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The problems of modeling the stress-deformed state of erosion or corrosion-worn rectilinear sections and the
ball-shaped bends of pipeline systems are proposed to solve in a cylindrical coordinate system. For this purpose,
formulas of Christophell type 11, non-zero components of the strain tensor and a system of equilibrium equations
in the framework of linear torsional theory are given. The system of equilibrium equations is reduced to one
equation, which is the basic equation of the Lame’s problem. Formulas for the calculation of ring stresses that occur
in the wall of erosion or corrosion worn rectilinear sections, and the removal of pipelines from the action of internal
pressure are derived. The influence of the change in the wall thickness of the pipeline bends in the place of their
erosion or corrosion wear on the amount of ring stresses is determined.
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Introduction

Modern pipeline systems are complex networks that
consist of straight sections, curves of hot (bends) and cold
bending, tees, reducing couplings. Bends contain pipelines
of various purpose (gas pipelines, oil pipelines, oil
products pipelines, nitrogen pipelines, steam pipelines of
nuclear and thermal power plants, pipelines of pneumatic
transport, etc.). The largest number of bends is found in
the pipework of various technological objects, compressor
and pumping stations, underground gas storage, gas
distribution stations and etc. Bends contain I'-, Z- and I1-
shaped compensators of above-ground pipelines;

In the pipelines bends, the direction of flow changes
by an angle of 45°, 60°, 90°, and the particles contained in
the flow of the transported product are hitting the wall of
the bend, causing erosion wear (Fig. la). Under the
influence of aggressive contaminants contained in
pipeline flows, corrosion of the inner wall of the pipelines
occurs, and under the action of aggressive components
contained in the environment, corrosion wear of the outer
wall takes place (Fig. 1b). External and internal defects of
rectilinear sections, pipeline bends affect their stress-strain
state.
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One of the requirements that apply to the pipelines to
ensure their reliability is to control the changing
magnitude of erosion and corrosion defects of the wall
during the operation of the pipeline by, and the most
accurate determination of the stress state of the defective
areas.

In order to investigate the stress-strain state of erosion
and corrosion-worn pipelines, it is necessary to identify
and mathematically describe the factors of force action
that operate during the operation of pipelines.

Numerous publications, as a rule, concern either the
estimation of the change in the stress-strain state of the
pipeline sections by data on the displacement of surface
points under the action of force factors of unknown nature
[1-6], or the determination of ring stresses in the wall of
erosion-worn pipeline sections that are caused by internal
pressure [5, 7-10] or equivalent stresses by computer finite
element modeling [11-13]. Questions of complex
assessment of changes in stress-strain state under the
action of a complex of force factors of different nature
require more detailed study of them, taking into account
the curvature of the axis of quasi-rectilinear and hurricane
sections of the pipeline (bends of hot bending), erosion
and corrosion wear and tear, which causes wear and tear.
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Fig. 1. Pipeline bends’ defects: a) — erosion; b) — corrosion.

The purpose of the article is to develop mathematical
models of the deformation process and the stress state of
rectilinear sections and pipeline bends on the data on the
displacement of points on their outer surface and on the
change of the cross-section configuration caused by
erosion and corrosion wear.

I. Theoretical model

To describe the change in the stress-strain state of
pipelines according to the data of displacement of surface
points, a technique that has received theoretical
justification in [1, 2] is used, according to which the
coordinates of the radius vector of any point of the studied
area are obtained:

F(s, ort pi)= F|(s o1t pi)+p(S, o1t pi)x

x(cosw(s, 0.1t pi oy +sin (s, o, 1,t, pj Ay )+

+y(s o1t Pi)'ﬁ—%ﬁl' @
where s, ¢, r — components of the body-related quasi-
cylindrical coordinate system (s longitudinal
coordinates), 0<s<l; ¢ - polar angle in section
0<p<2z; r — radial component, R, <r<Ry); |
section length; Rr.., R, — respectively the inner and outer
radii of the pipe; t —time; p; — coefficients that take into
account the type of external loads (internal pressure,
torsion,  longitudinal  displacements,  temperature
gradients, etc.); 1, — radius vector of a point on the upper
part of the pipeline (for the construction of r; according
to the data on the movement of the points of the upper part
using interpolation smoothing splines [1, 2], taking into
account the accuracy of measurement of coordinates by
geodetic [6, 14] by techniques or methods of inline
inspection [9, 15, 16]; fi, b, 7; — vectors of surface
normal, binormal and tangent to the surface of the genera
[17, 18]; plsorntp) osort p) v erntp) -
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functions characterizing respectively radial, polar and
longitudinal displacements of points of the investigated
section (for a rectilinear section of the pipeline, it is
assumed:
pls ot p)=r, als, o1t p)=p wis o1t p)=0; D
outside pipeline diameter. For more complex
deformations, these functions are either given by the
deformation method, or they are assumed to be linear
combinations of components, and the coefficients of
decomposition are determined by the method of minimal
residuals [1].

According to the known representation (1) the
following quantities are determined:

— components of local basis vectors at initial and
control time points [19]:

fi=——i =5 X=p X3=r;

O]

a
aXi

— components of the metric tensor at the initial and
control points of time [6]:

or or -
U 6Xi aXJ t
— deformation tensor components [17]:
1
&ij ZE(Qij -gi). 4)

where gjj, gi‘} — components of the metric tensor at the

initial and control points of time;
— components of the stress tensor o  within the

isotropic body model [19]:
oV =, (e) 9" +2u", (5)

where o, g £ — contravariant components of stress
tensors, metric and strain tensors respectively.
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Components g'l are determined by the multiplication

of the matrix inverted to {g”}, determined by (3). For

other contravariant components [17], the known relation
between the covariant and contravariant components of
the tensors [17]:

(6)

3
7= 5"l
k,1=1
3
=2 %"
k,I=1

In the case of an anisotropic body [19],
components of the stress tensor are defined as follows:

3
gjj = Zcijklgklv

k,1=1

()

where cj — components of round modules matrix.

Model (1)-(7) allows us to estimate the change in the
stress-strain state at the coordinates change of the pipeline
inner surface points.

In places of curved sections of pipelines, bell-shaped
bends, the pipeline undergoes particularly significant
erosion wear resulting in a decrease in wall thickness.

When modeling the stress state of pipeline sections
with variable cross-section shape (erosion or corrosion
wear of the wall), the problem of stress-strain state

estimation is solved in a cylindrical coordinate system
with the following assumptions;

X=rcosp 0<¢p<2rn
y=rsing R, <r<R,
0<s<L

©)

=S

for which the Christopheles symbols of type 11 [17] have

1 2 _p2 1
only two non-zero components: [ =-T; I :FZl:F

In this case, assumptions are made for the components of
the displacement vector:

o =a(r, 0)
wy, =V(r, 0)

@3 =0

©)

The nonzero components of the strain tensor will be
as follows:

=—; =—+oar; g33=0; §3=0

11 or 22 00 33 13 (10)
_1fov dw 5 1) . _o

275 er " 60 r) o2

In this case, the system of equilibrium equations
within the linear theory of torsion to determine the
components takes the following form:

o 1loo o ov 2 16 1% v 1 ol 40w vl
(A+2u) —+-—-— |- e tH 7 2.2 3 ap
0 ror r 201 ror’ oroo r 00’1’ r*o0 “aor*
2 2
gy YO, 00 HvL +2ﬂ v o _ovl vy, (11)
2\or 060 r)r 2\ ar2 o0 orr r
10 0w 20v)1 3,11(81/ ow 21/)
2u t———— ="t =
20100 oro0 r or or 06 r
With boundary conditions: Formulas of Christopher type Il are defined as
follows:
022 r=R;, I:)in (12)
2 _p i3 =cosO(R-rcosh); I'yy=-t; 1"122=1"221=E
o r:REX_Pex r
2 :_sina(R rcosé) L3 cosé
where p , P, - internal and external pressure 3 r B3R rcoso (14)
respectively. r3. __rsind
In the same way, a coordinate system is introduced for 2" R-rcosd

the pipelines with the following relations:
x=(R+rcosg)coséd
y=(R+rcosg)sing
Z=rsing

(13)

where R — bending radius of toroidal bend.
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The nonzero components of the strain tensor are as
follows:
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&11 :a—u;gzz :6—V+ur
or o0
r cosd)

£33 =—UCOSO(R —rcosh) +v

sin e(R; (15)

10ov

Ep=—"—
12 2 or

lou v

200 r

within the assumption:

. a%u u 1
06%" r?
ou sin 6 ) sin

ov
+Uy——+ (
06 r(R—rcos0)

—(1
or
cos? 6

1
+Ul ——(A+2u)-(1+2
( rz( #)- #)(R—rcose)
1 o

)_+_ o%v 1

—+(/1+2 )E_‘l

ov 1 1 cosé

- |+(1+2
ar[ s r3 s r2 R—rcosé)j (A+24
v(/1+2,u) Rcos@—r

r*  (R-rcos)?

689(

)8v

with boundary conditions similar to (12). The numerical
solution of systems (11) and (17) requires considerable
computational effort, however, for the practical solution
of them it is possible to accept the assumption that R —

v 0%v au. d%u diu 8w _ou_ %
VU — = T T <<y —; —
00" 502" 00 pp?’ o6or’ obor or' pr?
which leads to the conclusion that system (17)

degenerates into one equation (first application of system
(17), first equation):

0%u

or?

aul u

—— =0,
ar r r2 (18)

which is the basic equation of the Lamé problem [19].

I1. Results

Taking into account the above hypothesis that with the
reduction of the thickness of the pipeline wall as a result
of erosion or corrosion wear, the configuration of the
cross-section is slightly different from the circular one and
the calculation of the nomination ring stresses that arise in
the bend wall from the action of internal pressure can be
performed by the formula:

n I:llnReX
==, 19
Ocs 5(0) (19)
where 5(0) — the wall thickness of the pipe bend,
depending on the polar angle (puc. 2):

5(0): Rex - Rin (0)’ (20)

ot (.1 1
—+—| A=+ +(A+2u)—
araa( 2 ”rj CRETE

> 7 2
" r(R-—rcosd) 06

2J+v{(ﬂ+2y)

ou 1 1
— |3+ A=
69(#r3 r3

80 r¥(R- rcose)
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u=u(r,6)
v=v(r, ) .

w=0

(16)

In this case, the system of equilibrium equations
considering the components u(r, 8); v(r, §) is written as

follows:

cosé
or m
v (ﬁ + 2y)-%+
r
sin #cosé
r(R-rcosd)?

_sin0(A+24) 0
r?(R+rcos6)

(A+ p)cosd
2o |
r“(R+rcosé)

sin @ Rsin @
ol (1) RO
r“ (R-rcos6)

(17)

where R _(¢) — internal radius of pipeline bend, subject to

change as a result of erosion or corrosion worn wall
(Fig. 2).

If the corrosion occurs in the outer wall of the bend
then:

5(0)=R,(6)-R, (21)

in?

where R_ (9) —external radius of pipeline bend, subject to

change as a result of erosion or corrosion worn wall.
Formula (19) is an integral focus of the more general
formula [18]:

EI.0 A
o ex = Rin (9)
(22)
_ Rezx Pex Ri%] (g)
Rezx - Ri%] ('9) 2

Whereas P >>P,
P,=0.

The results of the calculations show that the pipeline
bend with an outside diameter D=1420 mm and nominal
wall thickness & =24 mm at pressure P =5MPa

reduction of wall thickness by 6 mm as a result of erosion
or corrosion wear leads to an increase in nomination ring
stresses by 34%, which does not pose a threat to the
durability of the pipeline (Fig. 3).

then it can be accepted that
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Errosion

Fig. 2. Calculation scheme of erosion-worn bend.
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Fig. 3. The change in nomination ring stresses in the pipeline bend wall is caused by its erosion or corrosion wear.

I11. Discussion and conclusion

Assuming the elastic nature of the stresses in the
pipeline material, a complex estimation of the stresses can
be carried out on the principle of superposition of
solutions to the problems of elasticity theory [18]:

O, =0+0, (23)

where O-g — general stress tensor; o — stress tensor

calculated by the algorithm (1)-(7); 5‘CS — stress tensor

calculated by (21) taking into account the change in wall
thickness as a result of erosion or corrosion wear.

When constructing the tensor using (1)-(7), it is
necessary to involve the interpolation apparatus with
smoothing interpolation cubic splines in order to eliminate
the influence of inaccuracies caused by the error of
measurements of the displacements of the points of the
upper generating tube by instrumental geodetic methods.
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[14, 6].

The advantage of formula (19) is its simplicity in
comparison with other methods, which makes it possible
to determine the nomination ring stresses quickly in the
wall of erosion or corrosion worn rectilinear sections of
pipelines, pipeline bends and to evaluate their strength.
The use of (19) is limited by the assumption that erosion
or corrosion wear results in a cross-sectional configuration
of the pipe that is slightly different from the circular one,
which was adopted to solve systems (11) and (17), and
therefore this formula can be used when the magnitude of
erosion or corrosion wear is not more than half the pipe
wall thickness. Further studies are planned towards
assessing the technical condition of pipelines bend with
significant wall defects.

When evaluating the nomination ring stresses
according to formulas and approaches (19)—(22), taking
into account the erosion or corrosion wear of the pipeline
taps, it is established that if the wall thickness decreases
by 6 mm, the nomination ring stresses increase by 34 %,
which will not lead to the loss of the pipeline strength.

The obtained results are tested by comparing them
with the results of three-dimensional modeling of the
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stress state of the bends of the main gas pipelines in the
software complex ANSY'S Fluent R18.2 Academic, taking
into account the complex three-dimensional geometric
shape of the erosion defects of the wall and the results of
the experimental measurement of the wall thickness of the
bends and the measurements of the magnitudes of the gas
pipelines. Almost 90 % of the similarities obtained with
these three methods were found.

Further studies may be related to the modeling of
stress-strain state of erosion-corrosion worn tees and

pipeline fittings.
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Moaer0BaHHS HANIPYKEHO-1€()OPMOBAHOT0 CTAHY €PO3iiHHO- KOPO3iiHO
3HOLIEHUX TPYOONMPOBITHNX CHCTEM

Isano-Dpankiscokuil HayIloHATLHUL MeXHIYHUL YHigepcumem Hagmu i 2azy, Isano-Dpankiscok, Yrpaiua,
ya.doroshenko@nung.edu.ua

3aja4i MOJICIIIOBaHHS HATIPY)KEHO-1e(h)OPMOBAHOT0 CTaHy epO3iifHO YU KOPO3iitHO 3HOIICHUX MPSMOJIIHIHHIX
JUISTHOK Ta TOPOMOAIOHMX BifIBOAIB TPyOONPOBIAHUX CHCTEM 3alpOIOHOBAHO PO3B’S3YBATH B LWIIHAPUYHIN
cucremi koopauHat. s uporo 3ammcaHo dopmynu Kpucrodens I poxy, HeHylboBi KOMIIOHEHTH TEH30pa
nedopmarniif Ta cucTeMy piBHSHb PIBHOBAardW B paMKax JIiHIHHOT Teopii kpydeHocTi. CHcTeMy piBHSHB piBHOBaru
3BEJICHO JI0 OHOTO PiBHSHHS, SIKE € OCHOBHHM piBHSHHAM 3anadi Jlame. Bueneno ¢hopMyiu Juisi po3paxyHKy
KiJIBIIEBUX HANpPY)XEHb, SIKI BUHHUKAIOTH Yy CTIHII €pO3iHHO 4K KOPO3iHHO 3HOIICHHWX NPSIMONIHIHHUX AUISHOK,
BiZIBOJIIB TPyOOIPOBOIB BiJ Jil BHYTPINIHBOTO THCKY. BHM3HAYCHO BIUIMB 3MiHM TOBIIMHU CTiHKH BiIBOJIB
TpyOONPOBOIB B MiCIIi X €pO3ii{HOr0 YK KOPO3ii{HOTO 3HOLICHHS Ha BEINYUHY KiNbLEBUX HAIPYKEHb.

KorouoBi ciioBa: KijblLieBi HaIpyXeHHs, €po3isi, KOpO3is, BiABiA TpyOOMPOBOIY, BHYTPIIIHIH THCK,

LUIHAPUYHA CHCTEMA KOOPHMHAT.
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