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B pamxax Oesmomenmnoi meopii yuninopuu-
HUX MOHKUX 000710HOK 00CHI0NHCEHO npyrcHe 0edop-
MYy6anns Gazamomaposux mpyé i nocyoun mucky.
Hlepedoanaemocs, wo mpyou i nocyounu mucky
BUKOHAHI nepexpecHoi cnipanvHoi HaMOMmyeaHHAM
apmosanoi cmpiuku 3 6yeienaacmuxa Ha memasne-
8y onpasnenns.

Buxonano ananiz 3anexchocmeii npyncHux
depopmauiii 6i0 xymie apmyeanus. Ompumarno
CNi68iIOHOWEHHS 0151 0CLOBUX T OKPYIHCHUX Depopma-
Uil cmiHKU 6 3aaexcHocmi 610 cmpyxmypu naxema
wapie, KYymie apmy6anus npu CMamuuHoMy HaABAH-
maoicenni. Pozensmymo eidoxpemnena i KomoOino-
eana 0is GHYMpiIWHL020 MUCKY i memnepamypu.
Jns sidoxpemnenoi 0ii nasanmasicenv nodydosani
epaixu 3anexcnocmet depopmauiii 8i0 Kyma Hamo-
myeanus.

Hocaioxcerno xomnozummui mpyou, 6uzomoeeri 3
syeaennacmuxa KMY-4J1, a maxooc cknaoosi mema-
N0-KOMno3umni mpyou. Pesynvmamu, ompumani
0151 menno6ux Hasawmavicens, 000pe Y3200x4cyromo-
¢ 3 danumu 6i00M020 excnepumenmy i pileHHs..
3anexncHo 6i0 napamempie HABAHMANCEHb GUIHAUEH]
KOMNO3UMHI ma Memano-KoMno3ummi cmpyxmypu 3
PO3MIPOCMAGINOHUMU BAACMUBOCMAMU.

Hoxaszano, wo posmipocmaéinvhi cmpyxmy-
pu Moxcymo Oymu 6UKOPUCMAHi Ol BUPTULEHHS.
npobnemu rKomnencayii npyxchux Odedpopmauii
mpy60nposodis. 3 uicro Memoro 3a AONOM02010 NPo-
epamnozo komnaexcy ASCP euxonanuii eapianmnui
ananiz moodenvnoi xoncmpyxuii. Illnsxom nopie-
HAILHO20 aAHANI3Y MPLOX 6apianmié KOHCMPYK-
yii ompumani cmpykmypu naxemie wapie i cxemu
apmyeanus, wod 3ade3neuumu 3HAUHE ZHUNCEHHS
Haeanmavicenv Ha onopi eaemenmu. Ha npuxnadi
mpyo6onposody 3 npomikarouor0 piouHo noxKaza-
HO, W0 3ACMOCYBAHHA POIMIPOCMADIIVHUX Oazamo-
waposux mpy6 0036oase euxouumu Odepopmauii
BUUHY T NOMIMHO 3HUSUMU PiBeHb POOOUUX 3YCUNDL
i Hanpyodcens.

Posmipocmatinoni Gazamowaposi mpyou 3
KOMNO3umie 6i0Kpuearomv Ho8i nioxodu 00 npoex-
myeanns mpyoonpoeodie i nocyourn nid MUCKoM.
3'26AAIOMBC MONHCUBOCIE CIMBOPEHHA KOHCMPYK -
uill 3 nanepeo 3adanumu (He 0606'13K060 HYIbOBU-
MU) NONAMU NeEPeMiuleHb, Y3200HCEHUMU 3 MO~
MU NOUAMKOBUX MEXHON0IMHUX nepemiuleHs, a
maxoxsc 3 NePeMiueHHAMU CROTYHEHUX NPYHCHUX
ejleMenmi6 i YCmamxyeanHs npu 3MiHi pexncumy
pobomu. Ob6racmv 3acmocyeéanns nodiOHUX KOH-
CMpYKUii He 00MENCYEMbCA <2aPAUUMU> MPYOamu.
Ompumani pezyavmamu MOHCYmMv 3HAUMU 3ACMOCY-
8aHH3 8 KPiO2eHHIll MeXHIUi

Kantouoei cnosa: xomnozumu, e6yeneniacmuxu,
8Yye2seuesi 80J10KHA, CXeMU APMYBAHHS, KOHCMPYK-
uii mpydonpoeodie, po3mipocmadisvHicns, npyYxcHi
dedpopmauii
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1. Introduction

ture conditions, and internal pressure of a working medium

The main loads acting on pipelines and pressure vessels
are temperature effects, associated with changes in tempera-

[1]. Temperature effects and internal pressure cause defor-
mations of a shell not only in the axial direction. The cylin-
drical shell is also deformed in the circumferential direction




[1]. In this case, points of the middle surface receive radial
displacements. In places of inhomogeneities: zones of inter-
face of shells of different thickness; zones adjacent to rigid
flanges, frames, etc., the development of radial displacements
is constrained. As a result, wall bending occurs and signifi-
cant local bending stresses arise. In certain conditions, local
forces and stresses lead to wall rupture and detachment of
reinforcement elements.

Therefore, when designing pipelines and pressure vessels,
the problem of compensation of elastic deformations takes an
important place [1, 2]. For deformation compensation, special
devices are traditionally used: floating or sliding supports,
flexible inserts in the form of bellows, lens or packed expan-
sion joints. With the same purpose, curvilinear sections in the
form of L-, V- or U-shaped bends are “inserted” into the line.
In this case, the greater the flexibility of the bends, the higher
the ability of the structure to compensate elastic deforma-
tions, the lower the level of working forces and stresses.

The introduction of additional elements and units in
the line increases dimensions and weight, the cost of the
structure as a whole. Fundamentally new approaches to the
design of pipelines and pressure vessels open up with the use
of modern structural materials [3, 4]. The use of multilayer
structures with dimensionally stable properties becomes an
effective means of “compensation” of elastic deformations [5,
6]. Selection of materials [7], development of layer package
structures and methods for designing such structures with
weight and dimension limitations, without reducing the
product strength, seems to be a rather urgent problem.

2. Literature review and problem statement

The most promising materials for dimensionally stable
structures are fiber-reinforced composites (FRC) [8]. More-
over, most of such structures are used in the rocket and space
industry [9].

In [10], rod systems from FRC are considered. In [11],
methods of optimization and design of dimensionally stable
structures based on composite plates are presented. Matrix
and binder selection questions are discussed in [6, 10] (carbon
fiber reinforced plastic), [12] (metal composite) and [13] (com-
bined metal and FRC). In [14], the technique for measuring
the deformation of composite specimens for designing dimen-
sionally stable structures at low temperatures is proposed.

Systematization of the results of these studies [5] sug-
gests that existing approaches to solving the problem of
compensation of deformations of composite structures rely
on uniaxial self-compensation. Package structures and re-
inforcement schemes that ensure dimensional stability have
been developed only under temperature loads. There are
practically no studies on the creation of composite pipelines
and pressure vessels with dimensional stability under the
combined effect of temperature and internal pressure [8].

All this suggests that it is expedient to conduct a study on
the development of new layer package structures and design
techniques of dimensionally stable structures from FRC un-
der the combined effect of temperature and internal pressure.

3. The aim and objectives of the study

The aim of the study is to develop structures of multilay-
er cylindrical shells with axial dimensional stability.

To achieve this aim, it is necessary to accomplish the
following objectives:

—to choose package structures, reinforcement schemes
and determine package parameters that provide geometric
stability under two-component static loading;

— to investigate two-way reinforced and combined mul-
tilayer pipes, made by winding of reinforced tape on a thin-
walled metal mandrel;

— to perform a design justification of dimensionally sta-
ble structures.

4. Derivation of relations for elastic deformations of
the wall and analysis of the effect of reinforcement
parameters

We consider the deformation of thin-walled pipelines and
cylindrical pressure vessels under the action of temperature
and internal pressure.

Fig. 1 shows the pipe section as a thin-walled cylindrical
shell. The wall of the shell is formed by two-way spiral wind-
ing of two symmetric fiber (filaments or tapes) systems on the
mandrel. Fibers make up angles +6 with the shell generator.

The number of the unidirectional layers is 2k+1. The
inner layer (technological mandrel) is considered homo-
geneous and isotropic, the unidirectional layers from FRC
(monolayers) — orthotropic and linearly elastic. The bonds of
fibers and binder, as well as individual layers with each other,
are assumed to be ideal.

Fig. 1. Thin-walled multilayer shell element

We use two right orthogonal systems of coordinate axes.
Coordinates 1, 2, 3 (natural coordinates) are associated with
the axes of the elastic symmetry of the monolayer: axis 1 is
directed along the fibers, axis 2 — perpendicular to the fibers
in the monolayer plane. Coordinates s, 7, ¢ are combined with
the middle surface of the shell (Fig. 1).

We assume that the monolayer “works” under conditions
of plane stress state (radial stresses are neglected). In this
case, the relation between deformations and stresses has the
following form [15]:
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or in the matrix form:

{812} = [So]{cu}-i'{(xu}AT.

Here {&12}, {G12}, {042} are the vectors of deformations,
stresses and coefficients of thermal expansion, respective-
ly; [SO] is the monolayer elastic compliance matrix; AT is
the temperature variation (measured from the initial level,
corresponding to the stress-free state); Ey, Eo, Gy, Vi2, Vo1,
o4, 0 are the technical thermoelasticity constants (effective
thermoelastic constants: elastic moduli, shear modulus,
Poisson’s ratios and thermal expansion coefficients). In this
case, VioBs=vs1E;. A homogeneous field is assumed. The rela-
tions inverse to (1) are:

o1 g?1 g?z 0 £ B,
G2 (= g?zT ggz 0 g (1B, rA 2
Ti2 0 0 ggs Vi 0

or

{o,,}= [Go]{gm}_{Bu}AT

where [G°] is the monolayer stiffness matrix, {Bo} is the tem-
perature stress vector.

The coefficients of the matrix [G°] and the vector {Bys}
are related to the technical thermoelasticity constants by
the following relations:

g110 = E / (1=vyvy), g120 =VyE /S (1=v,Vy),

gzzo =E,/ (1-v,vy), geso =Gy, g210 = g1207
B1 = (0 +vya,) E /1_V12V21),
By =(01, +V,0) Ey / (1=Vy5Vy)).

Let us rewrite the dependences (1) and (2) from the
natural coordinate system 1, 2, 3 to coordinates s, 7, t. As a
result, we get

{e)= [Slio,} + {0, JAT, ®3)
{o.)= [Gl{e.} - (B.IAT. (4)
Transformations of matrices when the axes of coordi-

nates s and ¢ are rotated relative to the normal to the surface
r have the known form [15]:

[s1=[z][s" L] [6] =[L1[c JL],

{OCS[} = [L1]{a12}r {Bsz} = [LZ]{BQ} (5)
Here [L{] and [L,] are rotation transformation matrices:
[ m? n’ —mn
[L1] =| n? m? mn |,
| 2mn —2mn m*—n®

(m?  n? -2mn
2mn |, (6)

mn —-mn m*—n®

In this case, m=cos0, n=sin®. The index "T" denotes the
matrix transpose operation.

Note that, according to (5), with arbitrary reinforce-
ment, the angular deformations vy of the unidirectional
layer are related to normal stresses o and o, and the
linear deformations € and &, — to shear stresses T,. In the
particular case of symmetric winding for the system com-
posed of two monolayers with angles 6, the coefficients

$16=526=0, g16=826=0, 0,;=0, E’sl:O~

As a result, these relations disappear.

We define the linear deformations €, and €, of the section
of the multilayer pipe reinforced with the symmetric fila-
ment system. To do this, using the method of sections, we
write the following equilibrium equation [4]:

20 b, —prz

>.0,h=pR. (7

Here i=1, 2,..., k+1 is the sequence number of the layer
(composed of two monolayers), #; and r; are the thickness
and radius of the middle surface of the layer, R is the
pipe hole radius, p=pm+p/><v,2n is the intensity of internal
pressure. In this case, p,, is the static component, pfxvi
is the dynamic component of pressure, equal to twice the
velocity head (p; and v,, are the density and velocity of
the fluid flow). It is believed that the pipe end sections are
closed with plugs.

Substituting the dependences (4) into the equation (7),
we obtain

e, X8k +e Y gk -AT 3B, A r-prz
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In the particular case of an isotropic body with k=1,
the formulas for linear deformations (8) acquire the known
form [1]:

» 1-2v R

€ = PR

y 2E h

el = 2-VR

TP E

el =eX =0 AT, 9

where E, v, o are the elastic modulus, Poisson’s ratio and
thermal expansion coefficient, respectively.

In the case of an isotropic body, the equality &;= 0 holds:
under the action of internal pressure, if v=0.5; under the
action of temperature, if oo = 0.

For the pipe made of two-way reinforced material con-
taining two monolayers, we define the angles +6°, ensuring
g=0. Consider internal pressure loading (temperature load
is considered in [15]) on the pipe. In this case, based on (8),
from the condition e=0 for k=1, it follows that:

h
)= 24+—1=0.
8 g12( R)

The coefficients gi» and g9 are determined by the for-
mulas (5):

(10)

gn=8im' +2(gl,+2g5 ) m'n” + gy,m",
&2 :gfz (m4+”4)+(g{)1+gg2_4g§6)m2”2- an
Substituting relations (11) into equality (10) and intro-
ducing a new variable A= n?, we obtain the algebraic equa-
tion of the following form
al’ +bh+c= 0, 12)

where

h
a= 3(1"" )(gn""gu 2g102_4g26)’
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The solution of the quadratic equation (12) determines the
angles 0", providing dimensional stability in the s direction.

b=2

3. Results of numerical experiment on thermal power
loading of versions of multilayer pipe reinforcement
schemes

For the sample made of two-way reinforced material
based on unidirectional KMU-4I carbon fiber reinforced
plastic (Russian Standard GOST 28006-88) with the char-
acteristics: E1=140.0 GPa, E»=9.8 GPa, G1»=6.1 GPa, o=
=-0.24x10" 9K !, 0p=37.0x10 6K v{,=0.26, inner diameter
d=96 mm, wall thickness H=2.4 mm, we obtain 4,=0.6255827
and 29=0.0199187. Where 6, =%52°16 and 6, =+8°07".

Thus, under internal pressure loading on the sample, two
different winding angles 0", providing geometrical stability
are obtained. Moreover, the angle 8;" is quite close to the
angle 0p=+54°44’, corresponding to the equilibrium rein-
forcement scheme [4].

Fig. 2 shows the graphs of the linear deformations &, and
g of the sample against the winding angle, constructed by
the formulas (8). Graphs in Fig. 2, a correspond to the effect
of temperature AT=1 K. The points on the graph are the ex-
perimental results [5, 15], averaged in the temperature range
of 25+150 °C. Graphs in Fig. 2, b correspond to the action of
internal pressure p=1 MPa.
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Fig. 2. Change of linear deformations from the winding angle
for the carbon fiber reinforced plastic sample:
a — temperature loading; b — pressure loading

Table 1 shows the calculated values of the angles 6, pro-
viding the dimensional stability of the sample in the axial
direction, under two-component static loading. The com-
bined effect of temperature and internal pressure is taken
into account. We state that the calculated angles for various



combinations of loads are located in the interval of +41°47’
and +52°16". The boundaries of the interval are limited by
the angles, calculated under the partial action of loads.

Table 1
Angles 0 *ensuring axial dimensional stability
Tempera- Pressure, MPa
ture, K 0 1.0 2.0 3.0 4.0 5.0

0 — 52.28 | 52.28 | 52.28 | 52.28 | 52.28
20 41.78 | 48.65 | 50.08 | 50.70 | 51.05 | 51.27
40 41.78 | 46.89 | 48.65 | 49.54 | 50.08 | 50.44
60 41.78 | 45.85 | 47.64 | 4865 | 49.30 | 49.76
80 4178 | 45.16 | 46.89 | 47.94 | 48.65 | 49.16
100 41.78 | 44.67 | 46.31 47.37 | 4811 48.65

We investigate the deformation of the combined mul-
tilayer pipe, made by two-way spiral winding of reinforced
tape on the mandrel. The mandrel is made of technical tita-
nium VT1-0 with the parameters [16]: E=1.121x10° MPa,
0=8.0x10"6 K1, v=0.32. The tape — from KMU-41 carbon
fiber reinforced plastic. The inner diameter of the pipe is
d=96 mm, mandrel thickness is #;=0.3 mm, and wall thick-
ness is H=2.4 mm.

Fig. 3 shows the graphs of the linear deformations & and
€ against the winding angle. Fig. 3, a corresponds to the
effect of temperature AT= 1 K, Fig. 3, b — to the action of
internal pressure p=1 MPa.

Using the ASCP software package [1] and the
finite element [17], we analyze the stress-strain pa-
rameters of the pipeline with the flowing fluid. The
design scheme of the pipeline is shown in Fig. 4
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Fig. 4. Pipeline design scheme

Table 2 gives estimated displacements, longitudinal forc-
es, maximum values of the bending moments and loads on
supports for each version of the structure.

Table 2
Pipeline stress-strain parameters

(dimensions in mm). We consider the mode of undis-

turbed internal flow. Fluid parameters: p/=1.02 g /cm?, \iefr:L(;n DISplacﬁlmment p-3 N KN | Mm% kN Load Ogns(lll iports ?
0n=10 m/s, p,,=0.898 MPa, AT=100 K. Forces of fric- [grycture| © 7 v R kN | R™ kN
tion of the liquid against tbe pipe walls are neg.lect.ed. I 1036 | 1036 | 4388 | —1.112 4560 4560
Let us compare threg versions of structures differing T 1870 | 1870 | 6228 | —o0.3987 1594 1594
in pipe design. Version I is a single-layer structure - - — —~ -
made of VT1-0 titanium (inner diameter =96 mm, 11 1x10 1x10 7.238 |-7.102x107?| 2.552x10~% [2.552x10

wall thickness H=2.4 mm). Version II is a multilay-

er combined structure made by two-way spiral winding of
KMU-4l carbon fiber reinforced plastic on the VT1-0 tita-
nium mandrel (¢=96 mm, winding angles 6=+60°, mandrel
thickness 7;=0.3 mm, wall thickness H=2 4 mm). Version
IIT is a multilayer combined dimensionally stable structure.
It differs from version II in winding angles — 6=0"=+12°48.
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Fig. 3. Change of linear deformations from the winding angle
for the combined sample: a — temperature loading;
b — pressure loading

Each of the design versions of the pipeline gives notice-
ably different values of displacement and support reactions.

6. Discussion of the results of design justification of
dimensionally stable structures

The results of numerical simulation (Fig. 2, 3, Tables 1, 2)
indicate that the proposed design technique for multilayer
composite pipelines allows creating dimensionally stable
structures with two-component loading.

Indeed, from the analysis of the graphs in Fig. 2, it fol-
lows that:

— At temperature load, dimensional stability of the
sample (thermal stability) is ensured in both axial and
circumferential directions (e2'=0 for §'=+41°47, sz=0 for
0"=+48°13"). In this case, in the region of angles 8<41°47
with increasing temperature, the sample length decreases,
and in the region 8>48°13its diameter decreases.

— Under the internal pressure, dimensional stability of
the sample is ensured only in the axial direction. At the same
time, in the region of angles 62+60°, the circumferential de-
formations are rather small.



From the graphs in Fig. 3 it can be seen that the winding
angles corresponding to g=0 are: under the action of tem-
perature 0°=+12°46" and 6°,=%35°58’, under the action of
internal pressure — 0°{=+12°53 and 0°,=%50°34. Note, in
the region of 8°1<0<0"y, the internal pressure causes a de-
crease in the pipe length.

Analysis of the results of the computational experiment
on modeling the stress-strain state of the pipeline with the
flowing fluid showed the following. For version III of the
pipeline, the estimated displacements, bending moments
and loads on the supports are practically zero. Obviously,
the use of dimensionally stable multilayer pipes eliminates
axial deformations. As a result, the forces and stresses in the
pipes associated with the bending deformations disappear,
the supporting structure is unloaded.

Single-layer metal and combined pipes from carbon fiber
reinforced plastic are in tension. Moreover, the tensile force
in the pipe with a dimensionally stable structure (version
III) is equal to the compressive force in the channel, i.e.,
N=P, where P=pA,=7.238 kN. Here A, is the area of the pipe
opening. In this case, the expansion loads from the pipe are
not transferred to the fittings.

Of course, this method of compensation of deformations
has some limitations:

— According to the used hypotheses of the theory of thin
shells, the normal stresses in the direction of the normal are
considered to be zero. Only interlayer shear stresses are tak-
en into account. In this, connections between the individual
layers, as well as the connections between the fibers and
the binder, are assumed to be ideal. In a real structure, this
circumstance may require additional technological or design
solutions to ensure joint deformation of the multilayer wall
and exclude delamination.

— The problem considers the pipeline as an engineer-
ing object with low thermal conductivity. A homogeneous
temperature field is assumed, that is, the same tempera-
ture is obtained in all layers. In real structures, when
filling the pipeline, a temperature gradient and thermal
shocks are obtained. But due to the small wall thickness
of the pipeline and slow filling (quasi-static process), we
can assume that the temperature field is aligned in thick-
ness, and in the first approximation it can be considered
as homogeneous.

— Internal pressure is considered as an action of a sta-
tionary internal fluid flow. In actual pipeline designs, hy-
draulic shocks and vibrations may occur during operation.
Therefore, it is impossible to refuse all compensators, but
their number can be reduced.

— The physicomechanical properties of materials vary
with temperature. Therefore, the proposed pipeline designs
will have dimensionally stable properties within the preser-
vation of the properties of materials. For other temperature
ranges, there will be other layer packages and reinforcement
schemes.

Note, dimensionally stable multilayer pipes from FRC
open up new approaches to the design of pipelines and pres-
sure vessels. There are opportunities to create structures

with preassigned (not necessarily zero) displacement fields
[18]. The coordination of these fields with the fields of the
initial technological displacements, as well as with the dis-
placements of the coupled elastic elements and equipment
when the operation mode changes. The scope of such struc-
tures is not limited to “hot” pipes. The results can be used in
cryogenic engineering. Thus, such structures can be used in
products of aviation and rocket-space technology, oil and gas
industry, that is, in structures where the operation of pipe-
lines is characterized by an increased level of tension with
stringent requirements to overall and mass characteristics.

7. Conclusions

1. The obtained calculated relations for linear defor-
mations of multilayer cylindrical shells under separate and
combined temperature and internal pressure loading allow
estimating the influence of winding angles and package
parameters on the values of elastic deformations. Analysis of
dependencies and strain values revealed the package struc-
tures, reinforcement schemes and package parameters that
ensure the geometric stability of the pipeline in the axial
direction under two-component static loading.

The presented structures were obtained on the basis of
technical VT1-0 titanium and KMU-4I carbon fiber rein-
forced plastic. However, this is not the only combination of
materials. Structures composed of stainless steels, niobium,
organoplastic, and other materials have similar properties
(dimensional stability).

2. The study of two-way reinforced and combined mul-
tilayer pipes, made by winding of reinforced tape on a thin-
walled metal mandrel, allowed obtaining the dependences
of the elastic strains on the reinforcement parameters. The
possibility of self-compensation of axial deformations both
under separate action of temperature and internal pressure,
as well as with their combined action is demonstrated.

3. The calculated substantiation of the obtained dimen-
sionally stable structures of multilayer cylindrical shells was
performed. Using the example of the pipeline with the flow-
ing fluid, the advantages of dimensionally stable structures
are demonstrated. Thermal power loading of several versions
of reinforcement schemes showed: the use of dimensionally
stable multilayer pipes eliminates axial deformations. As a
result, the forces and stresses in the pipes associated with the
bending deformations disappear, the supporting structure is
unloaded.
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