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Abstract. In this work the research shows that the maintenance of the mechanical integrity of optical
fibers (OF) requires the determination of thermomechanical effects on OFs during the production and
operation of an optical cable (OC) in order to prevent the appearance of excessive longitudinal mechanical
loads on them. Generally, in the work situations are determined and analyzed in which the mechanical loads
can act on optical fibers during the process of cable production and operation. It is established that due to the
lower value of the thermal linear expansion coefficient (TLEC) compared with the similar parameter of optical
module tube (OMT), optical fibers become considerably longer than the OMT with its contraction during
cooling in production. The materials of optical module tube used in the work were polybutylene terephthalate,
polyamide and polycarbonate. Calculations of the relative linear change of the OF length compared with the
OMT length during its cooled showed that it significantly depends on the material of optical module tube. This
causes the appearance of macrobends and may increase the value of the OF attenuation coefficient, This
requires the appropriate adjustment of the speed of the sendres with the fiber coils, as well as the choice of
the diameter and material of the optical module tube. On the other hand, the increase of temperature in the
OC construction can lead to excessive stretching forces on the fibers which will cause the appearance of the
conditions for OF rupture. This requires the consideration and creation of the necessary excess fiber length
during its integration into the OMT in cable production. Research has shown that the material type of the OMT
does not significantly affect on the relative linear change of the OF length compared with the length of the OC.
Therefore, the way of determining the initial length of the OF in the OMT after thermal decomposition is
proposed in the work, thus avoiding the appearance of excessive tensile strength.

Key words: optical cable, elements of cable construction, relative linear change of the optical fiber
length, optical module tube, thermal linear expansion coefficient.

AHoTauifa. lNMpoBeneHi B cTaTTi OOCNIMKEHHS Mokasanu, Wo 3abe3neyeHHs MexaHidHOI LiniCHOCTI
ONTUYHMX BOMOKOH (OB) noTpebye Bu3Ha4YeHHA TepMoMexaHidHux BnnueiB Ha OB npu BUpOOHMUTBI Ta
ekcnnyarauii ontuyHoro kabento (OK) 3 mMeTol HegonyleHHst MOsIBM HagMipHMX MO3[0BXHIX MeXaHiYHUX
HaBaHTaXeHb Ha HUX. Y CTaTTi BCTAHOBIIEHO, LIO 4epe3 MEHLUE 3HAYEeHHs TeMnepaTypHOro KoediulieHTa
niHinHoro po3awupeHHs (TKIP) onTu4yHi BOnokHa cTakTb 3HAYHO AOBLUMMM 3@ TPYOKY OMTUYHOrO Moayrns
(TOM) npu Woro ycagui nig 4Yac OXONOMKEHHs Ha BUpoOHUUTBI. B skocti maTepianis TOM y cratTi
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BMKOPUCTOBYBanucs nonibytuneHtepedtanar, noniamig, nonikapboHat. Po3paxyHKX BiAHOCHOI MiHIMHOT 3MiHM
aoBxnHn OB nopiBHAHO 3 goBXuHO TOM npu OXONMOMKEHHI Mokasanu, WO BOHA 3HAYHO 3aneXuTb Big
maTepiany TOM. Lle Buknukae nosiBy MakpOBUIMHIB Ta MOXE MPU3BECTU 4O 3POCTaHHSA 3HAaYeHHs koedilieHTa
3aracaHHsa OB, wo notpebye BigNOBIAHOMO HanawTyBaHHS LWIBMAKOCTI 06epTaHHS BigdaBadyiB 3 KOTYLIKaMMU
BOIOKHA, a Takox BWOopy diameTpa Ta maTepiany Tpyoku OM. 3 iHworo GoKy, MiABULLEHHS TemnepaTypwu
MOXe Mpu3BecTu B KOHCTPyKUii OK g0 nosiBu HagMipHWX pO3TAryBanbHMX CWUM Ha BOJIOKHA, WO npvBede Ao
nosien ymoB po3puBy OB. Lle notpebye HeobXxigHOCTIi BpaxyBaHHA Ta CTBOPEHHS HEOOXiaHOI HaA MLLIKOBOT
JOBXWHM BOMNOKHAa npw 1oro iHTerpadii 8 TOM npu BupoGHUUTBI. [JocnigpkeHHa nokasanu, Wwo Tun maTtepiany
TOM He BNNMBae CyTTEBO Ha BIAHOCHY 3MiHY MiHiNHOT AoBXnHW OB nopiBHAHO 3 goBxuHo OK. Tomy y cTaTTi
3anponoHoBaHo crnocib BU3HavyeHHa novaTtkoBoi AoBxunHM OB B TOM nicnga TepmiyHOT ycaaku, Lo JO3BONUTb
YHUKHYTU NOSBM HAOMIPHUX CUIT PO3TArY.

KnouoBi cnoBa: onTuyHWM kabernb, eNfeMeHTU KOHCTPYKLUIT kabento, BigHOCHA MiHiNHA 3MiHa OOBXWHU
ONTUYHOTrO BOJSIOKHA, TPyOKa ONTMYHOrO MoAyIs, TeMmnepaTypHuUii KoedilieHT NiHIKHOrO PO3LUMPEHHS.

AHHOTauusA. lMpoBeneHHble B CTaTbe UCCNeaoBaHMs Mnokasanu, 4to obecnevyeHme mexaHudecKoun
LLeNOCTHOCTU ONTUYECKNX BONOKOH (OB) TpebyeT onpeaeneHns TepmomMmexaHnyeckmx Bosgenctanii Ha OB npu
Npou3BOACTBE M JKCnnyaTaumm ontuyeckoro kabenst (OK) ¢ uenbto HegonyweHnst NOSBMEHUS Ype3MEPHbIX
NPOOOSIbHBIX MEXaHUYEeCKMX Harpy3ok Ha Hux. B cTaTbe pQokasaHo, 4TO 4Yepe3 MeHbluee 3HayeHue
TemnepaTypHoro koaddpuuneHta numHenHoro pacwupenusa (TKIP) onTuyeckue BOMOKHA CTaHOBATCS
3HauuTenbHO AnuHHee Tpybkm ontudeckoro moayns (TOM) npu ero ycagke BO BpeMsi OXMaXOeHus Ha
npousBoactee. B kauyectBe martepuanoB TOM B cTaTbe ucnonb3oBanucb  nonubytuneHtepecdTanar,
nonnamung, nonvkapboHat. PacyeTbl OTHOCUTENBHOIO NMHEWHOrO M3MeHeHusa gnvHbl OB cpaBHUTENBHO C
anuHon TOM npu oxnagkeHun nokasarnu, YTo OHO 3HAYUTENbHO 3aBUCUT OT maTepmana TOM. OTo Bbi3biBaeT
nosiBNIeHNEe Makpoua3rnboB U MOXET NPUBECTU K POCTY 3HadeHus KoadbduumeHTa 3atyxaHusa OB, yto TpebyeT
COOTBETCTBYHOLLEA HACTPOMKM CKOPOCTM BpaLLEHUs OTAATYMKOB C KaTyllKaMu BOJIOKHA, a Takke BblOop
anameTpa M MaTepuana Tpybkm OM. C pgpyrovi CTOPOHbI MOBbILEHWE TeMnepaTypbl MOXET NpMBECTU B
KOHCTpyKUuMM OK K MOSIBNEHMIO Ype3MEPHbIX pacTArMBaloLmMX CUM Ha BOJIOKHA, YTO MpUBEAET K MOSIBNEHMIO
ycrnosun paspbiBa OB. 9710 TpebyeT HeoOXoAMMOCTM y4eTa U Co34aHMst HEOOXOANMOWM M3OLITOYHON ANUHBLI
BOIOKHa npw ero uHterpauunm B TOM npu npousBofacTtse. ViccnegoBaHus nokasanu, 4to tun matepuana TOM
He BMMsieT CYLLECTBEHHO Ha OTHOCUTENbHOE NMHENHoe usmeHeHne anuHel OB cpaBHUTENBHO ¢ AnuHon OK.
Moatomy B cTaTtbe npennoxeH cnocob onpegeneHust HadanbHou anuHel OB B TOM nocne tepmunyeckon
ycagKku, 4To No3BonuT usbexatb NOABNEHNE U3ObITOYHBIX CUI PACTSKEHUS.

KniouyeBble cnoBa: ontuyeckuin kabenb, 3nMeMeHTbl W MaTepuanbl KOHCTPyKUuuMM Kabens,
OTHOCUTENbHOE §NMHENHOE W3MEHEHME [NMHbI OMTMYECKOrO BOJOKHA, TpybKa ONTUYECcKoro Moayns,
TemnepaTypHbIN KO3(PPULMEHT IMHENHOTO PaCLUMPEHNS.

Creation of reliable, economical, easy-to-produce optical cable (OC) designs which would
satisfy the requirements of their operating conditions and were able to ensure the integrity of the
optical fibers (OF) and stability of their transmission parameters isthe task of the cable
industry. Effective  technical operation of optical cablesin a wide temperature range,
typically from40°C to +70°C|[1], requires, firstly, mechanically strong and,
consequently, reliable designs. The designing and manufacturing of OC require the highest quality of
materials for cable elements and take into account all physical and thermo-mechanical processes that
may occur in its elements.

One of the external influencing factors in OC design is the reaction to different temperatures
in the manufacturing process of the structural elements of the cable (in particular, optical fibers,
tubes of optical modules (TOM), central and peripheral strength elements, protective hose, etc.) as
well as the environment during operation. As a result of the difference between the values of the
thermal linear expansion coefficient (TLEC) of the cable elements, under the influence of

temperature in its design, there is a linear change of the lengths of these elements and therefore
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their tension and strained-deformed state are formed. Such an OC state can lead to the appearance
of critical conditions in the OF. The extreme tensile or compressive forces due to excessive increase
or decrease of the fibers length compared to the length of optical module tube (OMT) in which they
are enclosed can cause unpredictable changes of the transmission parameters (attenuation and
dispersion coefficient of optical signal), premature aging and failure of the entire optical fiber
transmission line. These effects lead to providing a minimum service cable life 30 years becoming
impossible [1].

At present, the technical and scientific literature do not fully contain the data of
the thermomechanical effects on optical fibers during the production and operation of an optical
cable.

In the works, for example [2 — 5], the method for determining the TLEC in a whole cable,
estimation of change the relative elongation and equivalent mechanical stress of the
cable design using elements with different materials under the influence of operation temperature
are shown.

However, the study and determination of change of the OF length in the optical module tube
of the OC design and the thermomechanical effect on optical fibers during the process of production
and operation of the cable in these works were not carried out.

The purpose of this work is to substantiate the process of thermomechanical influence on the
optical fibers located in the OC core during the process of production and operation of the optical
cable and the provision of practical recommendations for the ensuring the mechanical integrity of
the OF at the considered stages at different temperatures.

As is known, optical fibers are not manufactured in Ukraine. In the meantime, ready-made
OFs of different manufacturers, and therefore with different chemical components, are placed in the
optical cables core with different designs and purposes. In such conditions, the main task of cable
manufacturing plants (for example, the domestic PC "PivdenKabel" and PC "Odeskabel") is turn out
OC designs that would ensure the mechanical integrity of optical fibers in all modes of cable
operation, as well as in its manufacturing, laying and installation.

Analyzing the state of optical fibers in the preparation of the optical module tube and in the
structure of the OMT in the cable the following main situations in which the mechanical tension can
be applied to the OF at the stages of OC manufacturing and operation are distinguished:

1. The placement of abeam of optical fibers into anewly-formed melt material in
an OMT extruder and further cooling of the optical module (OM),

2. The effect of stretching, bending loads, etc. during the laying, installation and operation

of optical cables, and
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3. The effect on the optical cable the temperature of the operation zone, which causes the
appearance of their tensile or compressive loads (states) in its elements, is proportional to the value of
the TLEC of their materials and leads to the free transfer of the OF beam inside the OMT by
reducing or increasing its excess length.

It is obvious that p. 1 and p. 3 relate to the stage of OC production in the manufacturer's
plantand the subsequent exploitation of the cable, and it requires consideration of the
thermomechanical influence on the OF for the design of high-quality cable products, as well the
inadmissibility of the appearance of critical moments in terms of ensuring the integrity of the fibers.

Thus, at the stage of OC production, there is a melting of the material of the future structural
element, which is accompanied by its subsequent contraction and, as a result, by changing the
geometric dimensions (in particular, length). An example of this process is the replacement of OFs
beam inside the optical module tube which formed by the molten material. After the extruder, the
OF is becoming the formed TOM. The optical module passes through a cooling bath, where the OM
is cooled by circulating water. In this case, the OMT material, when cooled, contracts and decreases
in length. Optical fibers at cooling OMT material are placed inside the module by helicoid.

As is known from [2], under the action of temperature linear length of OC elements
varies (increases or decreases in relation to the initial length) in proportion to the value of the thermal

linear expansion coefficient of material by expression
Al =1,-AT -TLEC, 1)
where Al — absolute linear change of the element length, mm; I, — the initial length of the OC

element, mm; AT — difference of temperatures, K; TLEC —thermal linear expansion coefficient of
the material of the OC element, K.,

The OC design should be projected taking into account the minimum interaction between the
materials of the OF and other elements at the manufacturing and operation, as well as when changing
their sizes under the influence of the environment with different temperatures [2].

The presence in the OC design of elements made of materials with different TLEC causes
change in geometric dimensions of the OF, in particular its length [5].

As mentioned earlier, cooling the OM from its melting temperature of the OMT material to its
coolant temperature leads to decreasing the length of the module tube. This leads to differences in the
lengths of the OF, laid inside the tube, and the finite length of the OMT. In particular, due to the fact
that the TLEC of the OMT material is greater than TLEC of OF in 107 to 10° times, the module tube
will decrease more than the fiber. Because of an initial equity of their lengths, compression forces of

optical fiber will occur and OF is placed on a helicoid. The above may result in additional losses of
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the transmitted optical signal due to the occurrence of significant macrobends. To eliminate such
situation there is a need for determining the change of lengths of OMT and OF at cooling
and consideration of the final difference of their lengths that affects the choice of material and OMT
and its internal diameter.

As noted, the thermal linear expansion coefficient characterizes the relative change of the
length of the OC element, depending on the temperature change [6]

a:AI—I:TLEC-AT, (2)

where ¢ — relative elongation of the OC element; Al — absolute elongation of OC element, m;
| —initial length of the cable element, m; TLEC —thermal linear expansion coefficient of
the cable element material K'*; AT — change of temperature, K.

At the equality of initial lengths of OF and OMT on the input of tube, the relative change of
length of optical fiber compared with optical module tube at temperature acting is determined by the
expression [6]

€oromr = ATLEC oy - AT = (T LEC,. —TLEC \; )(t —1, ) , (3)

where & o\ — the relative change in OF linear length compared to the OMT length ; ATLEC ;o —

TLEC of optical fiber materials and OMT,K?; TLEC,,,TLEC,,,, —thermal linear

expansion coefficients of OF and OMT respectively, K ; t — estimated temperatures of environment,
K; to — temperature in which the initial lengths of OF and OMT are identical, K.

Table 1 shows the melting temperature of materials for the manufacture of an optical module
tube [6, 7].

Table 2 shows the typical values of the TLEC of the materials of the OF and OMT which used
in the manufacture of the optical cable [6, 7] and presents the results of calculation the relative
change of the linear length of the OF compared with the length of the OM tube.

Using expression (3), defined the change of the OF length compared with the OMT length for
different materials at cooled, for example, fromthe melting temperature of the material to

20°C. Results of calculation g, given in Table 2 for the three types of OMT material.

Table 1 — Melting temperature of materials for the manufacture of an optical module tube

Cable element Material Melting temperature, ° C
polybutyleneterephthalate > 250
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Optical module tube polyamide > 220

polycarbonate > 280

Table 2 — Results of the calculation of the relative change of the OF linear length to the length

of the optical module tube

Cable Material TLEC, Relative change of the linear length of
element K1 the OF compared with the length of the
OMT &5 onr » %

Optical quartz glass 55-107 -
fiber
Optical polybutylene 1,5-10"°% 34
module terephthalate
tube polyamide 7,8-10°° 1,8
polycarbonate 6,5-10°° 1,5

Results of calculation €, show that with cooling of the material of the optical

module tube the OF beam becomes lengthened (at an equality of initial lengths of OF
and OMT), causing its compression inside the module tube and the formation of macrobends. This
requires correction lengths of OF while they lay in OMT for ensuring the speed of rotation from
the sender with fiber coils or by choosing a larger internal diameter of the OM tube.

The magnitude of the OF length excess, which must be created in the OMT, depends, first of
all, on the magnitude of the longitudinal loading and the influence of temperature, which leads to
increase or decrease of the length of the entire cable structure. At the same time in the OC design the
elements are located in different state of stress, so when OC designing it is necessary to determine the
total TLEC of the entire cable.

It is obvious that due to the difference of the TLEC values of the OF and OC in general, at
changing the temperature their lengths will vary in different ways. Thus, optical fibers in the OC core
will be subject to the forces of tension or compression when changing the temperature of the
environment, similar to the situation of their integration in the OMT.

As arule, OC construction can contains the elements with different (positive and negative)
values of TLEC, then reaction of cable to temperature change is a complex process and requires the

definition of equivalent thermal expansion coefficient of all elements of the cable 7LEC,,. in the first
approximation by expression [5]
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> TLECES,
TLECy. =" 2—— (4)

Y ES,
i=1

where TLEC,. — equivalent thermal expansion coefficient of all cable elements, K*; TLEC,, E,,S,-

TLEC, K, Young's modulus, kg/mm?, and the cross-sectional area, mm?, of the i- th element of the
cable, respectively ; n — the number of cable elements that take mechanical loading.

To take into account the change of the length of the OF in relation to the length of the OMT, it
is possible to express (3) represented in form

€oroc = ATLEC, o - AT =(TLEC,, —TLEC,. )(t—1,), (5)
where ¢ . relative linear change of the length of OF compared to length of OMT; ATLEC ;. —

difference of TLEC material of optical fiber and OC, K*; TLEC,., TLEC,. — thermal linear

expansion coefficient of OF and equivalent TLEC of optical cable, respectively, K ; t — calculation
temperatures, K; to — initial temperature, K.

In the work as an object of research the OC, which contains in its single-mode
modular structure: 6 OMT, spiral-wrapped around a central fiberglass rod, covered aramid threads
and protective hose is selected. The parameters and elements of such OC are given in Table 3.

As an example, in this paper a linear change of length of the OF in relation to the length of
the OMT in OC, in the core of which they are located, with the parameters of the cable elements
according to Table 3 and in the temperature range from -40 °C to + 70 °C, was determined. Results

of calculation €. = f(t) presented in the form of Table 4.

This paper studies were performed with the following assumptions:

1. Due to small values, the change of elements’ size in the OC design in radial direction
under the influence of temperature was not considered.

2. In OC designs the length of the OM tube and OF at temperature 20 °C were equal to each
other, that is the length of the optical fiber (or beam of optical fibers) is equal to the length of the
axial line of the optical module.

Table 3 — Characteristics of selected elements OC construction

Ne Elements of cable design Parameters of OC elements

1 Central strength element:

— material; fiberglass rods
— diameter d.g, mm; 2,5
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~ TLEC, 1/K; 6,6 - 10°
—Young's module, N/mm? 50 000

2 Optical module tube:
— diameter d,,; , mm; 2,3
— quantity of OMT, pcs. 6

3 Peripheral strength element:
— material; aramid threads
— linear density LD, dtex; 8750
~TLEC, U/K; -3-10°
— the number of threads in the layer, pcs. 12

4 Protective hose:

— material; polyethylene
— radial thickness, mm; 1.6

~ TLEC, 1/K; 32-10"
—Young's module, N/mm? 621

Table 4 — Results of calculation of linear change of the length of OF relative to the length of
the OMT in the OC at the temperature range ( -40 °C...+70 °C)

Ne Value of value &g . - 10,

Material of OMT at temperature t , °C

-40 -20 0 +20 +50 +70
1 polybutyleneterephthalate 8,45 5,63 2,82 0 -4,22 -7,04
2 polyamide 8,44 5,62 2,81 0 -4,22 -7,03
3 polycarbonate 8,38 5,58 2,79 0 -4,19 -6,98

As shown at the bottom of the Table 4 the material type of OMT does not significantly affect
to the relative change of the linear length of OF compared with the length of the OC. A minus sign

in the value ¢ . indicates that at given temperature the OF that have an equally initial length with

OMT, will be shorter relative to the module tube. Therefore, they will be under the action of tensile
forces that can cause the appearance of microbends in the glass — the conditions for the discontinuity
of the optical fiber [8]. For given materials and elements of OC design the increasing of temperature
to +70 °C leads to increasing the cable length compared with OF at 0,07 %, and decreasing the
temperature to -40 °C leads to decreasing of OC 0,084 %.
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Analyzing the change of OF length in OMT it can be concluded that the action of positive
temperature on whole OC is more critical than the action of negative temperatures due to the
appearance of possibilities to OF rupture.

It follows that to prevent such forces as OC tension, which can lead to OF rupture, there is a
need to create an initial excess OF length equal , for example, 0,07 %. In the real situation, the OFs
are freely located inside the OMT, and in the case of longitudinal loads, they begin to move to the
center of the cable, while losing their excess length. The value of such a permissible relative

elongation ¢, which is provided by the free laying of the OF in the OC design, at

temperature 20 °C is determined by expression, for example, in [3, 4]. Therefore, to determine initial
length of OF in OMT after thermal contraction, that allow to the appearance of tensile strength, we

use the expression:
Eor.omr = Eoroc (710°C) (6)
where g\ — relative linear elongation of OF compared to OMT; &, (70°C) — relative change

of the linear length of the OF to the length of the OC at a temperature +70 °C.

Conclusions:

1. Implemented research shows that for ensuring the mechanical integrity of OF it is
necessary to determine thermomechanic influences on optical fibers during the production and
exploitation of OC to prevent the appearance of emergence excessive longitudinal mechanical loads
on them.

2. The results of calculations of change of OF linear length compared to the length of the
OMT during the production of the cable and relative linear length of the OC during its operation
allowed that:

— due to the smaller value of the TLEC the optical fiber becomes considerably longer than the
optical module when it is contracted. This results in the appearance of macrobends and can increase
the value of the attenuation coefficient, which requires adjustment of the rotation speed of the
senders with OF coils, as well as the choice of the diameter and material of the OM tube;

— the effect of increasing the temperature on the finished structure of the OC can lead to
excessive tensile forces on the fibers, which will cause the appearance of the conditions of
the gap in agents.This requires the consideration and creation of the necessary excess fiber length
when integrated into the OMT in production.

3. The proposed expression for definitionthe excessive lengthof OF in OMT

that considered thermomechanical impact on fibers during production and operation of a cable and
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provide the avoidance of the appearance of excessive longitudinal stretching forces on fibers and can

be recommended for usage at cable manufacturing.
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