~ ne,i i~ d ill a gi I n v e  on the  cylindri cal surface o f the
window. This design is onl y margi nal ly  acceptable . as t he deep O’rin g
g r i i i i ve wil l i n i t i a t e  i aek ii the  s~ i i i i l ’~ is accidentally ov er p r e ssum ized
in service ,
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Figure 10.17. Sealing arrangement  for twin-beveled disc s using a ra diaily and axiall y
com pres sed 0-ring loca ted on a led ge of t h e  cyl indrical  surt ’ace in the mount ing.
This design is recommended , as it provides very positive sealing wi thout  decr easing
the fa t i gue life of the window.
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Figure 10.18. Sealing arrangement for twin-beveled discs using a radiall y
compressed 0-ring located in a groove machined into the cylindrical
surface of the mounting. This desig n is acceptable because the 0-ring
groove does not decrease the fatigue life of the window. Inaccessibility
to the bottom of the groove makes it difficult to clean out the rust
during scheduled maintenance overhauls of the viewport assembly.
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