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Koniuni enuboroeooni imominamopu (KI) 3 opeckna wupoxo euxo-
pucmosyiomocsa 6 nideooniu mexuiyi. I3-3a cnewuixu enacmusocmeii
opeckna, ymoe excnayamauii i Ckaa0H0z20 Hanpyceno-oedopmosanozo
cmany (H/C) KIT saxcxo ouyinumu ix pecypc pobomu i eubpamu onmu-
Manvhi 2eomempuuni xapakmepucmuxu. Buxonano excnepumenmu ma
yuceavti pospaxynxu H/C KT 3 opeckna npu pisnux piensx 2iopocma-
MUUHO20 MUCKY 0N PO3POOKU MEMOOUKU ONMUMALLHOZ0 NPOCKMYEAHH
KT 3 ypaxyeannuam ymoe excnayamauii. KI'l 3 opeckna nioasanuco énnu-
6y mpueanozo (00 7 0i6) i yuxaiunozo (0o 2000 yuxnis) ziopocmamuunozo
mucxky 40, 60, 70 i 80 Mlla.

3a 00noM02010 damuukie nepemiuer nepioouHo euU3HAUAIUCS Oeop-
mauii KT'T ne menwe nisc 6 20 excnepumenmanviux mouxax. Ompumano
excnepumenmanvii anexcrnocmi nepemiuierv KI'l npu mpusanomy i yuraiu-
HOMY 6NJIUGI 2i0POCMAMUMHO20 MUCKY. 34 MeMO0OM HANPYIHCEHO-1ACOB0i
ananozii 30iicnenuii npozio3s oepopmamuenocmi KI'T na 10 poxie.

Buxonano npoeio3 3HudicenHs MEXaAHIMHUX GACMUBOCMEl OpecKaa 3a
MemoouKo0 nPUCKOPeH020 menjioeozo cmapinns npu memnepamypax 40,
70 i 100 °C. Busnaueno eumozu 0o epanuunux oepopmauii ¢ KI'l. Ha octo-
61 00C1i0NCeHb MENI0B020 CMAPIHHA Op2aniun020 ckaa, eunpodysans KI'T
nio dieto 2i0pocmamu1020 MUCKY BUKOHAHA KOMNIICKCHA OUIHKA IX npaye3-
damnocmi 6 ymosax excnayamauii na 10-piunuii nepioo.

Buxonana cepis pospaxynxie KI'l npu xymax xonycrnocmi 60—150° i 6io-
Hochux mosuunax 0,35-0,60 3a 0onomozor0 memooy ckinvenux enemen-
mie. Ompumani po3paxynxu 36i2aromocs 3 pesyiomamamu excnepumenmie,
wo ceiduumos npo adexeamuicmo npuiinamoi pospaxynxoeoi cxemu KIT —
0e3610pUGHOMY K0B3AHHI C6IMIIONPO30PO20 eNeMEHMA 3 MEPMAM RO ONOPHiL
noeepxHi xopnycy imominamopa. Iloxazano, wo 36invuwenns Kyma KoHyc-
nocmi 3amenuye npoeun KI'l, a exeieanenmmui Hanpyicenns MiHiMaroHi npu
xkymax xonycuocmu 75—105°. Cunmes pospaxynxie HJIC memodom cxinue-
HUX eJleMeHni6 Y CYKYNHOCMI 3 NPOZHO30M HA OCHOBI HEMPUBAIUX BUNPOOY-
eamv 0o3eonse sudbpamu onmumanvii eeomempuuni xapaxmepucmuxu KI'T
6 3anescHocmi 6i0 ymoe excnayamauii

Kntouoei crosa: enuboxosooni inominamopu, menyoge cmapinns, opea-
HiuHe CKIL0 2i0poCmamuMHuil muck, npozHo3 6J1acmueocmeii, pecypc pobomu
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Using biological and mineral resources of the World
ocean at the modern stage of the civilization development is
becoming an objective necessity, therefore, technical means
for studying and mastering its depths have gained accelera-
ted development. This implies the improvement of individual
structural elements of underwater vehicles, which are used to
work on the shelf (depths up to 200 m), continental slope (up
to 1,800 m) and the ocean floor — abyssal plains with depths
up to 7,000 m.

In studies of the ocean depths, the use of devices equipped
with underwater video cameras is considered the most effec-
tive and least risky. The main elements of underwater optical
systems are deep-sea portholes, in the design of which it is
necessary to ensure the strength of translucent elements
under the conditions of long-term and cyclic loads of hydro-
static pressure.

Acrylic, due to its high strength and large elastic defor-
mation, is widely used for the manufacture of translucent
porthole elements. The mechanical properties of acrylic, like
most polymers, greatly diminish over time under the action

of the atmosphere, moisture, and ultraviolet radiation. Their
influence extends primarily to the surface layers of the mate-
rial, which causes a decrease in the molecular weight of the
polymer, a decrease in toughness and critical strain under
tension. The application of protective films on the optical
surfaces of portholes almost completely eliminates the nega-
tive impact of external influences.

At the same time, the temperature influence extends
over the entire volume of the material and leads to its «<heat
aging». Since the process of heat destruction of polymers is
rather long, the problem of predicting the service life of deep-
sea portholes, taking into account heat aging and deforma-
tion under the hydrostatic pressure action is quite relevant.

The operating conditions of underwater equipment in
most cases involve multiple diving-ascents, which are cyclic
effects of hydrostatic pressure. As a result of such an impact,
a nonhomogeneous stress state arises in the porthole, which
leads to the appearance of elastic, viscoelastic, and plastic
deformations. When unloading in the porthole there is a re-
laxation of stresses and strains. While partially or complete-
ly (depending on the stress magnitude), the shape of trans-
lucent elements is restored. The stress field in the porthole



is not uniform and it is extremely difficult to predict its
fatigue life. Therefore, in accordance with the recommenda-
tions of [1], the workload for long-term operation of port-
holes is assigned 4—12 times less than the failure hydrostatic
pressure during short-term exposure.

When designing conical acrylic portholes, it is necessary
to take into account their mass and dimensional characte-
ristics, which directly affect the operational performance of
underwater technical equipment. Reducing the weight of the
portholes allows you to place additional equipment in the
underwater vehicle, which increases its capabilities during
research. Therefore, the problems of rational choice of port-
hole shape and the appointment of a reasonable operating life
are relevant and of practical interest.

2. Literature review and problem statement

The author of [1] performed lengthy tests of more than
200 full-scale portholes of various shapes, on the basis of which
recommendations for their design were developed. However,
such tests were found to be very expensive, which did not al-
low accumulating a sufficient amount of statistical data.

The work [2] summarized information about the struc-
tural types of underwater acrylic portholes, however, algo-
rithms for choosing their optimal shape depending on ope-
rating conditions were not proposed.

Most commonly, in the designs of underwater technical
means, deep-sea portholes in the form of a truncated cone
made of acrylic glass are used (Fig. 1).

Deep-sea
portholes

Fig. 1. Diving bell of the «Caley Ocean Systems» company
(Glasgow, Great Britain)

In experiments [3], it was found that for the surface lay-
ers of the material that had a 10-year service life in the struc-
ture of the underwater vehicle «Alvin», reduced strength and
deformability during tension and bending reaches 30—50 %.

At the same time, the critical strain €,=5.4 % for just
made acrylic is reduced to the minimum allowed during
service gg,=3 %, which corresponds to the strains of the con-
ventional yield strength. For the inner layers of the material,
and also in compression tests, a decrease in strength was not
detected. It should be noted that the material during service
was under the action of only compressive stresses; in the case
of tensile stresses, the decrease in strength and critical strain
would be significantly greater due to the development of
microcracks on the surface of the material. It was concluded
that for 10-year service only portholes are suitable, in the
surface layers of which no tensile deformations occur under
hydrostatic pressure load. This requirement is ensured by
proper selection of the basic geometric characteristics of the

translucent porthole element (Fig.2), which include the
cone angle o and the ratio of thickness to diameter from the
low-pressure side i/D.

i P 1
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\f ! h f/

D

Fig. 2. Design scheme of the deep-sea porthole:
P — hydrostatic pressure; f— friction sliding; 1 — translucent
element; 2 — porthole body

In [4], considerable attention was paid to the design of
the porthole body and ways to ensure sealing, however, op-
timal engineering solutions were not proposed. The authors
of [5] found that for a taper angle c.=90° and a relative thick-
ness i/D=0.41, there are no tensile strains in the porthole,
however, the influence of design parameters on the creep of
the porthole under operating conditions was not evaluated.

An experimental study [6] was carried out, which showed
the ability of acrylic to «adapt» to the shape of the porthole
body due to a slight creep. It was found that due to the plastic
behavior of acrylic glass, the greatest mechanical stresses at
dangerous points in the porthole are reduced by 64—71 %. This
confirmed the promise of using acrylic in the optical systems
of deep-sea equipment, but it was not indicated in [6] which
method is used to determine their reliability coefficient.

In situ 10-year research of portholes are not effective, as
they are extremely expensive, and information about them is
late. At the same time, it is possible to predict the properties of
polymeric materials by the method of accelerated heat aging [7].

The methods for calculating conical portholes based on the
finite element method (FEM) are considered in [8,9]. In the
calculation models, a translucent element under the influence of
hydrostatic pressure slides with friction along the conical sup-
porting surface of the porthole body. Moreover, the elastic-plas-
tic state of the acrylic glass porthole was taken into account
in [8], but creep analysis under cyclic loading was not given.

The authors of [9] performed calculations for portholes
with 2/D=1, 2=90° and a friction coefficient on the support-
ing surface f=0-0.2 under the action of pressure P=70 MPa,
which were in good agreement with Stachiv J. D. results
of experiments [1]. However, there is no information on
the applicability of this calculation procedure to portholes
with A/D<1, which can be used for operation at depths up to
2,500 m (Black Sea basin).

In accordance with the current standards for the design
of portholes [1], deep-sea portholes intended for operation at
depths of 6,000 m and more are mainly considered. So, the
recommendations for the design of portholes consider this
range of depths. At the same time, areas of the coastal shelf,
continental slope and inland seas with the greatest depths of
up to 2,500 m are the most interesting for research and rich
in natural resources.

Therefore, it is necessary to solve the problem of calcu-
lating and evaluating the life of portholes precisely for such



depths, which is currently insufficiently studied. For that, it
is proposed to predict the operational properties of portholes
based on physical analogies, which can significantly speed up
and simplify the process of their design.

3. The aim and objectives of the study

The aim of the work is to improve the design methodo-
logy of deep-sea portholes for technical means for developing
the shelf of the World Ocean with a depth of up to 2,500 m.

The following objectives were accomplished to achieve
this aim:

— to determine the heat aging effect, the magnitude, dura-
tion and number of cycles of hydrostatic pressure on the de-
flection and the nature of the destruction of acrylic portholes;

—to determine the effect of geometric characteristics
(taper angle and relative thickness) on the stress-strain state
of conical portholes.

4. Materials and methods of studying the influence
of operating conditions on the properties
of acrylic portholes

4. 1. Materials and equipment used in the experiment

The studies were carried out on standard specimens for
tensile tests and full-scale portholes of a diving bell made of
one batch of acrylic grade CO—120. Tensile test specimens
and full-scale portholes were made on a lathe from blanks cut
from a 50 mm thick plexiglass plate.

Heat aging of plexiglass samples was performed at tem-
peratures of 40; 70 and 100 °C in the SM 30/120-80 TS
thermostat. Subsequent tensile testing of the samples was
carried out on a universal FP—10 machine.

Tests of the portholes for a long and cyclic exposure to hy-
drostatic pressure were carried out in a high-pressure chamber
(chamber volume — 0.06 m3, maximum pressure — 150 MPa).
Axial displacements were measured with an ICh-10 dial gauge,
and pressure with an ECM—-2U electrocontact manometer.

The pressure in the chamber was created using the
UNGR-2,500R pump station.

The stress-strain state of the conical portholes was calcu-
lated using the finite element method (FEM) by means of the
ANSYS Workbench program (2014).

4. 2. Method of determining the properties of the mate-
rial and natural object

The main indicator of heat aging of acrylic was the value
of the ultimate deformability €., which decreases over time.

The main controlled indicator when testing full-scale port-
holes is the dependence of the axial displacement (deflection)
w in the center of the unloaded optical surface on the value P,
duration 1, and number of cycles N of hydrostatic pressure.

When calculating the FEM, the main indicators are the
displacements of the porthole points along the axis of symme-
try w and equivalent stresses Geq.

4. 2.1. Method of determining the ultimate deformabi-
lity during heat aging of acrylic

Heat aging of acrylic, as a polymer material, is associated
with the process of thermal-oxidative destruction that pro-
ceeds at a constant rate at a given temperature. This process
is characterized by a change in the concentration of one of

the reagents or active radicals of the same type. Under the
condition of volume constancy, the reaction rate can be rep-
resented by a derivative of the reagent concentration. The
appearance of new bonds and free radicals can be determined
by the swelling degree of the polymer during its aging, which
is directly related to the number of free functional groups.
Specific reaction rate can be determined both by changes
in the concentration of free radicals and by the Arrhenius
equation [10].

The prediction of acrylic properties using the heat aging
method suggests that the change in the mechanical pro-
perties of the polymer is proportional to the change in the
number of functional groups in it.

The aging rate of acrylic increases with increasing tem-
perature, which allows writing a formula for the durability
prediction based on extrapolation according to accelerated
heat aging data:

Ef1 1
1nt1=lnt2+R[7;—T2), (1)

where E — energy of activation, J/mol; R — physical constant,
J/(mol-K).

This means that during the time ¢, of accelerated heat
aging at a temperature T, the critical strain of acrylic de-
creases to the normative value. Thus, the predicted durabi-
lity is the time ¢; during which the critical strain reaches the
normative value at the aging temperature Ty in normal con-
ditions. The value of permissible critical strain is determined
based on the operating conditions of the underwater object.
Determination of the critical strain of just made acrylic was
carried out on standard samples in accordance with [11].

The essence of the accelerated heat aging method is to
expose samples of material for a certain time at elevated tem-
peratures and followed by their testing [7].

Heat aging of acrylic samples was carried out in a ther-
mostat at three temperature levels T: 40; 70 and 100 °C.
Holding time ¢ for the samples at each temperature was:
48; 120; 240; 480 and 720 hours. The samples subjected
to time-temperature processing were removed from the ther-
mostat and tested no later than 24 hours. In the tensile
test of acrylic samples, the values of critical strain €, were
determined [11], which served as the basis for constructing
long-aging curves (Fig. 3) in g, — In¢ coordinates.

Ecr, %0

61 , Tsloo°C

Fig. 3. Curves of accelerated heat aging

According to equation (1), the accelerated heat aging
curves in Fig. 3 at each temperature were approximated by
straight lines of the form e,=gy—a-Int.



42.2. Method of determining the deflections of the
portholes under the action of hydrostatic pressure

During the hydrostatic tests, the porthole of the diving
station with a depth of 500 m was adopted as the main ob-
ject under study. The translucent porthole element had the
following dimensions: thickness =50 mm; low-pressure side
diameter D=116 mm; #/D=0.43 and the cone angle a=90°.

To assign the hydrostatic pressure levels during long and
cyclic tests of the porthole, it was initially necessary to de-
termine the value of the breaking pressure during short-term
loading. For this, the translucent element of the porthole
was fixed in the landing device of the high-pressure chamber,
the chamber was closed and its filling was carried out with
the working fluid (MS-20 oil). At the same time, the air was
completely removed from the chamber through a special
valve. Then, using a pumping station, the working fluid was
supplied to the chamber, which ensured an increase in pres-
sure in the chamber at a rate of 0.6 MPa/s. From the side of
the low-pressure surface, there was access to the translucent
element of the porthole, which made it possible to control its
axial movement w with the ICh-10 indicator. The destructive
hydrostatic pressure during short-term tests of the porthole
was P=110 MPa, and plastic deformation became noticeable
at 60 MPa and a deflection of 2.70 mm.

Long-term tests of the portholes were carried out under
the following conditions: at hydrostatic pressure levels P=70
and 80 MPa the tests lasted 5 hours and at a pressure P=40
and 60 MPa — one week. During long-term tests, the port-
hole was loaded to the required level of hydrostatic pressure,
which was subsequently automatically maintained constant
by means of an electrocontact manometer connected to the
pump station. During the experiments, the axial movement
of the porthole w and the exposure time under pressure T (at
least 20 experimental points) were periodically controlled.
According to the results of the experiments, the porthole de-
formation curves were constructed in the coordinates w — In.

Tests of the portholes during cyclic exposure of hydro-
static pressure were performed at three levels of test pressure
P=80; 70 and 60 MPa. The hydrostatic pressure during the
tests increased at a speed of 0.6 MPa/s to a predetermined
test level, followed by exposure of the porthole under
pressure P for 10s. Then, the pressure was reduced to zero
and the cycle was repeated. The number of cycles N and
deflection @ of portholes in the center of the low-pressure
surface were recorded. The deflections were measured every
5..20 test cycles. In addition, after every 100 cycles, the
translucent element was removed from the porthole body for
visual inspection to identify damage. According to the results
of the experiments, the porthole deformation curves were
constructed in the w—InN coordinates.

4.2.3. Method of calculating the stress-strain state
of a conical porthole under the influence of hydrostatic
pressure

The porthole translucent element under the action of
hydrostatic pressure is in a complex nonhomogeneous stress-
strain state; therefore the FEM is used for its calculation.

The stress-strain state of the translucent element is deter-
mined by its geometrical characteristics oo and 2/D [1].

At the first stage of research, the computational model
(Fig. 2), which corresponded to full-scale specimens of trans-
lucent elements of the diving bell was used. This made it
possible to compare the results of FEM calculations with ex-
perimental data and to estimate the accuracy of the solution.

Considering the radial symmetry of both the porthole
and the external load, the calculations did not use a full-size
model, but only a sector (the volumetric body of the translu-
cent element was built at the radial section rotation by 6°).
At the same time, the number of FEM elements decreases
(that is, the time decreases and the accuracy of the calcula-
tion increases at the same finite element size).

The mesh for the translucent element of acrylic porthole
was selected with the size of the finite element of 5 mm. On
the border of the translucent element — porthole body, the size
of the finite element is 2.5 mm. This allowed us to more accu-
rately model the interaction of parts. For the finite element
of the porthole body, the size of the mesh is equal to 10 mm.

The boundary conditions for the computational model
(Fig. 2) are as follows:

— the porthole body is rigidly fixed,;

— on the radial planes there are no friction and displace-
ment in the circumferential direction;

— the condition of continuous sliding with the friction
coefficient f is fulfilled on the border of the translucent ele-
ment — porthole body;

— the pressure of 10 MPa acts on the outer optical surface
of the porthole;

— the internal optical surface of the porthole is not loaded.

5. Results of the studies of the influence of operating
conditions on the properties of acrylic portholes

According to the tests results of acrylic samples under
heat aging, accelerated heat aging curves were constructed
(Fig. 3). If you normalize the minimum acceptable critical
strain at service time of acrylic £,,=3 % (deformation of the
conventional yield strength), then in Fig. 3 you can deter-
mine the service time of material for each temperature Ty, Ty
and T3 of accelerated aging. For this in Fig. 3, a horizontal
curve €g,,=3 % is drawn and the coordinates Inty, Int,, InT3
of the intersection points with the aging curve are marked at
temperatures Ty, Ty and T3, respectively, in the coordinates
Int — 1/T, according to (1), the allowable service life curve
should be a straight line (Fig. 4).
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Fig. 4. Prediction of the service life of the acrylic
deep-sea porthole

For the Black Sea basin, the average annual operat-
ing temperature of deep-sea portholes can be accepted as



Tyr=20 °C (293 K). By constructing a vertical straight line
1/Ts,=const before the intersection with the durability
curve, it is possible to determine the allowable period of ser-
vice time (Ty,=~12 years).

Thus, it is possible to predict the service time of deep-sea
acrylic portholes.

Fig. 5, in the w—Int coordinates (w is the deflection of the
porthole, mm; 1 is the exposure time under load, min), shows
the deformation curves of the portholes at different levels of
hydrostatic pressure. The deformation curves are the source
data for predicting the deformability of translucent elements
by the method of stress-time analogy, which is as follows.

Acrylic, as most thermoplastic polymers, has a continu-
ous spectrum of relaxation time in a highly elastic state, so
compliance curves J(Int)=w(Int)/P for different pressure
levels are similar and transform into each other with parallel
transfer along the time scale.

This allows, by a parallel transfer of compliance curves
to the right to align with the «base» curve, corresponding
to the lowest pressure during testing, constructing a genera-
lized curve (Fig. 6), that is, performing a prediction of com-
pliance. The stress-time analogy method is described in more
detail in [12, 13].
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Fig. 5. Material deformation curves under load at different
levels of hydrostatic pressure

Detailed analysis of compliance curves (Fig. 6) of the
porthole shows that under a load less than 40 MPa, the
porthole has the properties of linear viscous-elasticity. This
means that the compliance curve at a working pressure of
5 MPa (diving depth of 500 m) is similar to the control curve
for 40 MPa (Fig. 6).

At the level of external pressure of 80 MPa, the trans-
lucent elements were destroyed on average during 320 test
cycles — the central part was separated from the peripheral
one (Fig. 7, a). At 70 MPa after 2,000 cycles, annular cracks
and crumpling zones on the edge of the low-pressure sur-
face (Fig. 7, b) were observed; at 60 MPa and the same test
base showed no visible damage.

The dependence of deflections @ of the portholes on the
level of hydrostatic pressure and the number of cycles N
during testing is shown in Fig. 8.

As a result of FEM calculations, the displacements in
the porthole were determined (axial displacement in the
center of the low-pressure surface was 0.455 mm). During
short-term testing of full-size portholes, axial displacement
at a pressure of 10 MPa also amounted to 0.455 mm. This
indicates that the computational model corresponds well
enough to the real object. The calculated displacements of

the translucent element at points on the border of contact
with the porthole body are about the same; that is, the trans-
lucent element really slips along the conical support surface
as a solid body. This phenomenon was observed also in full-
scale tests. The displacements and equivalent stresses in the
porthole are shown in Fig. 9, a, b.
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Fig. 6. Compliance curves of the translucent element and
prediction of their deformability

Annular cracks

a b

Fig. 7. Types of destruction of the translucent elements of
the porthole: a — central part separated from the peripheral
at 80 MPa; b — annular cracks and crumpling zones on the
edge of the low-pressure surface at 70 MPa
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Fig. 8. Axial deflections w of the translucent element under

cyclic loading of hydrostatic pressure P

The equivalent stresses in the porthole were determined
according to the energy-strength (Huber-Mises-Hencky)



theory. The rib on the low-pressure sur-

face of the porthole is the most danger- 0.7

ous point w (Fig. 9, b); the equivalent
stress G4 at this place was 32.5 MPa.
After confirmation of the correct-
ness of the computational algorithm, 0.5
the numerical optimization of the geo-
metric characteristics of the porthole 4™
was made; which was carried out by
the parameter /D and the cone angle o
(Fig. 2). The value D is assumed to be
equal to the corresponding size of the

0.64™

0.3

experimental samples, that is, 116 mm. 0.2
The value % varied from 40 to 70 mm
with a step of 10 mm, and the value of
o from 60° to 150° with a step of 15°.

The stress-strain state of the mo-
dels was determined according to an
algorithm that was tested to calculate
the full-scale porthole.

As a result of calculations for 28 different variants of
the geometric characteristics of the portholes, dependency
graphs were obtained; displacement values in the center
of the low-pressure surface w (Fig. 10, ) and the value of
the maximum equivalent stress c,, at a dangerous point
(Fig. 10, b) depends on the parameters 4/D and o.

The results of FEM calculations of the stress-strain state,
presented in Fig. 10, at the initial stages of design, allow
selecting the optimal geometric parameters of the porthole.
The optimal values of the relative thickness 4/D and the
taper angle o correspond to the minimum values of the axial
displacement w and the equivalent stress G,,.
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Fig. 9. Elements of the stress-strain state of the porthole:
a — distribution of displacements; b — distribution of
equivalent stresses; 1 — starting position of the translucent
element; 2 — translucent element after deformation;

3 — porthole body
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Fig. 10. Dependences of the stress-strain state on the porthole
parameters A /D and o: a — deflections win the center of the low-pressure surface;
b — maximum equivalent stresses G in the dangerous point

6. Discussion of the results of the study and prediction
of the service life of conical acrylic portholes

The result of predicting the service life of the porthole
by the method of heat aging is determined primarily by the
assignment of the values of the allowable critical strain &g,
and operating temperature Ty,,. For acrylic, as the material of
the translucent element of the porthole, €g,=3 % was chosen,
which approximately corresponds to the value of elastic strain.
Reducing the allowable value of &, (that is, lower require-
ments for brittle fracture) will lead to an increase in service life.

The prediction, which was made on the basis of 7 days
of portholes testing under hydrostatic pressure of different
levels (Fig. 6), coincides well with the control (experimental)
compliance curve for 3 months at a pressure of 40 MPa. This
allows determining the deflection of translucent elements
over a 10-year period by extrapolating a generalized curve.
The compliance of translucent elements at a pressure of
5 MPa will be /=0.28 mm/MPa, and the deflection will reach
w=1.4 mm, which is significantly less than the elastic deflection
w©,=2.70 mm. It is possible to use such portholes even at depths
of up to 900 m. At the same time, it is not possible to make the
translucent element thinner for depths of up to 500 m, as this
will cause tensile stresses on the low-pressure surface.

The tests series of conical portholes under the cyclic
action of hydrostatic pressure was limited by the number of
translucent elements and the duration of the experiments.
However, the portholes survived 2,000 cycles of hydrostatic
pressure of 60 MPa (at an operating pressure of 5 MPa) with-
out visible damage, which indicates high fatigue life.

According to the recommendations of [1], for deep-sea
portholes, the service life at operational loads should be at least
100,000 hours of prolonged and 10,000 cycles of hydrostatic
pressure. Such a service life seems to be excessively high, since
it corresponds to a daily dive of 10 hours for 27 years. It is
proposed to revise the recommendations [1] in the direction
of reducing the requirements for reliability [14].

The analysis of the influence of portholes geometric
characteristics on the stress-strain state showed that an
increase of the cone angle at a constant relative thickness of
the translucent element in all cases reduces its axial displace-
ment. Equivalent stresses acquire a minimum value when the
cone angle is in the range of 75-105° (with an increase in the
relative thickness /D, the optimum cone angle is decreased).



The advantage of the study is the adaptation of accelerat-
ed test methods based on the use of physical analogies to pre-
dicting the service life of acrylic portholes. However, in the
experiments, portholes of only one configuration were used
with a relative thickness #/D=0.41 and a taper angle a=90°,
which does not allow generalizing the research results.
Nevertheless, the development of methods for predicting the
properties of polymeric materials and their structures are of
practical interest to mechanical engineers.

Further research in this field can be directed at improving
the design, in particular, the methods of fixing a translucent
element in the porthole body.

7. Conclusions

1. The possibility of deformability prediction of the trans-
lucent elements of deep-sea portholes based on short-term
creep tests at elevated (relative to operating) load levels of
40—80 MPa was confirmed. The test results confirm the reli-

ability of the translucent elements of the deep-sea portholes
of the diving station with a relative thickness #/D=0.41 and
a taper angle 0=90°. When exposed to prolonged and cyclic
hydrostatic pressure up to 9 MPa, taking into account ther-
mal aging at a temperature of 20°, reliable operation of the
portholes for 10 years is ensured.

2. The appointment of safety strength and deformability
factors of deep-sea portholes must be coordinated with ac-
tual operating conditions. The design operating conditions
are diving depth, loading duration, cyclical effects of hy-
drostatic pressure, the period between repeated diving, the
relaxation time of deformations in the material. Under real
operating conditions of underwater technical equipment for
10 years, the value of the safety factors of acrylic portholes
for strength and allowable deflection, apparently, should not
exceed k,<4. The developed algorithm of FEM calculation
allows one choosing the optimal geometric parameters of
portholes, if operating conditions are known, and improving
the mass-dimensional (reduction in the mass of a translucent
element to 15-20 %) characteristics of deep-sea portholes.
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