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INTRODUCTION

Since its introduction into the hydrospace field by Professor Auguste
Piccard, acrylic plastic has become the acknowledged standard material for
windows in submersibles, diving bells, and hyperbaric chambers. Several
shapes have been developed over the years for the acrylic windows.

The most common shape is the plane conical frustum. Its behavior
under hydrostatic loading has been extensively resecarched and its design
criteria well-established [1-5]. A somewhat less common shape is a plane
circular disc [6,7]. 1Its application has been confined to pressures under
1,000 psi; as for greater pressures, the retaining flanges become too
bulky.

The spherical shell sector, whose included spherical angle can vary
from 30 to 180 degrees, has been used only recently for undersea systems.
Considerable effort has been devoted to understanding the characteristics
of this window because the spherical surfaces endow such windows with
increased field of vision and resistaunce to hydrostatic pressure [8,9].

In parallel with the research into structural and optical properties of
spherical shell sector windows, investigations have been conducted into
the problems associated with economical fabrication of large diameter
windows for the whole depth range [10,11,12].

Because spherical shell sector windows are net as easy to retain in
their flanges as plane conical frustum or plane disc windows, considera-
tion has been given to equipping the spherical shell sector windows with
integral flanges [13,14]. Such flanges, however, generally introduce
bending moments and stress concentrations into the otherwise uniformly
stressed spherical window. To assess the effects of flanges on the stress
distribution in spherical windows an experimental study was undertak.a;
the results of that study form the body of this report.

BACKGROUND

Equatorial flanges on spherical shell sector windows are somctimes
the byproduct of the {abrication process, while at other times they ave
the plaoned result of engineering design. The fabrication processes
which produce equatorial flanges on acrylic hemispherical shells arve
thermoforming techaiques utilizing either compressed air or mechanical
plungers {(Figute 1). 1In cither case, an equatorial flaoge iIs produced
whose thickness is equal to that of the aceylic sheet utilized in thermo-
foraing.
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After completion of the thermoforming process, the flanges can be
removed by machining so that the end product is a flangeless hemisphere -
whose structural response has been studied both analytically and experi-
mentally in the past. The removal of the flange by machining is, however,
an expensive operation that increases the cost of the end product approxi-
mately 100%. The thermoforming fabrication techniques for acrylic hemi-
spherical shells would be more economically competitive if an equatorial
flange could be tolerated from the structural viewpoint.

Furthermore, an equatorial flange on the acrylic hemisphere can
often be used in securing the window to its seat in the viewport. This
is of particular importance if the window is exposed during a typical
operational cycle not only to external but also to internal pressure.
Also, the flange can serve as a convenient location for the pressure
seal. Since exploratory studies conducted in the past [13 and 14] have
shown that an equatorial flange does not decrease significantly the
short-term strength of acrylic plastic hemispherical shells, it appeared
vorthwhile to investigate further the concept of flanged hemispherical
windows.

The flanged hemispherical shell windows tested in the first explora-
tory study utilized flanges with a sharp right-angle heel [14]. The
sharp heel was chosen at that time as it was shown by another study [13]
that a well-rounded heel on the flange may generate excessive bending
moments in the shell accompanied by a high positive flexural stress
component on the interior and a high negative flexural stress component
on the exterior surfaces in the immediate vicinity of the flange-shell
interface. It was felt that further studies on flanged acrylic hemi-
spherical shells should include a curvature at the heel and the instep of
the flange to simulate better the appearance of typical flanged hemi-
spheres produced by thermoforming processes.

STUDY PARAMETERS

The vbjective of the study was to establish the safe operational
pressuve for typical flanged hemispherieal shells of acrylic plastic
utilized in pressure vessels for humwan occupancy.

The approach chosen was to fabricate and test vepreseatative flanged
acrylic plastic hemispherical shells under shovt-tevm, long-term, and
cyclic pressure loadings until signs of failure appeared.

The scope of the study was limited to a single thickness over inside
diameter (t/D.) ratio and two flange configurations (Figures 2 and 3).
The t/D, ratic chosen was 0.182, equal to a t/R, ratio of 0.364, This
ratio was considered to bhe adequate for working pressures in the [,0006-
te 2,000-psi rvange based en the short-tera collapse data from a previous
study en flangeless acrylic plastic heaispherical shells,

L]
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TEST SPECIMENS

The flanged test specimens of acrylic plastic hemisphere were fabri-
cated by thermoforming 3-inch-thick Plexiglas G stock. The thermoforming
process consisted of forcing an appropriately shaped metallic plunger into
the acrylic stock supported by a metal ring on four legs (Figures 4 and 5).
The wall thickness of the extrusion was found to be more uniform than in
hemispheres thermoformed by free blowing with compressed air [13]. The
hemispherical extrusion was subsequently machined on the outside and
inside to give the shell appropriate thickness, in and around the flange
particularly.

Since the thermoforming process produced flanges that could be
economiczlly modified to another shape, if so desired, the test specimens
were equipped with either a Type I or a Type VI flange (Figures 2 and 3).
Twenty-four flanged windows were fabricated; 10 were equipped with
Type I and 14 with Type VI flanges. Each window was identified by a
capital letter.

The Plexiglass C material utilized in the thermoforming process met
all the minimum physical requirements specified for man-rated windows
by the Navy and the American Society of Mechanical Engineers {15].

TEST SETUP
Flanges

The flanged windows were tested on thick circular discs machined
from low corbon steel (Figure 6). The steel test flanges were equipped
with a central opening through which strain gage wires could be passed
from inside the window. Holes around the circumference of the steel
test flange were used for attaching the test flange to the vessel end
closure adaptor plate and for securing the window to the flange. A
smooth surface was provided on the steel test flange to minimize slid-
ing friction between the contracting window and the test flange.

Pressure Vessels

For the testing of flanged windows both the 18- and 9.5~inch-
diameter pressure vessels were utilized. The window was secured with
a retainer ving or rubber bands to a steel test {lange which, in tura,
was attached to a pressute vessel closure adaptor that screved directly
into the vessel end closure. Since the steel test {lange, vesscel
closure adaptor, and vessel ead closure were equipped with a central
opening, electric strafn gage wires and a wmechanical dial indicator rod
could pass froe the window interior to the vessel exterior.

Seme of the vessels vere provided with insulated jackets centaining
heating and cooling coils., In these vessels the temperature could be
maintained within sarrow limits. 1In other vessels the tesperature of




the pressurized water could be maintained only w'thin a wide range as
the uninsulated vessels would rapidly follow the diurnal temperature
variations inside the uninsulated laboratory building. As a result, the
ambient test temperature in these vessels during the pressure testing
of windows over a period of 24 months varied from a low of 65°F to a

- ¢}
high of 75°F.

Instrumentation

The instrumentation for the pressure vessel consisted of a Bourdon
type pressure gage and a remote reading thermometer. The pressure gage
could be read within 50-psi intervals and the thermometer within 1°F.

The instrumentation for the acrylic plastic window undergoing
hydrostatic testing consisted of rectangular 1/8 inch long* electrical
resistance strain gage rosettes located on the interior face of the
windows and a mechanical dial indicator measuring the radial displace-
ment of the window's apex within 0.001 inch. The strain gages were
attached to the acrvlic at specific locations (Figurs ?) with M-Boud 200
cement and subsequently waterproofed with Dow Corning 3140 room tempera-
ture vulcanizing silicone rubber coating.

The strains were recorded by a 100-channel B & F automatic data
logger with magnetic tape data storage and digital paper tape printout.
This recording unit was capable of recording at a rate ¢t either 1 or 10
channels por second. As a rule, the 10-channel/second recording rate
was utilized during pressurization and the i-channel/second rate during
sustained loading of window specimens.

Test Procedure

The bearing surface of the window flange was ceated with silicone
grease, a l/8-inch-diameter O-ring was placed into the groove in the
window flange, and the whole assembly was carefully placed on the steel
test flange. Strain gage wives were fed through the opening in the
steel test flange to the outside of the vessel end cleosure, and the dial
indicator vod was centered on the window's low-pressure face.

To secure the wvindow to the steel test flange. either steel retaining
rings or clastiv bands were emploved. The steel rings were primarvily
utilized {n the !8-inch-diameter pressure vessel (Figure 8) while the
elastic bands were used o secure the windows to the steel test flange
in the 9.5-inch diameter pressure vessel (Figure 9). 1o both cases,
the radial vestraint imposed en the window flange was ainimal, only
sufficieat te compress the O=ring for proper sealing.

Afrer the vindow was secured to the steel test flange, the {ntervior
3 of the pressure vessel was pressurized with tap water at a 650-psi/uminute
3 ‘ vate utiliging a positive displacewment alv-driven pump.

[
Hicro-Measutrements gages type EP~08-12%RA-120.
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TEST PROGRAM

The experimental test program was designed to establish the maximum
safe working pressures for the two types of flanged windows. On the
basis of experimental data, the two types of windows could be compared
to each other and tc windows of the same geometry without a flange. The
maximum safe working pressure was to be established by subjecting the
windows of Type T and VI to a series of tests that would:

-

(1) lereriine short-term eriticul-rressure (STCP) by pressurizing
windows at a standard rate of 650 psi/minute until failure occurred.

(2) Derermine long-term epitical presgure by maintaining a constant
sustained pressure leading until failure occurred.

(3) Detewniuve oycelic M faue lif% by subjecting the windows to
cyelic pressure loading until failure occurred. The pressure cycles
employed in the test program consisted of (a) pressurizing the window
at 650 psi/minute to a specified pressure, (b) holding that pressure for
7 hours, (¢) depressurizing to zero pressure at a rate of 650 psi/minute,
and rinally (d) relaxing at zero pressure for at least 17 hours before
the next vyvcele was started. This cycle is termed for the purposes of
this report the “standard load cycle.”

Since there were more tests planned than the available number of
windows, some windows had to be used in more than one test. Two windows
were modified alter testing to establish the effect of structural
modification to the flange. In one case the rounded heel of the flange
on Type 1 window E was veplaced with a square heel to become @ while in
the other case, the flange was removed vompletely, converting the Tyvpe 1
window 1 inte a true heruisphere®. All of the tests to which the win-
douws were subjected have been summarized in Tables 1| through 5.

TEST OBSERVATIONS
Short-Term Ceitival Pressure Tests

Pressure, Five wvindows were subjected to continuous pressurization
at the standard vate of 6°) psaifaiuite until they failed (Table 1) {win-
dows Y and Z had been tested previously), Window Y had endured long-
ters hydrostitic testing at 2,000-psi pressure without any visual damage.
Window Z had been pressute-cyeled twice to 8,000 psi with a rubber gasket *
and had suffered some evazing and a few slight cracks in the seating
surfuace. The {wo Type 1 windows tested had an average shi-t term
critical pressure of 14,310 pri while the three Type V1 windows had an
average cvitical pressure of 14,700 psi.

Mes of Fajlure, All the windows that failed did so catastrvophic-
ally after c¢racking sounds had been heard far 4 short time. Extensive
fragmentation took place in all these cases.
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Table 1. Short-Term Critical Pressure Tests

Flange Test Location of Short-Tenn
Window T'.'nb.t Temperature Strain Gages Displacermnent Critical Pressure Principal Rosules
ype 1) (Figure 7) (psi)

A I a yes 14,000 Catastrophic failure

8 I u 14,620 Catastrophic failure

9 i a4 A CE - Test stoppad at
12,500 psi and de-
prossurized to zera

S Vi d ACE 14,530 Catastrophic fadhare

v vl 71 - 12,325 Catastrophic failure:
bottom plug blowesr
of presure sessed it
the same e the
window failed

yad vl 70 15,223 Catastzophic failure

¥ Room wemperature ot spevifically recorded,
biindow was previousdy tested at 2,000 pai {see Table 3.
CWindow was previcusly tested at 8,000 psi with a gasket (see Table 4).

Table 2. Long-Term Crinical Pressure Tests

Flan Average Test Tent Lovation of
Window T B Promure Temperatue Steain Cages Prncpal Resules
Yee (pa) - (S 3] tEyguee )
D ' 9.070 “ ACH Catastrophy, fadure
’ aftee 22 houns
[} ! ¥n000 ht ] ACE G Catanttophn Fatlusc
after 3 houn
H L} 1 7878 +3-78 At Catarophy Lature
2 altet 155 houes
0 Vi 9,700 “ A b Catasteuphy faduee
after 1w houe
[ vi > 10080 L A EY Catattuphs fouarr
see 6 houn
v vi =11 k00 4 ALk Catattophn faduee
aftet 42 houn
¥ Vi RN $ 1) ¢ A ¥ Catanttophe, tadate
altee Yo hugts
w4 vi *2.000 B Catastruplis fadutc
l 2ttt O % Bymss

¢ Rouitt totpetature ant spoclically rocorded.
"c.agn functwand propetly.
¢ Gagen Faled peomatunly.

IWindow wae previousty tested at 4000 poi for 263 Bouts fuy Table 3)




Table 3. Long Term Tests Without Implosion

Fle Average Test Test Location of Duration A
Window ng: ¢ Pressure Temperature | Strain Gages | Displacement | of Loading Principal Results {%
ype (psi) (OF) (Figure 7) (hours) ‘
()
E I 4,000 a ACE - 240 Some circumferential ;
cracks in the bearing .
surface on the flanyge
i i 2,000 75-76 A, B.C, -~ 269 No cracks or crazing
: . D, E, F, detectable by visual
-2 G, H. L inspection
Q Vi 7,000 a ACE - 139 Extensi ¢ crazing and
E targe circumferential
’ cracks in seat; one
P crack penctrating to
ks ' outside
28 R VI 4,000 a A.CE - 262 Some crazing and |
x ’ shallow cracks in seat
3 U A1 8,000 a - - 312 Window flange sheared g
%4 off; numerous cracks
and extensive crazing
of scating surface; seat 5
conical :
[
Y vi 2,000 71-73 A.B. C, - 119 No cracks or crazing ‘
A
D, EF, detectable by visual ‘
G,H. 1 inspection T
Y Vi 2,000 72 A.B,C, -~ 7 No cracks or crazing
et D.E.F, detectable by visual
- 3 G.H.1 inspection
‘5 - w Vi 2.000 71-73 - yes 95 No cracks or crazing
! detectable by visual
R inspection
>3 9Roomn temperature not specifically recorded.
o bRubber gasket used instead of O-ring: window previously tested to 2,000 psi withaut gasket.
w ) Deformation Under Short-Term Loading. At the standard rate of
. _ pressurization of 650 psi/minute, the ccompressive strain recorded by
. o the strain gages increased in direct proportion to the pressure up to
3_ e about 4,000 psi (Figure 10). Above this pressure the strain began to
I ) increase more rapidly, thus indicating the nonlinearity of stress versus
. S strain. -
§;4 Tlie strain produced in the window in the linear range varjed accord-
- ing to direction and location of the strain gages. At the anex, the

strain was approximately the same in all directions with lit¢le change
in magnitude from one point to another (Figures 11, 12, and 13). Moving

A
.

. away from the polar area, the civcumferential strain increased by an
g ) average of 22% for the Type I windows and by an average of 147 for the
- _ Type VI windows (Figure 11), and at the same time, the meridional
ol i strains fell off sharply to smal! values (Figure 12).
s
k-
!
3
. 7
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Table 4. Cyclic Tests

T T e MDA AL B T SRR RNV 2

Window

Flange
Type

Test
Pressure

(psi)

Test
Temperature
(°F)

Location of
Strain Gages
(Figure 7)

Number of
Pressure Cycles

Principal Results

BR

¥

vi

Vi

Vi

2,000

10,000

8,000

6,000

8.000

6.000

$.000

em— ¢

7075

75

69-72

66-73

68-72

70-72

66073

638-73

58

22

2

Cracking in window-
bearing surface developed
between cycle No. 33
and last cycle

Window failed catastro-
phically after about 3
hours of first pressure
cycle

© Window failed during

first cycle by cracking
along flange, causing
leakage when prossure
was released

Window developed cracks
during second cycle;
leaked after twentyscoond
cycle

Small cracks and crazing
of bearing surfuce after
fies: syule:s window leaked
after secopd cycle

Some crazing and three
very shallow cracks in
bearing surface sfter
second cycle

Crack along O-ring groove
after third cycles vracks
and crasing in bearing
surface aftee fifth oxole

Crazing of bearing swrface
Jeveloped between second
andd sixth cycles cracks

1 bearing suriace develo-
ped between twents accond
and tavatyaovesth ovele

“This window was previsudy tested under sustained losding at 2,000 pui tee Table 3).
A window wan pressvrised to failure under shorticom toadiag isce Table 1), '

The circumierential strain varied only moderately from test to test,
the maximiun deviation from the average of any test being ecaly about 6%
Tor the Type 1 windows and about 107 for the Type VI windows (Figure
L1}, For the strain in the meridional divection. there was a siwmilar

spread in the data for the polar area.

Closer to the cige, hewever,

the meridional strain varied markedly fiom test to test and at gage

e




7

Table 5. Cyclic Tests of Modified Windows

Test Location of
Window Modification Test Temnerature Strain Gages Principal Results
°r) (Figure 7)

@“ Q-ring groove and 11 pressure 68-72 ACE Some change in strain
rounded heel re- cycles az distribution compared
moved by machin- 2,000 psi to windows with rounded
ing. Disc glued on A heel: 10 cycles performed
to restore original with neoprenc beacing
dimensions, but gasket and 1 cycle with-
w.th a sharp hecl out
on the tlange

@" O-ring groove and 1 eyule at 70-74 A.C.E Window hearing surface
rounded seat cor- 8,000 psi almost unharmed. Win-
ner removed by dow cracked radially
machining. Dise
glued on to restore
original dimensions
but with a sharp
heel on the flange

@b Flange and cylindri- | 7 cvelesan 68-72 A.CE The scrains are more uoi
cal part removed by | 2.000 pua form aii over the interior
machining surface of the window

@b Flange and cylindri- | 2 cyclesat 70-75 A CE No cracks observed on
cal part removed by} 6,000 pxi the bearing surface or
machining anywhere clse on the

window

< Window was tested for 240 hours at 4,000 pai‘priar to muodification (see Table 3).
Biindow was wsted for 269 hours at 2,000 psi prior to madification (se¢ Table 3).

A (Figur: 12) the results were almost erratic, particularly for the
Type VI windows.. The cause of this large spread has not been investi-
gated.

At hydrostatic pressures in’ excess- of 4,000 psi, the nonuni-
form character of the strain over the window surface was exaggerated
(Figure 14), and the strains were hlgh;r than predicted by linear extrap-
olation of the strains at lgw pressure. Thus, at 10,000-psi external
préassure, the nonlinear part was between one-third and one-half of
the linear strainm, dependin& on location (Figure 15).

Displacement of 5pr. In one case, the displacement of the windows
at the apex towards the venter cf'the apheve was measured.  The specimen
was a Type VI window (window W). After an initial phase where the
window seated itself, the displavement was linear with pressure up to
the iest pressure of :2,000 psi. The displacement per wnit change of
pressure divided by the internal radius of the spherical part of the

window was 3 5 x 106 ips* (?xbura 16).
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Long-Term Tests

Test3 Resulting in Implosion. Five Type VI windows and three Type
I windows were pressurized at the standard rate of 650 psi/minute up
to the tost pressure. The test pressure was maintained constant until
failure occurred.

The 1ife of the windows loaded,this way varied inversely with the
test pressure. The relationship between the life and the test pressure
was nonlinear with a very rapid fall off in life above approximatelyv
8,000 psi (Figure 17). The spread in the data was very large compared
to the spread in the magnitude of short~term critical pressures,
indicating that long~term test parameters, like temperature, were not
maintained within a sufficiently narrow range to preclude large spread
in test data.

In all cases of failure under long-term loading, the failure was
catastrophic, resulting “n heavy fragmentation of the windows (Figures
18 =hrougl: 26). T, pically, the force of implosion blew a hole in the
window dome producing grain size fragments of the blown-out material.
The res. of the dome stayed relatively intact, although it was always
fractured radially into several pieces (Figure 21). 1In addition to the
radizl fractu 28, a large nuwmher of in-plane fractures occurred. The
nurber of in-plane fractures ‘ncreased towzrd the interior surface of
the window., The outer 1/4 inch or sc¢ of the wall was usually not lamin-
atad (Figure 24).

After implosion, the ilanges were found to be separated from the
main body of the windows. 1In Ty-e i windows, the separation was all
around the flange (Vigures 14 and 19), while ir the Type VI windows
the separation was partial (Figures 20 and 21). The flang~ separated
from the deme generally before implosion occurred, as demonstrated by
window U whose long-tern luading was termivated prior to implosion
(Figures 22 aana 23).

The window flange hearing surfaces fractured during the tests in
the civenmierencial dirvection (Figure 25). The heel (inside edge) of
the Fiange vas permanvatly deformed, resulting in the formation of &«
sharp odpe that contrasted snarply with the original vel.-rounded-heel
geometry (Figure 23). The Jetormed fragments also showed tha. the
thickness of the wall above e flange ~»rmapently increased by about
25% of the original thickness (window J). A similur increase was observed
B the width of the Tiange measured bet.n the ifaside edge of the heel
and the O-ring groove. The height of the flange, however, was unchanged
(Eigure 25). These observations we. o further confirmed by a study of

Cthe fragmests of window ¥ (Figure 26).

Tets Terminated Prior to Implosion, Twa wvpe 1 and tive Type VI

e st

“windows were subjected to long-term tests of varying length and ai
“different pressares (Table 3) -

, Ar Q.OOO'psi. o viséhlv?dnﬁagv wis caused duving the 269 hours of
toadiog oe window [ at 757F.  The wandow strafns 1elased completely
after the tort (Figure 27). :
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At 4,000 psi, some crazing and shallow cracks were observed in the
seat of window R when inspected after 262 hours (Figure 28). Also, this
window relaxed completely after the test. All strain gage readings were
within 100 pin./in. of the reading before the test after a relaxation
time of about 100 hours. The bearing surface on the flange, however,
had some permanent deformation, producing a slight conical shaped surface
similar to that shown in Figure 22.

At 7,000 psi, window Q suffered extensive crazing and several large
cracks at the seat during the 439-hour test (Figures 29 and 30). In this
window, the strain in the polar area averaged 0.056/in./in. at the end
of the creep period. But even so, after about 100 hours of relaxation,
the strain in this area was within 0.00l in./in. of the reading before
the test. Significant permanent deformation was observed in the bear-
ing surface c¢® the flange, transforming it from a plane to a conical
surface,

At 8,000 psi, window U lasted 312 hours without imploding; the
window was, however, severely damaged. The flange had separated and
the bearing surface was deformed into a conical surface which had sever-
al large cracks in it (Figures 22 and 23).

In those tests where the pressure was kept constant for a long
period of time, the strain on the interior surface did not become ten-
sile at the end of the relaxation period.

Deformation Under Long=Term Loading. At 10,000 psi (70% of STCP)
of external pressure, the strain increased very rapidly after pressuri-
zation was completed. The increase was largest in the window areas that
alrcady had the largest strains. Thus, the unevennesses of the window
deformation already apparent after pressurization became more pronounced
with time (Figure 31). As evident from the end result, the rate of
deformation at 10,000 psi was so high that after a few hours the window
became so plastically deformed that it could no longer sustain the load
(window J).

At 8,000 psi (562 of STCY) and lover pressures, the strafus still
increased rapidly immediately after the end of pressurization. The
strain rate slowed down sufficiently, however, after the first 2 to 3
hours to give the window extended life. At 7,000 psi (49% of STCP),
window Q did not fail catastrophically during the 139 hours the pressure
was maintained., At 8,000 psi, the unevenness of the window deformation
became greater with time (Figure 32), just as for the window tested at
10,000 psi (Figurs 31). At lower pressures, this tendency became less
pronounced and at 2,000 psi was hardly noticeable (Figure 13).

At moderate strain levels, the deformation of the wvindows appeared
to be quite symmetrical. This was evident from the measurements on
windows I, ¥, and J, which had strain gages on both sides (Figure 13,
31, and 33). 1In these cases, all three gages of the rectangular
strain gage rosette at the apex indicated essentially the same strain
values., As the strafos {ncreased in magnitude, however, the differences
fu the readings of the three gages at the apex often became groater,
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This occurrence may be the result of the window starting to lose its
sphericity. In the case of window J (tested at 10,000 psi) the distri-
bution of circumferential strain appeared to be symmetrical at the end
of pressurization. During the first hour under pressure, however, the
strain increased much faster on one side than on the other indicating
that the window was losing its spherical shape (Figure 31).

Taking into account the scatter in data, no significant difference
was observed in the time-dependent deformation of the two types of win-
dows (Figure 34). 1In both cases, the location on the window that had
the highest strains at the end of pressurization also had the highest
strain throughout the creep period. In both cases, the strain distri-
buti. n became more uneven as time went on (Figures 32 and 35).

The strain in the window after any given duration of sustained load
was found to be a nonlinear function of the load. Thus, after 1 hour at
4,000 psi, the strain at the apex of the window was approximately 2.1
times the strain after 1 hcur at 2,000 psi. After 1 hour at 10,000 psi,
the strain at the apex was 10 times the strain after 1 hour at 2,000 psi
(Figure 36). This clearly demonstrates that acrylic material becomes
more compliant as temperature or stress 1s increased. If the additional
strain due to creep alone is plotted, the nonlinear behavior becomes
even more apparent (Figure 37).

As noted before, long-term loading at pressures high enough to
cause catastrophic failure, also caused permanent tensile radial strain
in the dome. By measuring the thickness of fragments of the dome of the
imploded windows, the average permanent radial strain was found to vary
from about 25% (0.25 in./in.) above the flange to about 12.5% halfway
between the flange and the apex (windows J and H) (Figure 38),

Cyclic Pressure Tests

Fatigue Life. 1t was immediately realized after initiation of cye-
lic pressure testing that the fatigue life of the windows would be lower
than expected.

At 10,000 psi, which is approximately 70% of STCP, the test specimen
(window J) did not complete the first cycle. The window failed catastro-
phically after about 3 hours.

At 8,000 psi (56% STCP) the Type 1 (window K) eracked during the
first cvele to the extent that when the pressure approached zero at
the end of the cycle, water filled up the low pressure cavity. The
Type VI window that was tested at 8,000 psi (window BB) developed
similar cracks and leakage during its second cycle.

At 6,000 psi (427 of STCP) the Type 1 window (window M) cracked
catastrophically during its twenty-second lvad cvele.  The Type VI win-
dow (window AA) tested at the same pressure was still intact after 22
load cyceles, but had deep cracks in the seat arvea.

At 5,000 psi (357 of STCP) crazing of the seat was apparent when
the Type VI window (window X) was inspected after the sixth pressure
vyele,  Cracks developed in the seat between evele 22 and 27, but e
leaks accurred before the test was terminated atter the turtieth cyele,
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At 2,000 psi (14% of STCP) the Type 1 window (window 1) did not
show any change after 33 pressure cycles., When the window was inspected
again after the fifty-eighth cycle, however, a deep crack was found in
the flange starting from the O-ring groove.

Modes of Failure. 1In all cases, cracks initiating from the bearing
surface on the flange were the cause of failure. In some cases (windows
AA, Figures 39, 40, and 41; and I, Figure 42), the first sign of fatigue
was a crack originating from the O-ring groove. The cracks had a charac-~
teristic half-moon shape when viewed from the side and appeared to be
approximately parallel to the low-pressure face of the window as shown
in Figure 43.

In all the other cases, the cracks originated at the bearing surface
of the flange between the heel and the O-ring groove and were always
preceded by crazing. The crazing, as well as the subsequent cracks, had
the same orientation as the cracks originating from the O-ring groove
(Figures 39 to 46). The cracks not originating in the O-ring groove had
the characteristic mushroom shape instead (Figures 39, 40, 41, 47, and 48).

Cracking of the interior face occurred in two Type I windows
(windows M and(:». In window M, the failure occurred after 22 standard
load cycles to 6,000 psi and consisted of three fractures running in the
meridional direction originating on the bearing surface of the window.
One of the cracks ran like a meridian across the apex from one side of
the window to another, while two other cracks stopped at the apex
(Figure 49). The cracks penetrated between 25 and 50% of the wall thick-
ness. On the inside face of the window, the width of the cracks varied
from close to zero at the apex to about 0.040 inch at the flange. The
entire inside surface was warkedly crazed after the test but less than
on the bearing surface (Figure 50).

\Jindow@failure occurred after one cycle at 8,000 psi. The window
had previously been subjected to 11 standard leoad cycles at 2,000 psi
and a long-term test at 4,000 psi for 259 hours. After the long-term
test, but before the cyclic tests, the seat of the window was machined
down te remove the rounded inside edge of the heel and the O-ring
groove. An annular disc was bonded in its place to restore the original
height of the flange. When the pressure was down to about 500 psi
during depressurization from 8,000 psi at the standard rate, three or
four loud cracks were heard and the window's interior filled with water.

Inspection of the uindowrevcaled that spalling had taken place
on the square edge of the heel, that crazing and a number of shallow
half moon cracks had formed in the bearing surface of the flange, and
that the interior face of the window had three large cracks as shown in
Figures 51, 52, and 53.

Low-pressure leaks developed in four cases. In two of these (win-
dows BB and K, both tested at 8,000 psi) the leak was due to the circum-
ferential cracks propagating through the flange to the exterior face of
the windows (Figure 54 and 55). In the third case (window M, tested
at 6,000 psi), the usual civcumferential cracks occurred after the
second cycele, but the window did not develop a leak until it cracked on
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the interior face after 22 load cycles as noted above (Figure 49). 1In
the fourth case (windmw()tested at 8,000 psi), a leak occurred after
the first cycle.

Deformation. Deformation of the windows was measured with electrical
strain gages located on the low-pressure face (Figure 7)., In three
tests (windows I, M, and X), where such measurements were performed, it
was found that tensile straans were bu’’ding up on the internal face at
the end of each relaxation period; i.e., he strain datum value prior
to each load cycle was increasing in the positive sense. The tensile
strains had a distribution over the face of the window similar to the
distribution of maximum compressive strains at the end of each load cycle
(Figures 56 and 57). In the case of window M, this buildup of tension
on the inside surface caused the failure of the window — apparent from
the radial cracks that developed during the twenty-second load cycle
(Figure 49). After several days of relaxation, the cracks in window M
were actually widening as time went on indicating that the interior face
was contracting.

The rate of buildup of the tensile strains on the window's interior
face increased dramatically with magnitude of pressure loading during
a typical pressure cycle. During pressure cycling to 2,000 psi (win-
dow 1) the increase in tensile strain during the relaxation period
averaged about 45 uin./in./load cycles performed (Figure 58). During
pressure cycling to 5,000 psi (window X) the same level of tensile
strain was reached in 3 cycles that it previously took 40 cycles to
reach during the cycling to 2,000 psi. Also, at 5,000 psi, the increase
in tensile strain per cycle was no longer linear and increasing rapidly
(Figure 59). At 6,000 psi, the tensile strain built up even more rapidly
(Figure 60). The data were somewhat scattered, but it was apparent
that the buildup rate was more than twice that observed during the
pressure cycling to 5,000 psi.

The specimen tested at 5,000 psi (window X) had only one strain
gage rosette {at the apex) so that no information was obtained about
the buildup of temsile strain at other locations. Window M, which was
tested at 6,000 psi, however, had rosettes also at locations A and C
in addition to one at the pele., This test confirmed the results from
the test on window I at 2,000 psi, i.e., that the strain builds up even
faster cleser to the window flange than at the apex. The data from
pressure cycling to 5,000 psi (window M) show appreciable scatter from
cycle to evele. It is not known why this occurred but a contributing
cause may have been that in some cases the pressure vessel was ¢losed
off during the relaxation period instead of being comnected to the
constant header tank. If the vessel was closed off, the expansion of
the window would cause some buildup of pressure in the vessel which
would tend to counteract the relaxation. Unfortunately, wo record was
kept of the times that this was done.

For window I the cyeling at 2,000 psi did not lead to changes in
the maximum strain produced during each separate load cycle; f.e.,
the strain recorded at the end of the creep period mivus the vecording
just prior to pressurization was very close to the same for all eyeles
(Figure 56 and 57).
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The same behavior was observed also for window M cycled at 6,000
psi (Figure 60) and window X cycled at 5,000 psi., The total change
of strain at the pole of window M was about 0.030 in./in, with a ran-
dom variation of less than 27 up and down, The total change of strain
at the pole of window X was about 0.024 in./in. and, again, the variation
was less than *27.

Modifications of Seating Arrangement

After most of the test program was completed but during the initial
stages of the cyclic tests, it became apparent that the cyclic life of
the Type I and Type VI windows would be substantially less than antici-
pated. Compared to conical frustum windows with the same STCP, the cyclic
fatigue life of Type I and Type VI windows was significantly less.
Cyclic fatigue primarily consisted of circumferential cracks in the
bearing surface of the flange and secondarily of radial cracks in the
low-pressure face of the window. To improve the fatigue life of the
bearing surface on the flange, it was decided to try the following
modifications:

(1) Remove O-ring and use a thin neoprene bearing gasket to seal
and absorb shear strain.

(2) Remove O-ring groove and replace the rounded heel of the flange
with a square heel.

(3) Remove flange and cylindrical part of window.
Only a very limited number of tests were performed on each modification,

Effect of Neoprene Bearing Gasket. To reduce the shearing force on
the acrylic plastic in contact with the steel surface, a soft neoprene
gasket of Q.020-inch thickness was bonded to the bearing surface on the
window flange. The gasket consisted of nylon cloth coated with neoprene.
The O~-ring used previously for sealing was removed from the groove in
the window flange, and the gasket was placed over the whole bearing
surface on the flange, Before assembly, silicone grease was applied to
the steel bulkhead as in the earlier tests.

Two tests were carried out with this arrangement. The first was _
Type 1 window Z, subjected to two standard pressure cycles at 8,000 psi.
The effect was very marked. The acrylic plastic bearing surface pro-
tected by the neoprene pasket was only slightly damaged. The damage
consisted of minor crazing of the bearing surface, reflecting the
pattern of the weave in the gasket plus three very shallow cracks
{Figures 61 and 62). In contrast, the twe windews tested at 8,000 psi
without the gasket (windows K and BB) suffered through-the-thickness
cracks after two cycles. The crazing and small cracks in the seat of
window Z almost disappeared after the window had velaxed for 14 days
after the test (Figure 63) in atmespheric envirvnment.

On the other hand, the deformation of the window having the ncoprene
gasket was not significantly changed compared to the deformation of
windows seated divectly on steel. In tne lincar rvange (up te approxie-
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mately 4,000 psi) the strains recorded were all within the range of
earlier tests, (Compare Figure 64 to Figure 12.) This also applied to
the strains recorded at pressures above 4,000 psi and during the creep
periods. (Compare Figure 64 to Figure 34,)

The gasket was cut during the vessel cycling to 8,001 nsi, Twc
cuts were found in the circumferential direction at the inside corper
of the window seat. The cuts were about 3 inches long anu located
diametrically opposite each other (Figure 65).

The second window tested with the neoprene gasket was Type VI
(window Y). This window had previously been tested for 11% hours at
2,000 psi (Table 3). A neoprene gasket was cut radially at four loca-
tions about halfway through to enable its being slipped over the wirdow
without having to disconnect the strain gage wires. This time the
neoprene gasket was not bonded to the window flange, but was coated
with silicone grease on both sides. The window was tested at 2,000 psi
for 7 hours, and strains were recorded both during the pressurization
and the creep period. As in window Z, the strains in the window were
not significantly changed by the presence of the gasket (Figure 66).

Effect of Rounded Flange Heel. Window E was machined down about 1/4
inch to remove the rounded heel and the O-ring groove. An annular
acrylir plastic disc was bonded in its place to restore the original
height to the flange, as shown in Figure 67. Finally, the window was
annealed at 170°F for 24 hours

The modified winuow(:)was subjected to 10 standard pressure cycles
at 2,000 psi while mounted on the neoprene gasket and one standard load
cycle at 2,000 psi wirhout the gasket sealing but ~ith silicone grease.
Finally, window@was tested at room temperature for 7 hours at 8,000
psi, again with no gasket. The intenticns of the tests were to determine
whether or not the modifications had changed (1) strain distribution on
the interior face of the window, (2) buildup of tensile strain on the
interior face of the window afrer relaxation, and (3) the tendency for
the beaving surface to crack under igh loading.

The chaonge in strvain distribution without a gasket as wmeasuved
after 7 hours at 2,000 psi was quite marked near the heel of the window

-while the strain at the apex was changed very little (Figure 68). As

expecied, the distribution of me *.iional strain became more uniform.
The 10 cycles with a gasket seal produced a steady buildup of
tensile strain in the Interior fuce of the dome (Figure 69), The rate
of buildup was similar to that me.sured earlier in Type 1 window 1
tested at 2,000 psi without gas! »¢ (Fi~uve 58).
' Ir. the final test consistiug of one standard cycle at 8,000 psi,
no pasket wag ‘used., The window performed normally until the pressure
reached about 500 psi during depressurization at the end of the load
period. At that time several lead eracks were heard. On fnspection
artervards, It was seen that:

(1) the seat was in good condition with only woderate crazing and
some small circumferential half-moon cracks less than 1/16 fnch deep. No
spalling had taker place on the sharp flange heel (Figure 70).
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(2) The window had cracked radially in the meridional direction
on the inside of the dome (Figure 51).

It may be concluded that a square inside seat edge improves the
life of the window seat, while the effect on the tendency for the dome
to crack is probably small or absent. ‘

Effect of Flange Removal., Window I was machined down so that the
entire flange was removed as shown in Figures 71 and 72,

The modified@window was then cycled four times to 2,000 psi. The
first and the fourth cycle consisted of 23 hours under pressure followed
by at least 17 hours of relaxation. In the second and third cycles, the
pressure was held for 7 hours. At the end of the 23-hour load period of
the fourth loading, the pressure was raised to 8,000 psi and held at that
level for 6-1/2 hours. After 17 hours of relaxation, window(J)was finally
pressurized once more to 8,000 psi for 7 hours. At 2,000 psi, the win-
dow deformed uniformly over most of the dome. At the edge, the meridional
strain increased somewhat compared to the level at the apex. The circum-
ferential strain at the edge was slightly lower than at the apex
(Figure 73). This distribution is quite different from the disrribution
in typical Type 1 flanged window.

After the two cycles to 8,000 psi, window@ wis removed from the
vessel for inspection. The findings were: (1) the seat was still in
good condition — no cracks and only very slight crazing (Figures 74 and 75),
and (2) the plane seat was permanently deformed (Figure 76) to form a
conical surface similar to that observed in flanged windows (Figure 22).

The test was toe short to give firm data on any buildup of tensile
strain on the interior face.

DISCUSSION OF FINDINGS

Short~Term Critical Pressure (STCP)

Findings.

(1) The average STCP of Type I windguws at 20°F was 14,310 psi while
the average STCP of Type VI windows at 70°* was 14,700 psi. The differ-
ence between the twe values is statistically insignificant, and the
average of all short-term window tests (that is, 14,500 psi) is counsid-
ered to be the STCP for both types of windows.

(2) The failure of the windows on reaching the STCP was catastro-
phic. The window failed by plastic instability of an area on the window
located between the flange and the apex. The lmplosion caused complete
fragmentation of the window. The formation of the flat spots on the
windows (typical of plastic iustability faflure) was reflected in the
strain distribution on the interfor face of the windows. Whereas the
strain distribution was symmetric about the apex at lower hydrostatic
Joadings, the distrvibution became uasymmetsic prior to catastrophic
failure.
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(3) The flange of the windows sheared from the dome before or during
catastrophic failure at STCP,

Discussion, Short-term critical pressure tests of hemispherical
windows were reported previously for flangeless (Reference 8) and flanged
(Reference 14) configurations. Compared to the predicted STCP based rn
previously published data for flangeless hemispherical windows, the
STCP of the present windows is about 5% lower. A reduction of the STCP
of flanged windows when compared to flangeless windows in the higher
t/R; range has been previously reported (Reference 14). This indicates
that, for t/Ry > 0.25, flanged windows may have a lower STCP than similar
windows without a flange (Figure 77), Since the comparison is based on
tests carried out at different times on windows of different manufacture,
firm conclusions on this point cannot be drawn. The reason for the
seemingly lower STCP of flanged windows as compared to flangeless win-
dows is probably the increase in meridional edge bending moment caused
by the rounded heel of the equatorial flange.

It has been shown previously that thick-wall spherical windows fail
catastrophically by plastic instability of ths dome (References 8 and 14).
The windows with thinner walls fail by elastic buckling, and the transi-
tion between the two modes of failure is found to be at t/Ry ratios of
approximately 0.09. The present tests confirm that at t/Ry = 0.364, the
failure is caused by plastic instability of the dome.

It can also be shown theoretically that a thick-wall soherical
window attains complete plasticity through its wall thickness before
it fails, Using Lame's equations for thick-wall hollow spheres subjected
to external hydrostatic pressure, it is seen that as the external
pressure increases, the material at the inner face of the sphere reaches
its yield point first. 1If the pressure is raised further, yielding
extends deeper and deeper into the wall until finally, yielding reaches
the outer surface.

By making two simplifying assumptions, the uxternal pressure at
which the whole wall becomes plastic can be estimated. The assumptions
are: (1) the distribution of vadial stress is not affected by the yield-

ing of the material (i.e., it can be calculated based on elastic theory):
and (2) once the yield point is reached, the material will not supnort
higher stresses, but continues to suppovt the same stress independent
of further inerease in straian,

Using these assumptions, the Laml's equation can be applied to
predict conservatively the pressure P, at which complete plesticity is
reached during short term pressurization. The {ormula becomes:

Pe L Qs 0-ah
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where a 1/ + t/Ri)

g, = yield stress of material in uniaxial compression under
short term loading

= wall thickness of sphere

Ri = internal radius of sphere

The equation has been plotted for a yield stress of 18,000 psi, typical
of Plexiglass G acrylic plastic used in the fabrication of flanged win-
dows (Figure 77), It can be seen that the result is nearly a straight
line falling below all the experimental points for t/R; > 0.1.

For experimental points with t/Rj; < 0.1, the complete plasticity
curve lies above the experimental points indicating that elastic
instability and not plasticity is the cause of faiiure in these cases.
It can be stated therefore, that for hemispherical windows with a
t/Ry > 0.15 the P, as calculated by the above equation (using the
appropriate ¢, value for the ambient temperature) gives a conserva-
tive estimate of the STCP of these windows.

Long-Term Critical Pressure

Findings.

(1) No significant difference was found between the long-term life
of the Type I and Type VI windows (Figure 17).

(2) Above 8,000 psi of external pressure loading (55% of STCP) the
life of the windows decreased rapidly with increasing pressure, approach-
ing only a few hours at 10,000 psi.

(3) The_ maximum external pressure loading at which the windows still
retain the 10" minutes minimum static fatigue life required of man-rated
windows (Reference 15) was extrapolated to be approximately 5,800 psi.

(4) The failure of the windows subjected to long-term loading was
catastrophie in all cases with extensive fragmentation.

(5) Prior to failure, extensive plastic deformation had taken place
in the windows increasing the wall thickness by about 257 f{mwmediateiy
above the flange and decrvasing thelinterior diameter at the flange by
about 107 (windows R and J, Figures 25, 386, and 78).

Discussion. It is evident from the large spread in the results that
at pressures above about 657 of the STCP, the windows become incveasingly
sensitive to variations in factors affecting their load-carrying capacity.
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Tests were not conducted to investigate this point further. However,
since a similar spread in results was not observed for the STCP, the
spread in long-term critical pressures is probably tied to long-term ‘
variables in the tests. One such variable was sustained external pressure 5
loading. Because of a relatively large ratio of window displacement to
pressure vessel volume, there were problems in maintaining a constant
test pressure during the high-pressure tests, Typically, the pressure
would be restored each hour during the daytime but not at night. To
compensate for this, an estimated average pressure was worked out for
each test, but this procedure had obvious deficiencies.

Another long-term test variable was the ambient temperature, which
changed somewhat from test to test. Although the difference was gener-
ally less than 5°F, the effect on the creep properties of the material
was significant. Published data from other studies indicates that a .
5°F variation in ambient temperature can change the fatigue life of ;
an acrylic structure by a factor of at least 10 and possibly 15 (Refer- :
ence 16).

The fact that the window walls increased in thickness by as much
as 257 during the long-term critical pressure tests, further substantiates
the postulate made before thot the window wall is completely plasticized
before failure takes place (Figure 26).

Cyclic Fatigue Life

Original Design Findings.

{1) Both types of windows exhibited signs of fatigue at hydrostatic
pressures at less than 152 of their short-term critical pressure. The
failures, defined here as leakage through cracks, occurred in less than
100 cycles of the standard load cycles at 30% of th.ir short-term
critical pressure.

(2) The first sign of fatigue was circumferential crazing marks om
an annular bearing area between the O-ring groove and the heel of the
flange (Figure 62), execept for one case where a crack started from the
O-ring groove before any crazing had developed.

(3) 1f c¢ycling continued after appearance of crazing on the window
seat, the crazing increased until eventually actual cracks were formed.
Th2 cracks always ran in the circumferential direction, sometimes in
the O-ring groove but more often in the bearing surface between the
heel of the flange and the O-rving. The cracks typically had a8 sush-
room shape (Figures 39, 40, and 41).

(4) Under moderate cyclic loading of up to 5,000 psi external
pressure, both crazing and cracks in the scat grew slowly once they
had formed and did not render the window incapable of sealing in less
than 30 load cyeles. At cyelie loading of 6,000 psi, cracks grew
noticeably faster with each cyele: but even so, the window sustained
20 e¢ycles without leaking.
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(5) At severe cyclic loading of 8,000 psi, the rate of crack
propagation was greatly increased, Only two cycles were needed at this
prescure for the cracks to propagate through the flange to the outside
and hence cause a low-pressure leak (Figures 54 and 55).

(6; Cracks were found in the bearing surfaces of windows that im-
ploded during the first standard cycle (Figure 25). The cracks must
therefore have formed while the windows were under sustained pressure
and not during relaxation periods.

(7) Cycling of the windows caused a step-wise buildup of tensile
strain on the interior face of the spherical dome during relaxation
after each load period. The magnitude of tensile strain recorded during
relaxation periods between individual pressure cycles was found to be a
nonlinear function of pressure and number of load cycles sustained. 1In
both cases, the magnitude of tensile strain increased faster than the
maximum pressure, or the number of load cycles. The tensile strain also
built up faster in the areas where the compressive strains were the high-
est during the loading period (Figures 58, 59, and 60).

(8) 1In one case the buildup of tensile strain was the cause of
severe cracking of the window's concave surface. The cracking occurred
as the pressure wa: approaching zero during depressurization after 22
standard ioad cycles at 6,000 psi with the magnitude of tensile strain
estimated at about 0.050 in./in. (Figures 49 and 50).

(9) TFatiguc cracking did not cause catastrophic failure of any
window during cyclic load testing., In the worst case, the windows
leaked after the pressure had been irelieved. (This seems reasonable

because cracking at the seat is not a part of the STCP failure mode
of the window.)

Original Design Discussicn. In view of the above findings, the
fatigue life of a window must be taken as either the number of cycles
taken to produce the first crack or the number of cycles taken to pro-
duce a leak. The criteria chosen may depend on the application of the
windows, For man-rated applications, the first criterion should be
used; for example, the fatigue life of a window used in a man-rated
chamber is the number of cycles sustained by the window when the first
crack appears anywhere in the window (Figures 79 and 80).

Due to the scatter in the data and the limited number of cyclic
tests performed, it is not possible to establish a firm fatigue life
for the windows. The recommended course of action at the present time
1s to inspect the windows after each pressurization in excess of 1,000
ps? and replace any window immediately that shows sigas of fatigue.

Modified Design Findings. Improved fatigue life was obtained by
each of the following modifications:

(1) Use of 0.020-inch-thick neoprene gasket between the window
and the steel flange.
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(2) Removal of the O-riug groov: and replacing the rounded heel
of the flange with a square heel.

(3) Removal of the flange to make the window a true hemispherical
dome.

The limited number of tests available did not allow determination of
gquantitative improvement obtainable by each, or by a combination of these
modifications.

Modified Design Discussion. The original Type I and Type VI design
is not suitable for cyclic loading except at pressures below 1,000 psi
at 75°F. If the original designs were to be used, Type VI would probably
give the longest life.

If the flanges are to be retained, it is required that for cyclic
loading above 1,000 psi both the O-ring groove and the rounded heel of
the flange be removed and that a thin, soft, nylon-fiber~reinforced neo-
prene gasket be installed underneath the window's bearing surface to
absorb the shear strain at :he steel/window interface. To find what
the improved cyclic fatigue life is if these modifications are incorpora-
ted into Tvpe I and Type VI windows, a series of new tests would have to
be varried out. These tests should be designed not only to check the
effect on the bearing surfaca of the window, but also the buildup of
strain on the interior surface of the window at the apex, as it is
postulated that this will be the limiting factor of the cyclic fatigue
life in the modified design. By incorporating the above-mentioned
modifications an adequate fatigue life (1,000 cycles without leakage) is
predicted for operational pressures to 2,000 psi. A '

Removal of the flange improves :the cyclic fatigue life significantly
both f{cr the bearing surface and the interior face at the apex. Although
the improvement in cyclic fatigue life has not been quantitatively
established for flangeless windows it is conservatively estimated to be
in excess of 2,500 psi at 75°F.

As stated above, the fatigue life of the windows is limited by
cracking of the bearing surface on the flange and the interior face of
the come, Both conditions have been observed by earlier investigators
{8,10].

The cracking of the bearing surface on the flange is undoubtedly
tied to the differential motion taking place at the window/steel inter-
face during the sustained pressure phase. The natural vemedy for this
problem is, therefore, to enable the window to slide with the least
pogsaible resistance. Pence, the neoprene gasket was :iried., It is
possible that even better results ceuld be obtained using other materials,
such as polycarbonate which has been successfully incorporated in the
NEMO Mod 2,000 {17}, The polycarbonate fasert not only is capable of
absorbing the shear strain to a much lavgev degree than the acrylic, but
should it erack, only the insert needs to be changed and not the whole
window. UWhatever material is used for the {asert, it has te be either
suf ficiently stiff or sufficiently thin to prevent its belng pushed
into the window cvavity by external hydrostatic pressure.

A T e e s S e i

N AT ST




ST LRI T Sl UGS S 2.

The problem of cracking on the i:terioi face of the window due to
buildup of tensile strain is more difficult to explain and to remedy.
Probably, this phenomenon 1s a result of the loading conditions, the
geometry of the window and the physical properties of acrylic plastic.
If the dome had been made from steel, the stress (effective von Mise's)
at the inner face would have been about 2.5 times higher than the stress
at the outer face. If the dome was overpressurized, the steel at the
inner face would yield. During depressurization, the plastically
deformed interior face would therefore not be able to expand as much as
required by the material at larger radii that had been deformed only
elastically. Releasing the pressure, therefore, generates tensile
stresse 3 in the interior face of the dome.

In the acrylic plastic dome the mechanism, although similar, is
complicated by the time, temperature, and stress-dependent properties of
the waterial. Because of the viscoelastic property of acrylic elastic
tensile stress may be generated on the inner face of the window during
depressurization cven though the hydrostatic loading was not of sufficient
magnitude to deform the material on the inner face permanently. Thus,
in the acrylic plastic, a sudden release of pressure is likely to cause
higher tensile stresses on the inner face than a slow release, as the
rate of relaxation for the inner face is slower than for the outer face
that is subjected to a viscoelastic strain of lesser magnritude. Also,
the duration of the sustained loading, the length of the relaxatiun,
and ambient temperature influence the magnitude of tensile stresses
during relaxation.

Deformations

Original Design Findings.

(1) The interior surface of the windows at the apex deformed
elastically up to at least 0.020 in./in. of compressive strain. Relaxa-
tion from this strain level was about 992 complete in 10 hours after
release of pressure.

(2) Polar strains {(interior surface at the apex) of ¢.0020 in./in.
magnitude were attained at about 6,250 psi of external pressure during
short-term loading (650 psi/minute rate). During long-term lcading.
this strain level was reached {n less than 1 hour at 5,000 psi, while
at 4,000 pai the same strain level was reached only after 262 hours. At
sustained hydrvostatic leading of 2,000 psi, this strain level weuld
definitely not be reached in less than 10,000 hours.

(3) Permanent deformation of the material at the bearing surface
of the window's fiange occurred even when no permanent deioemation
took place elsewhere. In all cases of permanent deformatien in the
flange, the deformation was such as to change the bearing surface (rom
a plane surface into a slightly conical suvrface having an imaginavy
apex 1+ {de the window vaviey. The enset of permanent deformat ion ol
this iype vas obseived in the window teaded at 2,000 pri of hydro-
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static pressure for 269 hours at 75°F. The deformation was very vlight,
being hardly measurable. On the other hand, in a window subjected to
hydrostatic loading of 8,000 psi for 312 hours, the bearing surface of
the window was deformed approximately 4 degrees (Figure 22).

(4) 1In the elastic strain region, the internal window surface of
the windows at the apex deformed uniformly with the same srtrains in all
directions. Comparing the measured strain in this area with the theoreti-
cal value for the interior face of & thick-wall hollow sphere (Lame's
equation with n = 0.4 and £ = 400,000 psi), the measured value was
found to be about 18% smaller than the theoretical (Figure 81). This
indicates that the effect of restraint imposed by the flange is almost
damped out in this area. The equatorial area of the window also
deformed uniformly in the circumferential direction. In the meridional
direction on the other hand, the strain changed substantially, reflecting
the effect of flange restraint, Moving from the apex towards the edge,
the meridional strains decreased; at the same time, the circumferential

‘strains increased. This behavior is probably due to the outward bending

movement at the edge caused by the rounded heel of the flange. The
Jeformed shape of the window is postulated to he as shown in Figure 82.

(5) Under extreme loading, the déformation of the window inevitably
would also become nonuniform at the apex and in the circumferential

" direction elsewhere. This was substantiated bv the formation of flat

‘'spots; and, unless the pressure was reduced, the window failed
catastrophically. 1If the pressure was wmaintained, the windows would
implode when the compressive strain on the interior surface at the apex
reached a magnitude of 0.080 to Q.10 in./in. The strains at the flat
spot were often ever higher, possibly more than double, as indicated by

the data from one test (Figur~ 31).

Modified Design Findings.
(1) The introduction of a thin neoprer> gasket between the wiriow

~and the steel led to a slight increase of strain on the dome of the

window (Figure 66).

(2) The replacement ¢ the rounded heel with a square heel in
window@led to a much more even distribution of neridional strafns on
the inside of the window. The meridional and the vircumferential strains
also became wore equal, particularly near the heel of the filange
(Figure 68).

{3) The total removal of the whole flange led to a r ~arkabls
change in the deformation of the window, Window( . now a (cue hemisphere
with no wall-thickaess variation, deformed quite evenly from the apex
to the aguater (Figure 83). The ratio of the highest to the lowest
compressive strain measured on the interfor tace of the window was now
1.3 (compared to 1.8 for the window with rectangular heel ui Lue Tiaag
and 12 for the oripinal geometry with weii~rounded heel).
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SUMMARY OF FINDINGS

The maximum safe working pressure of a hemispherical window with
equatorial flange is, as has been experimentally determined previcusly
for other window shapes, a function of short-term critical pressure,a
long-term critical pressure, and c¢yclic fatigue. For flanged hemispheres
with a t/Ry = 0.364, the short-term critical pressure at 75°F has been
found to be 14,500 psi long term critical pressure,b 6,000 psi; and
cyclic fatigue life,® 1,000 psi. No significant difference was found
in the performance of windows with Type 1 or Type VI flanges.

The primary effects of cyclic fatigue is in the form of circumfer-
ential cracks that develop on the bearing surface of the flange at

-approximately 1,000-psi cyclic pressure loading level. If stress dis-

continuities in the form of O-ring grooves on the bearing surface are
eliminated and the effect of shear loading on the bearing surface
ameliorated by use of neoprene bearing gaskets, the effects of cyclic
fatigue on the bearing surface can be eliminated at cyclic pressure
loadings £4,000 psi.

Raising the cyclic fatigue life threshold on the bearing surface
from 1,000 psi to 4,000 psi pressure does not, however, raise the over
all cyclic fatigue life of the flanged wiadow to 4,00 psi since now
the secondary effects of cyclic fatigue on other areas of the window
become the factor controlling the overall cyclic fatigue life.

The secondary effects of ryclic fatigue in the form of meridional
cracks become apparent on the concave face of the window at pressure
loadings >2,000 psi. These cracks are caused by teunsile strains found
on the concave face of the windov during relaxation phases of pressure
cycles. The magnitude of tensile strains in flanged windows are a
function of t/R, ratio a.d tt magnitud2 of compressive creep during
the loading phasSes of pressure cycles. Since the t/Rj ratio is a
peometrical and the mmgnitude of creep a physical constant, little can
be done to decrease their e.fect on the generation of tensile strains
on the concave face of the window during relaxation phases of pressure
cycles. Thus, the seco~dary effects of cycling fatigue in the form of
meridienal cracks on the concave face of the window become at 2,000-psi

loading. level the limiting factor on the iatigue lite o0i the flanged
hemispherical window. .

Short term critical pressuie — pressure at which catastrophic failure
of window occurs when pressurized at 650 psi/minute rate.

Long term oriticar pressure — sustained pressure at which catastrophic

failure of window octurs after uninterrupted sustained loading of 10%-
minute duratien.

-gﬁyclic fatigue life — cyeilcally applied pressure (7 heurs sustained

soading fulliwed by 17 hours of reluxation at 0 psi) that will faiciate

cracks {n the window after 1,000 pressure cycles,
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The ratio of 1:0.414:0.138 (14,500 psi:6,000 psi:2,000 psi) between
short~term critical pressure, long-term critical pressure and cyclic
fatigue pressure established experimentally in this study for flanged
hemispherical windows with t/R; = 0.364 seated on neoprene gaskets is
also applicable conservatively to similar windows with f7§1 < 0.364.

For flanged hemispherical windows with t/Ry > 0.364 the above ratio
probably applies also, but not on the conservative side.

CONCLUSIONS

Flanges on acrylic plastic windows of hemispherical shape do not
affect significantly their short—-term critical pressure; however, they
seriously decrease their static and cyclic fatigue life. When such
windows with t/R; = 0.364 are mounted on ghin neoprene bearing gaskets,
they can be subjected safely in the 65-75 F temperature range to a maxi-
mum working pressure of 2,000 psi, which is approximately equal to
one-seventh of the window's short-term critical pressure.

RECOMMENDATIONS
To manximize the cyclic and static fatigue life of flanged hemispher-

ical windows, the following precautions must be taken in their design,
fabrication, and installation.

]
i
|

Design

Since the cyclic fatigue life of a flanged window is primarily
determined by the appearance of cracks on the bearing surface of the
flange, special attention must be paid to the design of the flange. To
decrease the magnitude of bending movements in the flange, the instep
of the flange must have a generous radius while the heel must approach
the shape of a square edge. No discontinuities like O-ring grooves can
be tolerated on the bearing surface of the flange as they tend to act
as crack initiators. The wmaximum working pressures at which aceylic
hemispherical windows with Type 1 ur Type VI flanges can probably be
safely operated ave shown in Tsble 6.

Fabrication

Appearance of cracks in the bearing surfave of the flange can be
delayed significantly by following up the machining process with polish-
ing. after pelisbing, the whole window must be annealed, preferably at
1757F for 22 hours.

26
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Table 6, Maximum Recommended Working Pressures for Hem! -pherical
Windows With Type I and Type VI Equatorial Flanges

-
Temperature 2
Ranges Maximum Working Pressures
°F)
£50 0.167 x short-term critical pressure
<75 0.143 x shorc-term critical pressure
<100 0.111 x short~term critical pressure
<125 0.091 x short-term critical pressure
<150 0.059 x short-term critical pressure

aShort—term critical pressure is established by
pressurizing the window at 650 psi/minute rate
and 75°F ambient environment until explosive
implosion of the window takes place.

Installation

The surface of the steel seat in the pressure vessel must have at
least a 63 rms, and preferably 32 rms finish. A thin neoprene-ccated
nylon gasket (Fairprene 5722A or equal) must be bonded with polyvinyl
resin glue (Pliobond or equal) to the bearing surface of the window
flange. The steel seat must be liberally coated with silicone grease
(Dow Corning No. 4) prior to placement of the gasketed window. Although
the bearing gasket serves adequately as a seal, an O-ring is placed
around the circumference of the flange to act as a secondary seal
(Figure 84)., A retaining ring placed around the flange is dimensioned
to compress simultaneously both the window flange and the O-ring seal.
The bolts holding down the retaining ring must be of adequate size and
tensile strength to retain the window against accidental internal
pressurization of the hemispherical window to 0.05 times short-tern
critical pressure.
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Figure 1. Typical techniques for thermoforming flanged hemispherical
windows of acrylic plastic.
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Figure 3. Type VI flanged hemispheres used as test specimens in the

experimental test program,
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Figure 8. Retaining ring for Type VI window testing in 18-inch-diamecter
pressure vessel; window V arter 42 hours at 11,800-psi sus-

tained hydrostatic loading.
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sl Test temperature: 65-75%
Rate of pressurization: 650 psi/min
Average of six windows: Type [ and Vi
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Figure 10. Linearity of strains in flanged windows during short-term
pressurization in the O to 4,000 psi range.
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Figure 11. Distribution of circumferential strains on the interfer face
of Type 1 and Type VI windows during short-term pressurization
fn the 0 to 4,000 psi range: the strain plotted has been
normalfzed to show magnitude of strain per unit of pressure

in linear range.
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Figure 12. Distribution of meridional straims on the interior face of
Type I and Type VI windows during short-term pressurization
in the 0 to 4,000 psi range; the strain plotted has been
normalized to show magnitude of strain pe. unit pressure
in linear range.
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Figure 13.

Distribution of strains on the interior face of Type I and

Type VI windows at the conclusion of shori-term pressuriza-
tion to 2,000 psi.
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Figure 14. Distribution of strains on the interior face of Type 1 window J
at 5.000 and 10,000 psi pressure levels during short-term
pressurization; note the nonlinearity in strain increases
at Jdifferent locatiomns.
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Figure 15, Magnitude of nenlinearity in strains measured on the interior
fage of Type 1 window J during short-term pressurization at
74°F to 10,000 psi.
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Figure 18. Window H, Type I after 153 hours of sustained pressure loadiug
at 8,000 psi; note the separation of flange.
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Figure 20. Window R, Type VI after 30 minutes of sustained pressure Ny
' .- loading at 12.000 psi; note the extensive lamination and ;

partial separation of flange.
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Figure 21, Same window s Figure 205 pote the partial separation of (lange
and targe scale plasi ie deformat fon afdvay betwecn the 1lange
and apexr that Yoo to cthe plastic fnstabilicy faflure of the
window,
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Figure 22,

Figure 23.

Window U, Type VI after 312 hours of sustained pressurc loading

at 8,000 psi; note that (a) the flang~ has separated even
though the window did not implod: yet and (b) the bearing

surface on the window has deformed plautically giving it the

appearance of a very shallow cone.

Same window as in Figure 22; note that the separated flanmye .
reaaing intact indicating that (a) the circamferontial cracks
initiate sooner and propagate faster than vadial cracks and

(b) the separation occyrs before exiensive plastic doforma-
tions accur. ' )
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Figure 24. Window J, Type VI after 3 hours of sustained pressure loading
at 10,000 psi; note the extensive lamination of the dome at
the apex. ;

49




TR R R SR

T,
PRSI BZAOS

Figure

| sharp edge on the

#%2 deformed heel
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crack
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teep Pragrment
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S
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9. Sawme wlndow as fn Figure 20 note the presence of vircusfer-
entfal cracks in tae heaving surface of the §lange and the
plastivc transforsation ot the round-sd heel futo a sharp edge
and the Yillet oa the fastep into a sharp corner.



Figure f&{, Window ¥, after 15 hours of sustained pressure loading at
: B DD puls aote the increase in wall thickuess of the window
neat the {lanpe due to plastic flow of acrvlic under biaxial

oompcession. R
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Figure 28. Extensive crazing and minor cracking on the bearing surface of
Type VI window R after 262 hours of sustained pressure loading

at 4,000 psi.

Figure 29. Extensfve crazing and a major circumferential crack on the
bearing surface of Type VI window Q after 139 hours of sustained

pressure loading at 7,000 psi.
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Figure 30. Same window as in Figure 29; note tha* the . ircunferential
crack has completely penetrated the flange and th flange
remains artached to the body of the window only at one p ace.
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Figure 31. Change in magnitude and distribution of strains with duration

ofosustain&d pressure loading at 10,000 psi; window J, Type 13
75°F,
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[N E
(apex) (edge!

Change in magnitude and distribution of straius with duration
of sustained pressure loading at 8,000 psi; window H, Type I3

75°%F.
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ofF pregsure under Sustaineqd loading.
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Figure 35. Total strain as a function of loading duration under 7,000
psi pressure; window Q, Type VI.
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Figure 3o, Typical nonlinearity in window deformat fon under short-term
pressure loading.

4

N
1
A

59

:
‘i
}%




® Type VI windows
O Type | windows
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Figure 37. Time-dependent strain (creep) as a function of sustained
pressure loading.
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Figure 38. Typical plastic deformation of Type 1 windows, subjected to
long-ternm pressure loading of sufficient magnitude to cause
imploding; windows J and H, Type 1.
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crack originating from O-ring groove

ty pai half-moon
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Figurv 39.

Figure 40,

cracks

Typical cyclic fatigue cracks on the flange baaring surface;
window AA, Type VI after 22 standard pressure cycles to
6,000 psi. Note that major crack originates at O-ring groove.

Same window as in Figure 397 nete the shape of the typical
vyelie fatigue crack in the bearving surface on the flange.
Similar cra- ks were observed in beaving surfaces of aerylic
windows subjoected to eyelic pressure loading in other studies

2,8,10}.  This peculiar shape ix probably caused by expansion
of grease or water tvapped In the erack during relaxat fon phases
of pressure cyeling,
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Same window as in Figure 39; note that the circumferential
crazing on the bearing surface of the flange aopears primarily
near the heel of the flange and not the O-ring 3roove,

LR oeghignng trom
Lrrumgd ghoane

Figure 82, Typical cvelic fatd aoe}
windew T, Type ! affer ¥ standard presgure cveles o J 0
psi. Notc thal the ek originates al G-rigg groove.
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Figure 43. Cracks found in windows AA and 1.

crack

Typlcal cyelic farigue cracks on the flange beariag surface;
window K, Tvpe § after one standard pressare eyvele te 8,000
pui.  Note major civeumferentinl crack between the heel of
the tlange and the U=rim uroove,
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Figure 45. Same window as in Figure 44; note how the circumferential
crack has penetrated the whole thickness of the flange.
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Figure 4b. Typical evelic fatfgue cracks on the lange bearing surface;
window B, Type VI after two standard pressare cveles to
8.000 pst. Nete many circumferential cracks between heel
of the flange and O-ring groove.
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Figure 47.

Figure 48,

Same window as in Figures 39, 40, and 41; note that cyclic
fatigue cracks on the flange bearing surface originating not
at the O-ring groove have a characteristic mushroom shape.

 Yypical Mudhroom Cracks Otiginating
in the Seat of the Window

Two characteristic forms of window fracturing.
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Typical cyclic fatigue meridional cracks on the interior face
of window M, Type 1 window after 22 standard pressure cycles
to 6,000 psi; note that the meridional cracks do not penetrate
through the whole thickness of the window or flange.
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Figuve 50. Same window as {o Figure 49 note the presence of extensive
erazing sod small civcumforential eracks on e beaviong sutface
of the flaage that appeaved prior to the weeidienal veavks,




Figure 51, Typical cyclic fatigue meridional cracks on the interior face
of window E, Type 1 (modified) after one standard pressure
cycle to 8,000 psi; note that the cracks do not penetrate
through the whole thickness of the window. *

i - sescBiatchotnd 8 brpsini e

Figure 52. Same window ax {n Figure 51; note the wide srack between
surfaces and that the width of the erack i% widest on the
interior fave of the window fndicating vhat the crack eoiginag-
ted on the foterior fave and subxequently dropagated eulbvard
toward exterfor Yace. : '
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projection of cracks on
to spherival surface
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All cracks change orientation
from radial to tangential and
form 0.02-0.03-in. steps as
shown,

Radial Cracks in all cracks surface here

Window(®)

Figure 53. Cracking in Window®.

ceack

Figure 54. Typical eveliv fatigue clircusferential cracks on the bearing
surfaces of Tepe T flanges that cause the window te teak
after a few pressure cveles; window K, Type 1 after one

standard pressutre evele to 8,000 pxi,
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fage sevty from mide

Typical cyclic fatigue circumferential cracks on the bearing
surfaces of Type VI flanges that cause the window to leak
after a few pressure cycles; window BB, Type VI after two
standard pressure cycles to 8,000 psi.

| 1 1 1 i I B !

10— -4 -
£ 3
%
o/_ & arcumicrential \i\
o}~ = -+ -
]

R ‘x T A‘ ™
* o R -
£
c
Y - [ . e
e
3
i’z sl ] —+ . e
% o Cyule 1. 749K wnt temperature

. \g_ 4 H— 2 Cycle 0. TP o remperature .
§ i 4 Caage Luvata -
e ]

ﬁ i endtonal
3 = b ol ey
fem "N o
[}
LAy |11 N
A C : ¥ 8 " 1
todged Lapen) tedge
Coagy Locatymy

Figure 56. Distribution of compressive strains on the interior tace of
Type 1 windows at the end of 7-hour sustained pressure load- i
fng phase at 2,000 psi in a2 standavd pressure ¢vele, window 1.
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Figure 57. Distvibution of residual tensile strains on the interior fave
of Tvpe 1 window at the end of 17-hour-long relaxation phases
at 0 psi in standard pressure cyeles to 2,000 psi, wirvdow I,
All residual strains are measured from the strain level prior
to first pressute vveloeg 70-75"F.
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Figure 59,

Pressure Cycle
Rate of increase for residual tensile strains on interior
face of Type VI window at the end of 17-hour-long relaxation
phases at 0 psi in standard pressure cycles to 5,000 psi,
window X. All residual strains are measured from the strain
level prior to first pressure cycle; 68-73°F.
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Figure 60, Rate of increvare for residual
tensile strains on {nterfor face of
Type | window at the end of 17-hour-
fong relaxat fon phases at 0 psi in
standard pressure cyeles to 6,000 pxi,
window M. All tonsile strains are
seasured from the strain level prior

to flest pressure eyele.
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Figure 61. Window Z, Type VI after two standard pressure cycles to
8,000 psi on a neoprene-coated nylon cloth gasket; note the
absence of major cracks, also compare to window BB, Type VI
. (Figures 46 and 55) that was tested under identical cyelic
. conditions but without a gasket.

Figure 62. Same window as in Figure 61; note that ounly minor crazing
is cresent on the bearing surface Indfcating the beneficial
efi1ect of the gasket.
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Window Z, Type VI after two standard pressure cycles to 8,000

psi on a neoprene-coated nylon cloth gasket and 200 hours
of relaxation at 0O pressure. Note the absence of crazing
at the termination of second pressure cvcle (Figure 62).
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Figute 64,

Distribution of strain {e windew 2, Type VI when pressure
eveled to 8,000 psi on a acopreswe=coated ayion ¢loth gasket.
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Figure 65. Cuts in neoprene-coated nylon cloth gasket by window 7, Type
V1, subjected te two standard pressure cycles at 8,000 psi.
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Figure 66. Comparison of short«tera strain distributions for the sasc
window Y, Type VI pressuriged to 2,000 psi with and without
a peoprene—coited avion cloth bearing gasket.
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Figure 67. Shaded area rachined off and replaced
with a bonded-in-place acrylic disc.
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Comparison of striias in Type 1 windows with rounded and

sharp heels after 7 howis of sustained pressurization to

2,000 psi; windous 1 and (®

v respectively.

BT, L




X
x(./ A

A

{

Gage Locations

0.6

0.4 Location £ 4 -

02 /://

1 2 3 4 5 6 7 8 9 10
Cycles
[
- —
0.6 /
-

=60 in/in. x I0'3/cyclc

Location C -
[ g

Tensile Strain (in.fin. x 10°3)

04—
<@
0.2 1
[
1 2 3 4 5 6 7 8 9 10
Cycles
>50in./in, x 10'3/cycle
0.6 —
(
Location A O/
04 —
[ ]
02 ' -
| ! e 1 | |
K 5 é ? 8 9 10

Cyeles

Figure 69. Rate of increase for residual tensile circumferential strains
on the interior face of w1’.ndow® « Type T with sharp heel at
the end of l7-hour-long relaxation phases at 0 psi in standard
pressure cycles to 2,000 psi.
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Figure 70. Sharp edge on the heel of modified Type I, window(ﬁ)after
one standard pressure cycle to 8,000 psi; note the absence
of deformation,

" .
47 OcoanEng.Div,

Figure 71. Type VI window prior to and after removal of flange bv machining.
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Machining of window I to remove flange.
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Test temperature: 70-7290,
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Figure 73.

Distribution of strains on the interior face of flangeless

hemispherical window T during sustained loading phases of
pressure cycling to 2,000 psi; note that the strains on
the Interior fuace between the edge and apex are more uniform
than in Type 1 and Type VI windows (Figures 56 and 66).
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Figure 74. Flangelc.s window I after two standard pressure cycles to
8,000 psi without a bearing gasket.

Same window as in Figure 74; note absence of cracks and only
very minor crazing on the bearing surtace.

Figure 75.
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Seat deformation in window I
after testing to 8,000 psi.

1+ -ad)
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kg

Y, = 18,000 psi

P is the pressure at which com-
plete plasticity of the wall
oveurs, assuming the
simplified stress:
strain diagram.
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1+ (UR;)

/

/ @ actual point —=

/
/

@ NUC TP310 test of flangeless window with
sharp seat corner (single window, 70%)
held at 20,000 psi tor 1 he without implo-
sion.

[&] Present test of flanged windows with

rounded seat corner (average of five,
70-75°F),

L NCEL R631 test of flangeless wind‘u\v —
with shurp seat comner Gaverage of five,
69-70F),

@® NUC TP3SS, test of flanged windows with
sharp seat corner (average of three,
73.75%F).

| l

Figure 77.

0.8 0.75 1.0
UR,

Comparison of actual and caiculated critical pressures for
hemispherical windows under short-term hydrostatic loading.
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Lame's equation for hollow spheres:
& AR 1-w 1.5 l B=0.4
[ 4 R‘P [ 1- ll/(l + ‘/Rl)ls F.=400.000 psi
€, = tangential strain on interior face, P = external pressure,
R; = internal radius, AR, = radial displacement on inierior face
15— . —
5] &/P measured at apex of Type | and VI windows
in 68-75°F temperature range (average of 18
tests).
B ARy/R; measured at apex of window W at 7°°F,
& /P measured at apex of windows without a flange:
NUC TP410 (average of nine tests in 70-75%F
w temperature range).
2 ® ® ARY/R; measured at apex of windows without
: & flange: NCEL R-631 (average of five tests at
N 0YF temperature),
£
g AR; of apex
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Figure 81,

Compatison of measured and caleulated strafns in linear range
at the apex of bemispherical vindows with diftferent t/R
riatios when subjected to short-term external hydrostatic

load {ng,
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unloaded shape

distorted shape
during loading

Figure 82, Reconstruction of
Type I window deformation
in the elastic range when
subjected to external short-
term hydrostatic loading.

high bearing pressure
vauses yielding .\
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Appendix
DETATLED DATA

Although the body of the report presents summaries of strain distri-
butions in Type 1 and Type VI windows under different kinds of hydrostatic
loadings, there often is a need for detailed knowledge of strains at each
strain gage location. To satisfy this requirement, detailed plots of
strains are shown for representative windows of Type I and Type VI.

Figures 85 and 86 afford a direct comparison between strains on the
same window subjected to short-term loading with and without a neoprene
bearing gasket. Figures 87 and 88 allow a comparison, on the other hand,
between strains on Type I and Type VI windows under short-term loading.

Figures 89 and 90 permit a comparison of creep strains on Type 1
and Type V1 windows under the same sustained loading condition, that is,
10,000 psi. The effect of sustained loading magnitude on the rate of
creep and subsequent relaxation in Type VI window can be observed by
comparing Figures 91, 92, 93, and 94.

Figure 85 presents graphically the strain history of the concave
surface at the apex for a Type VI window during sustuined loading at
4,000 psi and subsequent relaxation.
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Figure 95. Window R, Type VI during a sustained pressvre loading and
the subsequent relaxation; strain on the ianterior face at
the apex.
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Def s ition of Technical ferms

short-term loading

short-te . critical pressure
(SICP)

long-term or static loading

cyclic loading

strain

creep

relaxation

hoop orientation of strains
or stresses

meridional orientation of
strains or stresses

total strain

short-tera strain

radial displacenent

noraalized strain

increasing the hydrostatic pressure at
650 psi/minute rate

pressure 2: which catastrophic failure
of the window occurs when subjected to
short-term hydrostatic loading at 75°F
(24°c) ambient temperature

pressurizing the window to a specified
pressure at 650 psi/minute rate and
malntaining that pressure for specitied
number of hours

pressurizing the window repeatedly to
a specified pressure at 650 psi/minute
rate, maintaining this pressure for

a specified number of hours, depres-
surizing at 650 psi per minute to 0
vsi and allowing the window to relax
for a specified number of hours before
repeating the procedure

unit deformation, in./fin., of original
length

time dependent doformation of material
ueder sustained loading of constant
magnitude; in./in. of original lemgth

time dependent restoration of material
to its original dimensiens under absence

© of external loading: in./in. eof original

length-

directinn parallel to the edge of
spherical sector window '

direction at right angle te the hoop
direction; meridional lines pass
through the apex

total deformation of material, ineludes

hoth the short term and creep vomponents

of straing in./in. of oviginal Jength

deformat ion of wai. rial under short-

" term loading; in./in. of original length
"ﬂdisplaceueut of the Interior surface

at the apex towards the center of
turvature for the heamisphere

strain per unit increase of pressure
under short-ters loading; in./in./psi
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OFFICE OF NAVAL RESEARCH CDR Harlett, Buston MA

ONR Cide 484, Arhngton VA IX. A, Laufer, Pavdena CA

PLASTICS TECH EVAL CTR MCATINNY ARSENAL A. Anastone, Dover NJ

PMTC Pat. Counset, Point Mugu CA

PWC ENS LLE. Surash. Pearl Harbor HI, ACE Uffice (LTJG 84 (xcmx.um Codde 1200 (A, Adums), ENSJLA.
Squatrito, San Francisce Bay, Oukland CA

SUBASE NEW LONDON LTIG D. W, BPeck Groton CT

USCG MMY-4, v hingeon I

USCG ACADEMY LT N. Stramond. New Londor CF

USCG R&D CENTER CQ. D, Matherway, Groton CT, Tech. Dir.

USNA Ch. Mech, Fagr. Dept. Sys. Engs Dept tIx. Moancy ). Annapolis MD

CALIFORNIA INSTITUTE OF TECHNOLOGY PASADENA, CA (SCOTT)

CALIFORNIA STATE UNIVERSITY LONG BEACH, CA (CHELAPATD

CITY OF CERRITOS Cerritos CA (). Adams}

- COLORADO STATE UNIV., FOOTHILL CAMPUS Engr Sci. Braach, Lib., Fort Collins (O
T CORNELL UNIVERSITY fthaco NY (Seriab Depl, Engr Lib. )

DAMES & MOORE LIBRARY LUS ANGELES, CA

FLORIDA ATLANTIC UNIVERSITY BOCA RATON. FL MU ALLISTER), Boca Raten FL (Geean Engr Dept..
Lin)

FLORIDA ATLANTIC UNIVERSITY Bova Raton FLAW, Tewird

GEORGIA INSTITUTE OF TECHNOL OGY  Athanta GA tSchoal of Civil Engr.. Kaba}, Atlants GA (B. Masanti)

AINSTITUTE OF MARINE STIENCES Morenead City NC tDarectors

TOWA STATE UNIVERSITY Ames 1A (CE IXp. Hamly)

LEHIGH UNIVERSITY BETHLEHEM. PAIMARINE GEOTECHNICAL LAR.. RICHARDS). Sothlchom PA
tFnte Bagr. Lab No, 13, Hoodie). Bethichoem PA (Linderman Lib. No, MW, Fischaoune)

LIBRARY OF CONGRESS WASHINGTON, DC(SCIENCES & TECH DW)

MAINE MARITIME ACADEMY CASTINE, ME (LIBRARY) -

MASSACHUSETTS INST. OF TECHNOLOGY Cambeidge MA 1Hm W&" Fech, Reposts, Bagr. Lio.), Cambesdge
MA (Rm 13 E210, Tech. Repvt Lih ). Camividge MA (Wiiiman)

MICKIGAN TECHNOLOGICAL UNIVERSITY HOUGHTON, MEIHAAS)

MIT Cambrntge, MA (Harleman

NATL ACADEMY OF ENG. ALEXANDRIA. VA (SEARLE, )R

OREGON STATE UNIVERSITY CORVALLIS, ORICE BEPT. BELLL Corvalis OR (Schood of Occanographyh. L1
R.B. Steuncr. NROTC Usit, Concallo OR ‘

W!\NW&VAN'IA STATE UNIVERSITY STATE COLLEGE. A (SNYDER). UNIVERSITY PARK, PA
{GOTOLSKL)

i tt‘t)lrb UNIVERSITY LAFAVETTE. IN (ALTSCHAEFFL). LAh\YEﬂk IN (CF: L), Latayctie IN
hoomardsg

RUTGERS UNIVERSITY New Brusorick NH IO & Eaviroa Fagt t)cu du Bouchet)

SAN INEGO STATE UNIV. Iy, Krishizstwunthy, Sas Ihego CA

SCRIBES INSTITUTE OF OUEANOGRAPHY LA JOLLA. CA(ADAMS) San Dicgo. CA Ol Py, Labk Sescad

STANFORD UNIVERSITY STANFORD, CA (DOUGLAS)

TEXAS AKM UNIVERSITY COLLEGE STATION, TX (CE DEPT), Colloge TX iCE Depd., Hotbich

BONNEVILLE POWER ADMIN Lon Adgctcn CA tHarcoch Db, of Bio. & Occany

UNIVERSITY OF CALIFORNIA BERKELEY. UA (CE BEPE. MIYCHELLL BERRELEY. CAWOFE. BUS. AND
FINANCE. SAUNDERSL BAVIS, CACE DEPT. TAYLOR). SAN INEGO. CA, LA JOLLA. CA SEROURD

UNIVERSITY OF DELAWARE Newark. DE (ixgt of Uil Esigapcctving. Chevvody

UNIVERSITY GF HAWAN HONOLULU. WHSCIENCE AND TECH_ DIV )
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UNIVERSITY OF ILLINOIS URBANA, IL (LIBRARY)

UNIVERSITY OF MASSACHUSETTS (Heronemus), Amherst MA CE Dept

UNIVERSITY OF MICHIGAN Ann Arbor MI (Richart)

UNIVERSITY OF NEBRASKA-LINCOLN LINCOLN, NE (SPLETTSTOESSER)

UNIVERSITY OF NEW HAMPSHIRE DURHAM, NH (LAVOIE)

UNIVERSITY OF PENNSYLVANIA PHILADELPHIA, PA (SCHOOL OF ENGR & APPLIED SCIENCE, ROLL)

UNIVERSITY OF RHODE ISLAND KINGSTON, Rl (PAZIS)

UNIVERSITY OF TEXAS Inst. Marina Sci (Library), Port Aransas TX

UNIVERSITY OF WASHINGTON SEATTLE, WA (APPLIED PHYSICS LAB), SEATTLE, WA (OCEAN ENG
RSCH LAB. GRAY), SEATTLE, WA (PACIFIC MARINE ENVIRON. LAB., HALPERN)

US DEPT OF COMMERCE NOAA, Marine & Earth Sciences Lib.. Rockville MD

UNIVERSITY OF CALIFORNIA Berkeley CA (E. Pearson), La Jolla C/ (Acq. Dept, Lib. C-075A)

UNIVERSITY OF ILLINOIS Honolulu HI (Dr. Szilard)

UNIVERSITY OF RHODE ISLAND Narragansett RI (Pell Marine Sci. Lib.)

US GEOLOGICAL SURVEY Off, Marine Geology, Mailstop 915, Reston VA

AEROSPACE CORP. Acquisition Group, Los Angeles CA

ARCAIR CO. D. Young, Lancaster OH

ARVID GRANT OLYMPIA, WA

ATLANTIC RICHFIELD CO. DALLAS, TX (SMITH)

AUSTRALIA Dept. PW (A. Hicks), Melbourne

BECHTEL CORP. SAN FRANCISCO, CA (PHELPS)

BELGIUM NAECON. N.V_, GEN.

BETHLEHEM STEEL CO. BETHLEHEM, PA (STEELE)

BROWN & ROOT Houston TX (D. Ward)

CANADA Can-Dive Services (English) North Vancouver, Lockheed Petrol. Srv. Lid., New Westminster BC, Mem
Univ Newfoundland (Chari), St Johns, Surveyor, Nenninger & Chenevert Inc..

CHEVRON OIL FIELD RESEARCH CO. LA HABRA. CA (BROOKS)

COLUMBIA GULF TRANSMISSION CO. HOUSTON, TX (ENG. LIB.)

DILINGHAM PRECAST F. McHale, Honolulu HI

DRAVO CORP Pittsburgh PA (Giannino)

NORWAY DET NORSKE VERITAS (Library), Oslo

ESSO PRODUCTION RESEARCH CORP. HOUSTON, TX (RUNGE)

EVALUATION ASSOC. INC KING OF PRUSSIA, PA (FEDELE)

FRANCE P. Jensen, Boulogne, Pierre Launay, Boulogne-Billancourt, Roger LaCraix, Paris

GLOBAL MARINE DEVELOPMENT NEWPORT BEACH, CA (HOLLETT)

GOULD INC. Shudy Side MD (Ches, Inst. Div., W. Paul)

GRUMMAN AEROSPACE CORP. Bethpage NY (Tech. Info. Ctr)

ITALY M. Caironi. Milan, Sergio Tattoni Milano

LAMONT-DOHERTY GEQLOGICAL OBSERV. Palisades NY (McCoy), Palisades NY (Selwyn)

LOCKHEED MISSILES & SPACE CO. INC. SUNNYVALE, CA (PHILLIPS)

MARATHON O1L CO Houston TX (C. Seay)

MARINE CONCRETE STRUCTURES INC. MEFAIRIE. LA (INGRAHAM)

NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News VA (Tech. Lib.)

NORWAY A. Torum, Trondheim, DET NORSKE VERITAS (Roren} Oslo, 3. Creed. Ski, J.D. Holat, Oslo,
Norwegian Tech Univ (Rrandtzieg), Trondheim

OCEAN DATA SYSTEMS, INC, SAN DIEGQ, CA (SNODGRASS)

OCEAN ENGINEERS SAUSALITO. CA (RYNECKD

OCEAN RESOURCE ENG. INC. HOUSTON, TX (ANDERSON)

OFFSHORE DEVELOPMENT ENG. INC. BERKELEY, CA, Berkeley CA

PORTLAND CEMENT ASSOC. Skokie IL (Rsch & Dev Lab, Lib.)

PRESCON CORP TOWSON, MD(KELLER)

PUERTO RICO Puerto Rico (Rsch Lib.), Mayuquez PR

RAND CORP. Santa Monica CA (A, Laupa)

SANDIA LABORATORIES Library Div,, Livermore CA

SCHUPACK ASSOC SO. NORWALK. CT(SCHUPACK)

SEATECH CORP. MIAMI, FL (PEROND

SHELL DEVELOPMENT CO. Houston TX (E. Doyle)

SHELL OIL. CO. HOUSTON, TX (MARSHALL), Houstan TX (R. de Castongreae)

SWEDEN VBB (Library). Stockholm
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TIDEWATER CONSTR. CO Nuortolk VA (Fowler)

TRW SYSTEMS CLEVELAND. OH (ENG. 1 1B.), REDONDO BEACH. CA (DAY

UNITED KINGDOM D. New, G. Muunsell & Partners, London, Shaw & Hatton (F. Haosen), London. Taylor,
Woudrow Constr (014P), Southall, Middlesex. Taylor. Woadrow Constr (Stubbs), Southall, Middiesex. Univ. of
Bristol (R. Morgun), Bristol

UNITED TECHNOLOGIES Windsor Locks CT (Hamilton Std Div., Library)

WESTINGHOUSE ELECTRIC CORP, Annapolis MD (Oceanic Div Lib, Bryam)

WM CLAPP LABS - BATTELLE DUXBURY, MA (L.IBRARY), DUXBURY, MA (RICHARDS)
GREG PAGE EUGENE, OR
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