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In this work, using the methodology outlined in the above works, the results of the numerical
solution of the problem, which have applied value, were presented. The stress-strain state of a tubular
element with a rectangular cutout under conditions of thermoforce loading was studied. As a rule, the
solution of similar problems is carried out in a flat setting without taking into account the bending
load. This approach greatly simplifies the formulation of the problem, but leads to very significant
errors in the results. At zero value of the bending load, a good agreement of the planar and spatial
solutions is observed. The presence of a bending load leads to deviation of the curves from their initial
position. The maximum discrepancy of the results is almost 50%.

The analysis of this structure from the standpoint of the spatial problem of thermoplasticity, which
ensures taking into account the dependence of the physical and mechanical characteristics of the
material on temperature and taking into account the bending load on the section of the cutout, made it
possible to reveal the real features of its deformation.

Keywords: semi-analytical finite element method (SAFEM), stress-strain state, plastic and
thermoplastic deformation, tubular element, planar and spatial formulation, convergence of results,
thermoforce loading.

Introduction. Tubular elements are an important structural part of energy
installations. Deformation of the tubular element occurs in a stationary thermal
field, which causes changes in the physical and mechanical characteristics of
the material of the object.

The stressed-deformed state of a tubular element under a thermo-force

load

The general view of the tubular element is shown in Fig. 1.The diameter of
the hole D=2R=2,5 cm, the radius of rounding of the outer contour R;=2 cm,
width and height — B=4 cm and H=4,5 cm respectively. The depth of the cutout
is 0,5 cm, its length is 4 cm. The total length of the tubular element is L=8 cm.
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The working medium, heated to 7=100°C under pressure P=60 MPa, is
supplied through the internal channel. On the surface of the tubular element,
the temperature is 20°C. The law of temperature distribution by wall thickness
is shown in Fig. 3. In
operating ~ modes, the
bending load of the region
of the rectangular bend is
added to the active
thermoforce factors, the
intensity of which
gradually increases and can
reach Omax = 20 MPa. In
the process of increasing
the bending load, plastic
deformations develop in
individual parts of the
body, which can cause a
loss of the load-bearing
capacity of the structure.

At the ends of the body,
boundary conditions
corresponding to the absence of displacement in all three directions are
realized:

Fig. 1. General view of the tubular element

lZ]—;zia =lZ]—j,=ia=lZ]—j,=ia=0. (1

The thermomechanical characteristics of
the material are adopted in accordance with
those given in [10] for EI 395 steel.

Object discretization is carried out by a
set of prismatic elements with variable
physical and mechanical parameters. The
design scheme of the tubular element is
shown in Fig. 2. The area of the cutout is
modeled by the assignment of the zero
value of the modulus of elasticity £=0.

The study of the convergence of the
results of solving the problem of

Fig. 2. Calculation scheme of the thermoplasticity ~was carried out by

tubular element successive thickening of the grid of finite

elements in the cross-section of the body

while simultaneously increasing the number of members that resist

decomposition. Calculation schemes with a total number of unknowns
M=2754, M=6804 and M=14400 were considered.

The required accuracy of the calculation of the parameters of the stress-
strain state is achieved at M=6804, which corresponds to the use of 189 nodes
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in the plane and 12 decomposition terms. The results of solving with such a
grid differ from those obtained with M=14400 by no more than 1.5%.

As a rule, similar problems are solved in a flat setting [7-9] without taking
into account the bending load. This approach greatly simplifies the formulation
of the problem, but leads to very

significant errors in the results.This is 100
clearly illustrated by comparing the °C
o” ¥ graphs constructed on the vertical 80

axis of symmetry of the tubular
element (Fig. 4). At the zero value of

the bending load Q=0, a good ol
agreement of the planar and spatial
solutions is observed. The presence of 40
a bending load leads to deviation of the
curves from their initial position. The 20

maximum discrepancy of the results is
almost 50%.

Howgver, data from the.solu.tion of '5; 75 15 1 T5ufem)2
the spatial problem allow judging not
only quantitative changes in the area of Fig. 3. Law of distribu'tion of temperature

. .. by wall thickness

maximum stresses, but also qualitative
redistribution of their pattern along the inner diameter of the tubular element
(Fig. 5). The results of solving the plane problem are shown by a dotted line
and indicate that the maximum o° > is reached at the value of the angular
coordinate o = 7/4, i.e. in the area corresponding to the protrusion on the outer
contour.In the lower part of the cross-section of the tubular element in a
vertical plane (at o = m), the stress level is slightly lower. The spatial
calculation made it possible to determine that the increase in the bending load
leads to the displacement of the maximum values of 6> > on the inner contour
to the area adjacent to the vertical axis of symmetry.For example, for
0O=10 MPa, there is still a spike in stress at o = /4, but a clear maximum is
visible in the lower part of the vertical section. At the value of the bending
load O = 20 MPa, the maximum c”~ is achieved as in the case of O = 10 MPa
at a = 7. The values of the stresses 6° > at o = /4 become smaller than in the
upper part of the cross-section of the object in a vertical plane (o« = 0) and in
the region corresponding to the protrusion, even a local extremum is not
observed. On the horizontal axis of symmetry, an increase in the bending load
leads to a significant drop in stress. At O= 20 MPa, the stress 6>~ in this cross-
section is 2 times less than that determined by the results of the planar solution.

Thus, the presence of a bending load leads to the disappearance of the
maximum on the o” > plot, obtained without taking it into account on the internal
contour at o = /4. The nature of the stress-strain state along the circle, obtained as a
result of spatial resolution, is significantly uneven. The difference in the values of

c22 and 622 at O =20 Mpa is of the order of 11,5 MPa, while the drop on the

max min

¥ plot without taking into account the bend does not exceed 3.5 MPa.
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In Fig. 6 isolines of the intensity of 8
plastic deformations on the sweep of the 77 o
inner surface of the tubular element at {cm)
the maximum level of bending load. The 4

value 3' is plotted on the vertical axis,
and the angular coordinates a are plotted
on the horizontal axis. The analysis of
the curves allows us to conclude that the
maximum intensity of  plastic 5
deformations is reached in the inner

contour of the lower part of the vertical

cross-section of the tubular sample. The 4
area of plastic deformations adjacent to /
the vertical axis occupies 65% of the |

length of the sample, but the intensity of 3 ‘.‘" ]
these deformations in most of their zones !/
is small. Around the circle, this plasticity 2 $ I‘/

zone is located in the range from o = |
3n/4 to o = m, at the interval w/6 their \
intensity exceeds 1%. Another zone of 1 \ |
plastic deformations is located in the
area of the hard embedment in a narrow =
strip, its length is approximately 5m/8, 0 '
but the depth of penetration of plastic a W W 3”%1(,“}7
deformations in the section does not ) ] ] ) )
exceed 0.1 wall thickness. Fig. 6. Isqlmes of the intensity ofplastlc
S . . deformations on the sweep of the inner
Conclusion. The analysis of this surface of the tubular element
structure from the standpoint of the
spatial problem of thermoplasticity, which ensures taking into account the
dependence of the physical and mechanical characteristics of the material on
temperature and taking into account the bending load on the section of the cut,
allowed us to reveal the real features of its deformation.
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Marxcum 1ok FO.B., Mapmuniox 1.FO., Kozax O.B., Maxcum ok O.B.
YUCEJBHUI AHAJII3 HATIPYKEHO-TE®OPMOBAHOI'O CTAHY
TPYBYACTOI'O EJIEMEHTA TP TEPMOCHUJIOBOMY HABAHTAKEHHI

B poborax [2-5] peaizoBaHO po3B’si3yBasibHI CITIBBIIHOLICHHS Ta aJrOPUTM METOAY OJOYHHX
iTepaniii po3B’s3aHHs JHHIMHUX 1 HEMHIMHKX pIBHSAHb HAIiBaHAIITHYHUM METOJOM CKIHYCHHX
@IIEMEHTIB U1 KPHBOMIHIHUX HEOJHOPIIHUX MPHU3MATHYHHUX TiN. Y po0ori [1] BUKOHAHO umcenbHe
JIOCITI [DKEHHsI 30DKHOCTI PO3B’sI3aHHS, PO3TIIIHYTO IIKPOKE KOJIO TECTOBUX 33j1ay JJIsl TiJI 3 TUIABHO i
CTPHOKOMOAIOHO MIHIMBUM (i3HYHHMH Ta TIEOMETPHYHHMHU XapaKTepPUCTHKaMHM B HPYXKHIH Ta
IPY)KHO-IUIACTHYHIA mocTaHoBLi. B [6] 178 MiATBEpUKEHHS IOCTOBIPHOCTI  OZEPXKyBaHUX
pe3yibTaTiB HA OCHOBI HAIBAHAIITHYHOIO METOLY CKIHYCHHX CJIEMEHTIB, MOKa3aHO e(EKTUBHICTH
3aCTOCYBAaHHS JAHOTO MiAXOAY UL PO3PAaXyHKY KPUBOMIHIHHHX HEOJHOPITHUX MPU3MATHIHUX
00’ekTiB. PO3B’s3aHHS  KOHTPOJBHHX  3a7ad  TeOpii  HPYKHOCTI, TEPMOIPYKHOCTI Ta
TEPMOIUIACTHYHOCTI, a TAaKOXK 3a7a4 (POPMO3MIHHM JIa€ MOXIIMBICTH 3pOOMTH BHCHOBOK IIPO
JIOCTOBIPHICTb PE3yJIbTATIB JOCIIPKEHHS BUALICHOr0 Kiacy 00’ €KTiB Ha 6a3i po3pobIieHOT METOAUKH
Ta peasisye ii HaKeT NPUKIATHUX IPOrPam.

B naHiii poGOTi BHKOPHCTOBYIOUM METOAVKY BHKJAJCHY B HABEACHUX BHILE poOOTax Oyio
IPE/CTABICHO PEe3yJAbTaTH YHUCEILHOIO PO3B'I3aHHS 3aJadi, IO MAOTh IPUKIATHE 3HAYCHHS.
BuBueHo HamnpyxeHo-Ie(pOpMOBAaHUH CTaH TPyOYacTOro eIeMEeHTa 3 MPSIMOKYTHHM BHPI30OM B
YMOBax TEPMOCHJIOBOI'O HAaBAHTAXKCHHS. Sk IpaBuJo, p03B7ﬂ3aHHﬂ aHaJ’lOFi‘{Hl/lX 3a7a4 IMpPOBOAUTHLCA
B IUIOCKii HOCTAHOBLI 6e3 ypaxyBaHHsI 3THHAIBHOTO HaBaHTaKeHHs. Takuii miaxiz 3Ha4HO cripolrye
IIOCTAQHOBKY 3ajadi, IPOTe HPU3BOANTH JO AY)XKE CYTTEBUX MOXHOOK pe3ysbpTatiB. IIpu HyaboBOMY
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3Ha“leHHi 3ruHaJIbHOI'0  HAaBAHTAXXCHHA Cl'lOCTepil"a(lTbCﬂ rapH€¢ ys3ro/K€HHs IIJIOCKOro Ta
HPOCTOPOBOrO po3B’si3aHHs. HasBHICTb 3rHHAJIBHOIO HABAHTAKCHHS MPU3BOJAMTH [0 BIIAXWIICHHS
KPHBHX BiJl IXHBOI'O [OYATKOBOrO MOJOXKEHHsI. MakcuMaibHa po30DKHICTh pe3ysIbTaTiB CTAaHOBHTD
maibxe 50%.

AHaJi3 JaHoi KOHCTPYKIIii 3 MO3HIii MPOCTOPOBOI 3a/1aui TEPMOILIACTHYHOCTI, 10 3abe3reuye
ypaxyBaHHS 3aJCKHICTh (I3HKO-MEXaHIYHMX XapaKTepUCTHK MaTepialy BiX TemmepaTypd Ta
ypaxyBaHHs 3rMHAJIbHOIO HABAHTAXXCHHs Ha jliﬂﬂHKy Bﬂpi3y, JI03BOJIMB  BUSIBHUTH peaJ'll)Hi
0co0smBoOCTi i 1edhopMyBaHHS.

KurrouoBi ci10Ba, HaniBaHATITHYHUI METOA CKIHYCHHX €JIEMEHTIB, HAPY)XeHO-1e()OpMOBaHHI
CTaH, IJIACTHYHE Ta TEPMOIUIACTHYHE Ae(OPMYyBaHHS, TPyOUaTHIl €IEMEHT, IIOCKa Ta IIPOCTOPOBA
IOCTaHOBKA, 301KHICTb Pe3yJIbTATIB, TEPMOCHIIOBE HABAHTAXKEHHS.

Maksimyuk Yu.V., Martyniuk I.Yu., Kozak O.V., Maksimyuk. O.V.
NUMERICAL ANALYSIS OF THE STRESSED - DEFORMED STATE OF A TUBULAR
ELEMENT UNDER THERMAL LOADING

In articles [2-5] solving relations and the block iteration method algorithm for solving linear and
nonlinear equations by the semi-analytical finite element method for curvilinear heterogeneous
prismatic bodies are implemented. In article [1], a numerical study of the convergence of the solution
was performed, a wide range of test problems for bodies with smoothly and abruptly changing
physical and geometric characteristics in elastic and elastic-plastic settings were considered. In [6], to
confirm the reliability of the results obtained on the basis of the semi-analytical method of finite
elements, the effectiveness of the application of this approach for the calculation of curvilinear
inhomogeneous prismatic objects is shown. Solving control problems of the theory of elasticity,
thermoelasticity, and thermoplasticity, as well as shape change problems, makes it possible to draw a
conclusion about the reliability of the results of the research of a selected class of objects based on the
developed methodology and implements its application program package.

In this paper, using the methodology outlined in the above works, the results of the numerical
solution of the problem, which have an applied value, were presented. The stress-strain state of a
tubular element with a rectangular cutout under conditions of thermoforce loading was studied. As a
rule, solving similar problems is carried out in a flat setting without taking into account the bending
load. This approach greatly simplifies the formulation of the problem, but leads to very significant
errors in the results. At zero value of the bending load, a good agreement of the planar and spatial
solutions is observed. The presence of a bending load leads to deviation of the curves from their initial
position. The maximum discrepancy of the results is almost 50%.

The analysis of this structure from the standpoint of the spatial problem of thermoplasticity, which
ensures taking into account the dependence of the physical and mechanical characteristics of the
material on temperature and taking into account the bending load on the section of the cut, allowed us
to reveal the real features of its deformation

Keywords, semi-analytical finite element method (SAFEM), stress-strain state, plastic and
thermoplastic deformation, tubular element, planar and spatial formulation, convergence of results,
thermoforce loading.
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Maxcum’iok FO.B., Mapmuniox 1FO., Kozax O.B., Makcum’iox O.B. UuncenbHmii aHami3
HANpYKeHO-1e()OPMOBAHOTO CTaHy TPyO0YacTOoro ejgeMeHTa TMPH  TEPMOCHJIOBOMY
HaBaHTaxeHHi // Onip MarepiaiiB i Teopis copyx: Hayk.-Tex. 30ipH. — Kuis: KHYBA, 2023. —
Bumn. 110. - C. 199-206.

B pobomi npedcmasneno pe3yibmamu UYUCEIbHO20 PO38'SI3aHHS 3A0adi, WO MA€ NPUKIAOHE
3HAYEHHs, 34 GUKOPUCMAHHS MemOOUKY, GUKIAOeHOI 6 nonepedHix nyonikayisx, Bueueno
HANPYIICEHO-0ePOPMOSaHULl cman mpyouacmozo enemMenma 3 npsaMOKYNMHUM GUPI30OM 8 YMOBAX
mepmocuno6o2o Haeanmagicenns. Auaniz O0anoi KoHcmpykyii 3 nozuyii npocmopoegoi 3adaui
MEPMONAACMUYHOCH, W0  3a6e3neyyc  Ypaxyeamms  3AAedCHOCMI  (DI3UKO-MeXAHIYHUX
Xapakmepucmuk mamepiany 6i0 memnepamypu ma ypaxyeaHHs 3eUHAIbHO20 HABAHMAICEHHA HA
OLIAHKY 6UPIZY, 003601U8 BUABUMU PeabHI 0COOMUBOCMI IT depopmysanis..

Tabu. 0. L. 6. biomiorp. 10 Ha3s.
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Yu.V Maksimyuk, 1.Yu. Martyniuk,O.V. Kozak, O.V. Maksimyuk. Numerical analysis of the
stressed-deformed state of a tubular element under thermal loading // Strength of Materials
and Theory of Structures — Kyiv: KNUBA, 2023. — Issue 110. — C. 199-206.

The paper presents the results of the numerical solution of the problem, which has an applied
value, using the methodology outlined in previous publications. The stress-strain state of a tubular
element with a rectangular cutout under thermoforce load conditions is studied. The analysis of
this structure from the standpoint of the spatial problem of thermoplasticity, which ensures taking
into account the dependence of the physical and mechanical characteristics of the material on
temperature and taking into account the bending load on the section of the cutout, made it possible
to reveal the real features of its deformation.

Tabl 0.Fig 6. Ref. 10.
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