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MATHEMATICAL MODEL OF A PIPE WELDED CONNECTION UNDER VIBRATION

The article discusses the theoretical foundations for improving pipe welding processes
through the use of vibration. A mathematical model of a pipe welded joint has been constructed, which
makes it possible to determine the residual stresses in welded seams exposed to vibration during the
welding process and the optimal time of vibration exposure. The constructed mathematical model
makes it possible to obtain analytical values of residual stresses for each specific processed object
having data on the natural vibration frequency, vibration damping coefficient, amplitude and frequen-
¢y of the driving force of vibration.
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Y ecmammi posensdaromvcs meopemuuni 0CHO8U 800CKOHANEHHSI NPOYECi6 36apio8anis mpyo
3a paxynox 3acmocyganmusi eiopayii. Ilo6yooeano mamemamuuny mooerb MpPYOHO2O 36aPHO2O
3'eOnanns, wo 0036019€ GUIHAYAMU 3ATUUKOG] HANPYeU 8 386APHUX WBAX, 00 AKUX 3ACMOCO8YEMbCS
8ibpayis 6 npoyeci 36apro6anHs i ONMUMATbHUL Yac siopayitinoeo enausy. Illodydosana mamemamuy-
Ha Mo0enb 00360JIA€ OMPUMAMU AHATIMUYHI 3HAYEHHS 3ATUKOBUX HANPYICEHb OJIS KOJHCHO20 KOH-
KpemHo20 00pobasiemMoeo 0b'ekma marouu 0ani npo 61acHy vacmomy siopayii, Koegiyicum 3amyxaHus
KOIUBAHD, aMIIMYOy | Hacmomy sUMyuyo4oi cuiu siopayii.

Knrouosi cnosa: 3anuwikosi nanpyeu, giopayis; mpyoa; 36apeHuti uos; Mamemamuyia Mooeib.

Problem’s Formulation

Currently, welding is one of the most commonly used technologies for joining metal structures
in many branches of modern industry, including metallurgy. According to experts [1,2], up to 2/3 of
the world consumption of rolled steel goes to the production of welded structures and structures, al-
most all metals are welded in any conditions, and the thickness of welded units ranges from microme-
ters to meters, the mass of welded structures — from fractions grams to hundreds and thousands of
tons. Welding is often the only possible or most effective way to create permanent joints of structural
materials and obtain standard products. Its widespread use is due to a number of advantages, such as a
reduction in the weight of structures, a reduction in the production time for products of complex shape,
and great opportunities for mechanization and automation of the process. At the same time, welding
also has some disadvantages, which include the occurrence of residual stresses in the heat-affected
zone, which complicates the assembly of large-sized structures.

A similar situation arises in the production of welded pipes and is characterized by cooling of
the metal and the appearance of stresses in it caused by unequal heating of the base and deposited met-
als, its shrinkage, structural changes due to heating and rapid cooling, a change in the solubility of
gases in the welded seam upon cooling and, as consequence, its destruction.

Analysis of recent research and publications

The processes of occurrence of residual stresses in the welded elements were described in
[3,4], methods for determining residual stresses are presented in [5,6]. Measures to prevent or reduce
stresses and strains during welding are described in [7]. The works of Antonov A.A., Birger L. A., Vi-
nokurov V.A. are fundamental in the development and improvement of experimental methods for de-
termining residual stresses.

Each of the known methods of reducing residual stresses has a more or less limited area of ra-
tional application, therefore, it becomes necessary to both improve existing and search for fundamen-
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tally new methods of processing pipes in order to remove residual stresses, as well as hardening, stabi-
lizing geometry, changing the structural state [8, nine].

To eliminate or reduce the level of residual stresses, constructive and technological measures
are taken. The constructive method is based on the rational design of welded assemblies, and the tech-
nological method is based on the rational choice of the thermal regime, assembly method and welding
technology.

Welding technology is currently of great importance for reducing residual stresses, especially
with the use of vibration. This topic is discussed in the works of various leading research centers in
Ukraine and the CIS (E.O.Paton Electric Welding Institute, National Academy of Sciences of Ukraine,
Kiev, Ukraine; IPPM SB RAS, Tomsk, Russia; Gubkin Russian State University of Oil and Gas, Mos-
cow, Russia). At the same time, research in the field of vibration processing of welded joints in the
process of pipe production has been insufficiently carried out [10, 11].

Formulation of the study purpose

The purpose of this work is to construct a mathematical model of a pipe welded joint, taking
into account the influence of the interaction of individual particles in the bulk of the material, in order
to determine the residual stresses in the sample exposed to vibration during the welding process, as
well as the optimal vibration exposure time during welding of the pipe billet.

Presenting main material

The essence of the proposed method of vibration processing in relation to welding consists in
communicating vibration waves to the processed pipe billet during the welding process, thus prevent-
ing the formation of residual stresses in the welded seam and the heat-affected zone.

When constructing a mathematical model of vibration treatment of a weld, the following as-
sumptions are introduced:

- The temperature field at each point of the welding surfaces does not depend on the coordi-
nates of the point;

- Instant laying of the seam along the entire length;

- The deformation of the material is elastic-plastic;

- The bodies to be welded are elastic-plastic;

- The plastic flow of the material has a wave character.

The specific potential energy of a single layer is the sum of the potential energies of interac-
tion of individual particles:

W=35, W, (1)
where W; — specific potential energy i-th particle; n — number of particles in a layer.

For the specific potential energy of a particle, the following formula holds [12]:

A B
Wi=6-r—m+B-r—n,n>m. 2)
Here: 6, B — constants that take into account the interaction of particles with neighboring; r
— distance between nearest neighboring particles; 4, B — constants for a given substance (4 =

0; B = 0); m — number of layers.
Expression (2) is called the Mie potential. The extreme value of functional (2) is found using

differentiation, equating to zero and transforming the resulting expression:
A

m
We=6 5 Cr= "D, 3
According to [13], the change in potential energy during relaxation is described by the follow-
ing equation:
aw;
dt
where C — experimentally determined constant; ¥ — residual stresses; y, — amplitude value of the
dynamic stresses created by the vibration source; y_,; — material fatigue limit; a — vibration ampli-
tude; t — vibration exposure time.
Integrating (4) over the variable t and equating the resulting expression to (3), we obtain the
formula for finding the vibration processing time
n
_soa(-(0)' )

b=~ @Gwai-D - (5)

=C - e@G+yad/y-1), 4)
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In formula (5), the residual stresses ¥ are considered as the operator of the stress tensor
yij=1 /¥ and are found from the solution of the differential equation
y+2ny +uwg -y =a-sinmt, (6)
where y — residual stress level, 1 — damping coefficient; uy — forced vibration frequency; 1y, —
natural cyclic frequency of oscillations; t — time; a — forced vibration amplitude.
Equation (6) is a second-order linear inhomogeneous differential equation with constant coef-
ficients and a special right-hand side.
Solution (6) has the form:
y=y+y, (7
where ¥ — general solution of a linear homogeneous second order differential equation with constant
coefficients corresponding to an inhomogeneous differential equation; y* — particular solution of a
linear inhomogeneous differential equation (6).
We consider solution (6) for 3 cases: D > 0; D = 0; D < 0. Here D = 4(5% — m32) is the dis-
criminant of the characteristic equation
k? + 21k +m3 = 0. (8)
I. Case D > 0: roots k_1, k 2 of equation (8) are different, real. Then x > myy; ky, = —p +
v/D. General solution (6) has the form:

y; = e(a=D)te 4 o(=atvD)te, 4 Za—mazcos(mt) +
4222 +(m? —w3)

a-(w?-m3) .
e sin(uD). ©)
II. Case D = 0: roots kq, k, of equation (8) are multiple, real. Then 1 = my; k; , = —a. Gen-
eral solution (6) has the form:

2. o-1l-a
=e "t(c; + cyt) + - cos(mt) +
YII ( 1 2 ) 4 2m2+(m2 _ mg)z (U-l )
(22
a-(u? ~u5) >+ sin(wgt). (10)

4n2 w2 +(w? —ugf)
III. Case D < 0: roots ky, k, of equation (8) are complex conjugate. Then g < mig; kg, =

-nti- \/5, where D = 4(m(2, — 1%). General solution (6) has the form:

yi = e At (61 cos \/Et + czsin\/gt) Za—mzcos(mt) +
4n2u? +(m? —mf)
(2 2
i) > sin(t). (11)

4n2 w2 +(w? —ugf)
Here ¢, and c, are arbitrary constants.
To find arbitrary constants ¢; and c,, we use the initial conditions:

y(0) = 0;
{y’(O) = 0. (12)
The solution to the Cauchy problem for case I is obtained in the form:
Jy = elcnmD)e E I [24- (=n+ VD) + - (ws? —mO)]
2VD (42w +(u? — mg)?)
(—a+vD)-t @[22 (a+VD)+m-(m? —mg)] 2.pma
te 2\/—(4‘£l w? +(w? —m3) ) ap?uw+ (w2 -3)’ cos(ut) +
a(u?-ug) .
e (g -
The solution to the Cauchy problem for case II is obtained in the form:
— 2-aupa _aw?(w?-ug)+24 wea )
yi=e ( ap2w?+(u? -w3)” 2w+ (w2 -w3)” *
. (w2 -2
Zauma — cos(uit) +a(m—m°)22$in(mt). (14)

4n2 w2+ (w2 —ugf) 4n2 w2+ (w2 —uif))
The solution to the Cauchy problem for case III is obtained in the form:
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. 211 — i (2 —m2 ) 4 212 e =
ym=e‘”<—a—mazz-cos D-t,“—alu(IJJL 1) A2 sin D-t>+
4p2 w2 + (% - ) 42w+ (w2 -wf)
271111 (12 =2 i
AT - cos(mt) + —— (wl-ug) sin(t). (15)

ap2u? + (u2—u2 ) ap2u? +(u? —u2)
Thus, expressions (12)>—(14) represent solutions to the differential equation (6) and make it
possible to obtain analytical values of residual stresses having data on the natural vibration frequency,
vibration damping coefficient, amplitude and frequency of the driving force of vibration.
Conclusions

1. The stresses and strains arising during welding have been sufficiently studied; On this topic, there
are many works of researchers, in which the causes of occurrence, classification of welding
stresses and strains, methods of their determination and methods of prevention have been dis-
closed.

2. In order to prevent the formation of residual stresses in the welded seam and the heat-affected
zone, it is proposed to use vibration processing of a pipe billet during the welding process.

3. A mathematical model of vibration treatment of a weld and a formula for finding the time of vi-
bration treatment, taking into account the influence of the interaction of individual particles in the
volume of the material, has been built.

4. Determination of residual stresses during vibration processing of welded joints of pipes was re-
duced to solving the problem of mathematical programming. The presented formulas make it
possible to obtain analytical values of residual stresses having data on the natural vibration fre-
quency, vibration damping coefficient, amplitude and frequency of the driving force of vibration.
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MATEMATHUYHA MOJIEJIb TPYBHOI'O 3BAPHOTI'O 3'€/IHAHHS,
110 3HAXOJAUTHCA I1J] BINIMBOM BIBPAIIII
Bbanakin B.®., Kaguabaukosa T.M., Caskun C.B.

Pedepar

Memoro yici pobomu € nobydosa mamemamuyHoi Mooeni mpyoHO20 36ApHO20 3'€OHAHHS, WO
BPAX0BYE GNIUB 83AEMOOTT OKPEMUX YACMUHOK 8 00CA31 MAmepiany, 3 Memoio GU3HAUEHHS 3ATUUKOBUX
HAanpysicensb 8 3pasky, 00 SIKO20 3ACMOCOBAHO GiOPAYIUHUL 6NIUG 8 NPOYECT 36APIOBAHHS, A MAKOJIC
ONMUMATLHO20 YACy GIOpaYiliH020 GNAUBY NPU 36apr06anHi mpyoHoi 3acomoeku. Cymuicms 3anpono-
HOBAH020 CROCOOY 8IOPAYItiHOL 0OPOOKU CMOCOBHO 00 36APIOBAHHS NOAA2AE 8 NOGIOOMICHHI MPYOHIlL
3a20mosyi, wo 06podIIOEMbCS BIOPAYIUHUX XEUL 8 NPOYECT 36aPI0GAHHSL, 3aN00i2alouyu MAKUM YUHOM
opMysanHs 3aTUUKOBUX HANPYICEHb Y 36aPHOMY WG | OIIAUO06HIL 30HI. Bunuxaroui npu 36aproeanti
Hanpyeu i depopmayii 6 docmamuii Mipi 6usueri, Ha Oany memy iCHye besniu pobim 0OCHIOHUKIE, 8
AKUX OYIU pOZKpUMT NPUYUNHYU BUHUKHEHHS, Klacu@iKayii 36aprioganvuux Hanpye i oegpopmayiti, memo-
ou ix eusHauenmsi ma cnocodou 3anodicanus. 3 mMemoro 3anodicants QOPMYEaAHHIO 3ATUUKOBUX HA-
NPYJHCEHb 8 36APHOMY WGi 1 OLIAUOBHIU 30HI 3aNPONOHOBAHO GUKOPUCMAHHS BIOpayiinoi 0OpobKu
mpyoHoi 3a20moexu 6 npoyeci 3eaprogants. Illobydosarno mamemamuuny mMooeisb 8ibpayitinoi 0opoo-
KU 36APHO20 WA | (POPMYNa 05l 3HAXOONHCEHHS Yacy 8iOpayitinoi 00pooKu, Wo 8paxosye Niue 63de-
MOOIi OKpemux YacmuHok 6 00csa3i mamepiany. Buznauenns 3anuukogux HanpyjiceHvb npu 8iOpayitiiil
00pobyi 36apHuUX 3'€OHanb MpPY6 0Y10 36e0eHO 00 GUPTUIEHHS 3a0a4l MAMEMAMUYHO20 NPOSPAMYEAH-
Hs. Ilpeocmasneni popmynu 0036015810mMb OMPUMAMU AHATTMUYHT 3HAYEHHSL 3ATUUKOBUX HANPYIICEHb
Mawouu 0aHi nPo 61ACHy yacmomy ibpayii, KoepiyicHm 3amyxXaHus KOIUSAHb, AMAIIMYOY i Hacmomy
suMyuyo4ol cunu eiopayii
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