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Summary. Using the Kirchhoff thin shell theory with initial stresses the mathematical model for
determination of residual welding stresses in pipes with spiral weld joint was built. The values of welding stresses
acting on face surface of pipe for varying helix angle of spiral weld joint in pipeline was calculated.
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Statement of the problem. Spiral welded pipes are widely applied in the chemical and
oil industries, electrical and heat engineering. The advantages of such pipelines are those, that
the spiral weld joint is the reinforced element, thanks to which the pipe bending rigidity is
increased. To estimate the working capacity of such pipelines it is very important to take into
account the residual technological stresses in the areas of weld joint.

Analysis of the available results of investigations. Mathematical models for
determination of the residual stresses in the weld joint threshold in the cylindric pipelines within
the theory of thin shells were analyzed in the papers [1, 2, 3, 4, 5, 6]. The paper [7] was devoted
to the residual stresses in the spiral welded cylindric pipes for the case of the homogenous field
of free deformations.

The Objective of the paper. Within the Kirchhoff-Love isotropic shell theory, using
the concept of the incompatible free deformations, the mathematical model for determination
of residual stresses in the spiral welded cylindric pipes (SWCP) was built taking into account
the nonhomogeneity of incompatible free deformations along the weld joint.

Within the model the problem on determination of the residual stresses in such objects
under the given distributions of the incompatible free deformation components from the
tangential and normal till the spiral joint coordinate was stated. The numerical investigation of
the residual stresses for the case of periodic due to the tangential coordinate distributions of the
incompatible free deformations, the period of which coincides with one helix angle of spiral
weld joint, was carried out.

Statement of the task. Let us analyze SWCP as the thin-wall cylindric shell. Let us
mark as R and 2h correspondingly the radius of the middle surface of the cylindric shell and
the thickness of its wall. The spiral weld joint coincides in the middle of the shell surface with
the spiral weld joint ', directed under the angle ¢ to the guide circle of the cylindric shell

(Fig. 1). Let us introduce the coordinate system «'0p’ on the middle surface of the shell related

to the radius R, where the axis o«’ directed along the normal correspondingly, and the axis
op' —along the tangent ¢ to the spiral weld joint T and the coordinate system «04, related to

the main shell curvature lines [8].
Let , — the coordinate along the outer normal till the shell middle surface. Let us mark

as n =cos(¢p), n, =sin(p) — the guide cosines of the unit vector of the outer normal to the spiral
weld joint.
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Figure 1. Cylindrical shell with spiral weld joint

The joint area is formed while displacement of the rectangular plane
As=(-h<y<h)®(a} <a'<aj;) normal to r along r. The parameter a, which specifies the

weld joint area, depends on the coordinate 5'.

The carried out analysis of the obtained in the literature analytical solutions and
experimental data [9] shows, that the free incompatible deformations ¢ (a'.p'.7) (i=c'.p'),

resulted from welding, are concentrated in the small weld joint threshold and are damping
gradually being in distance from it. Taking into account the dependence of the residual
deformations on the coordinate along the weld joint, let us present them as the set with the
power », being limited by the second order polynomial [9].

2 i

eﬁ(a’,ﬁ’,y):Zq“Fji (ariﬁ’)% i=a,p (1)

where g; — constants, and

F. ((Z',ﬁ,) = zalsjr)%ki (a')l//jki (:Bl) (2)

k=0
9. (a')=0 under af <a'<ay), ¢,(a’)=0 Under o'<a’, a’'>a;; p,(c’) and v, (p').i=a’,p -
independent functions defined linearly; a’, some parameters (j=1, if i=a’; j=2,if i=p"),
m; — finite whole numbers, a’.aX — coordinates of cross-sections specifying the free

incompatible deformations field distribution boundaries.

In the paper [10] for the thin cylindric shell within the Kirchhoff — Love hypothesis the
system of the solving differential equations in the displacements is presented in the coordinate
system O«p, where in the right are the components of the free deformations field of the middle

surface. Let us write this system of solving equations in the coordinate system «'0p’, taking

into account, that i:nli— zﬁ and 2 - 1i Zi:
oa oa' *op o top Coa
3
ZLijui = gj(gza1825182ﬁ1K2a,K2ﬂ,K2ﬂ) ( J :13)
i=1 (3)

L12 = L21’ L13 = lev L23 = L32 :

Here u, =u(a', p'), u, =v(, '), u, =w(a',p’) —displacements and bending of the middle
surface of the shell [10], L, — differential operators of not higher than fourth order, which
include ¢, = h/(ﬁR), elastic shell constants, as well as the values n, and n,. Let us mark the
components of generalized vectors of the free deformations field of the shell middle surface in
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the coordinate system a0 as =(s2,.55 5, ) and & =(x2, &%,

1 Eog o Kosi Ky ) » IN the coordinate system

a'0p’" as P :(52,a,,52ﬁ,,52ﬁ,)
transformation matrix [7]).

The components of free deformations field of the middle surface, initiated in the spiral
weld joint threshold, taking into account (1), are found due to the formulas [10]:

and « =(x2,,

K0y K0, ), NEIE &' =Ve ' =Vix (V — the coordinate

1 h ’ ’ 1 ’ ’
gi? :E:[heiid}/:qoilzoi (0‘ B )+§q2iF2i (0{ *ﬂ)’

h ’ 2
Ki?:%feii}/d}’:w, i=a',p. (4)

-h

The solution of the system (3) is found according to the key functions ¢, v, (i=13),

which are the convolution of components of free deformations along the middle surface of the
cylindric shell with the 2z - the periodic fundamental solution of the system (3) G(«', ') [8]:

(') =g g, (@) +23 g, (@) |, ©

k=1

~Spnler

at k>1. Here s, —

' '
n=1 Akn m=0 Akr|

where gk(a’)ZZL[esnn“'_z%] at k=0,1 and gk(a')zie

the roots of the characteristic polynomial A, (s), which depend on the parameter of the shell
wall thickness ¢, = h/(%R) and the material elasticity constants the shell is made of. They are

expressed by the roots s, of the characteristic polynomial of the fundamental solution of the
problem on the equilibrium of the cylindric shell in the coordinate system o«p as follows:
Se = (N, +si,0 )/ (n, —s,n, ). That is why the properties of the fundamental solution G(«',8")
coincide with the properties of the fundamental solution of the solving equations system,
presented in the coordinates oas [8].

Let us introduce vectors N'=(N':, N2, ') M'=(M", M", H'), the components of which
are N;,N.,S’— normal and shearing forces, M,, M;,H’ — bending and torques acting along the
coordinate lines oo’ and 03'.

They are found due to the key functions as follows [8]:

N’z(Nw¢7+NWy7) M’{Mﬁwl\ﬂw_/j- (6)

In the [6] the matrix N,, N,, M,, M, are the differential eighth order operators, which
depend on the parameter of the shell wall thickness c, and the elastic constants of the material,

=(0020:), ¥ =(V1.¥2.¥s).-
Taking into account (1), (2), (4) and (5), let us present the integral representation for the
H!

forces N, N2, S’ and moments M'y, Mz,
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Here R'(s,) (i=o.v. k=1.3) are the eighth order polynomials from the roots of the

characteristic polynomial s, ( r=0..), P4 — constants being in the eighth power s, in the
polynomials R!(s,). D — the determinant of the differential operators of the system of the

equilibrium differential equations (3).

The forces and moments in the formula [7] are caused by the field of free deformations
[1] in the one helix spiral line threshold. The total forces and moments, caused by the field of
free deformations of two neighboring helixes are equal:

P (a’):E(a')+ Pla—a'), (8)

where a =4zRn, — the shortest distance between two neighboring helixes of the spiral line. The

effect of the free deformation field from the other helixes can be ignored, because the forces
and the moments are the damping functions.

Taking into account [8] the expressions for determination of the residual stresses are
presented as follows [9]:

1 Nl ’ ’ SMO a”ﬂ' 7 E 2 '
:—{Nf(a,ﬁ)+ 1(h2 ) +1_/u2 (&, (a', B)+
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gy (o B)+ yg (' B) + upyy (@' BY) =€ (o ) = ey (' B}

5y g 3H° a Byl
oo )= 8 ) S, ©

' ' 1 NI ' ' SMO a,’ﬂ' v E ’ ’
O’w(“:ﬁ)=g{N§(a’ﬂ)+ LVt )
0

+‘9 (0! lB )+Iusz0t ( ﬂ,)+7/K—ﬁO”ﬁ” (a',ﬂ")—,ue ' a,'ﬁ,)_eg'ﬁ'(a”ﬂ’))}

Results of investigations. Using the method of mechanical quadratures [11], the values
of residual stresses (8) on the face surfaces of a shell for such a field of free deformations were
calculated [3]:

ey, (. 8. 7)=-Ef,(7)es, (o' B); (10)

*

ee, (' B y)=-E,f,(r)e. (' 5');
where

& (. ) =0.(')S] («

)3, ()
&, (o, 1) = 5, (')3, (852 (@)~ P ()0

)8 (885 («');
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G (B')=(1+Acos(knpg));
S{(a')=1at |a|<e;; S/(a)=0 at |a|>q,
f(y)=1-m, (1—7/h)2, ¢ (a')=1+sa” 1 —-(3+2s )a" o' +(2+5. )" 1o Kk =1,2,3; k=12,

here a, =b, /R (b, (k=123) — the coordinates of circular and axle free deformation area
boundaries, E/, m,, A (i=12), s, k  (k=123) — the number parameters. The functions
f.(v), @ (') and G, (') specify non- uniformity of the free deformations field distribution.

The calculation is performed for the similar values of geometric and mechanical
parameters as it is in the paper [3]: R=0,71M, h=0,0197 M, E =200GPa, v=0,3, E, =7,5-10",
E,=2E, p=0,7, by=19mm, b, =10mm, b, =8mm , k, =3, k, =4, k, =3, m, =0,0625, m, =0,125,
s, =s, =3, s, =2. Dependence of the residual stresses o, and o, , acting on the face surfaces
of the pipe, on different values z' = «'R are presented graphically in Fig. 2 — 5. The value of the
helix angle spiral line ¢ = z/3 corresponds to the line 1, » = z/4 —to the line 2, » = z/6 —to the
line 3.
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Figure 2. The distribution of residual stresses o, Figure 3. The distribution of residual stresses o,
in the welded joint under y =h in the welded joint under y = —h
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Figure 4. The distribution of residual stresses o, Figure 5. The distribution of residual stresses o .
in the welded joint under y =h in the welded joint under y =-h
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Conclusions. Taking into account the results, obtained in the paper [3], the numerical

analysis testifies, that the residual stresses o,, and o,, under non-uniform field of the free
deformations along the spiral line is smaller in the case of spiral welding, than the similar field
of free deformations (10) in the case of circular welding. Besides, they decrease, when the helix
angle of the spiral line ¢ increases.
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MATEMATHUYHE MOJIEJIFOBAHHS 3AJIMIIKOBUX
HAIIPYKEHb Y CHIPAJIBHOIIIOBHIN TPYBI

Jlecs CenbkiB; Bacuiab Yekypin; Bacuib /skis

Incmumym npukiaounux npooaem mMexaniku i Mamemamuxu
im. A.C. Iliocmpueaua HAH Ykpainu, Jlveis, Yxpaina

Peztome. Ilpu oyinyrosanni excnayamayitinoi MiYHOCMI CRIPATbHOWOBHUX YUTTHOPUUHUX MPYO
HeOOXIOHO 3Hamu pPO3N0OLL 3ANUWKOBUX HANPYNHCEHb, SIKI SUHUKAIOMb GHACIIOOK HECYMICHOCMI BLIbHUX
Oepopmayiii y 30Hi 36apHo20 wea. /A yboeo mpyoa mMooenoemvcs MOHKOCIMIHHOIO YUNTHOPUUHOIO 0O0IOHKOIO 3
BIACHUMU HANPYICEHHAMU, A 3a BUXIOHY OepembCsa cucmema OupepeHyitinux pisHANb pieHOBALU 8 NEePEMILYEHHAX
Kaacuynoi meopii obononox Kipxeogpa-Jlasa, 3anucana 6 cucmemi KOOPOUHAM, WO OMPUMAHA HOBOPOMOM
cucmemu KOOpOUHAm, 8iOHeCeHoi 00 NiHIll 20108HUX KPUBUH YUNTHOPUUHOT 000IOHKU HA KM HAXUTLY CHIPATbHO20
36apHo20 wiea. B npagiti yvacmuni cucmemu pigHsaHb pieHOGA2U CMOSAMb KOMHOHEHMU MeH30pa HeOOHOPIOHUX
8ibHUX Oehopmayiil cepeOUHHOI NOBEPXHI 0OONOHKU, SIKI ANPOKCUMYIOMbCS 21A0KUMU DYHKYIAMU 0OMeHCeHUMU
Ha Heckinuenocmi. Tlobyooeano 27 — nepioduunuii hyHOAMEHMANbHULL PO36 A30K cUucmemu, OupepeHyiunux
PI6HAHL piHO8A2U, AKUL MAE Mi JC 6AACUBOCHMI, WO U (DYHOAMEHMANbHUL PO36 30K CUCNEMU DIGHAHD
pisHosazu 6 cucmemi KOOPOUHAM, SIKA 8iOHeCeHA 00 NIHIl 20106HUX KPUBUH 000NOHKU. 3a 00NOMO2010 320pMKU
nO cepeOUuHHIl NO8EPXHI YUTIHOPUYHOT 000IOHKU KOMIOHEH MeH30Pa BLIbHUX Oehopmayii 3 PyHOAMEHMATbHUM
D038 "A3KOM 3HAX00SAMbCSL KIIOY08E (PYHKYIT cucmemu Ougepenyitinux pisHans pisnogazu. Lle dozeonuno 3anucamu
iHmezpanbHi 300pasicerHst 018 3YCUNb | MOMEHMIB, Ki Oilomb HA cepeOHili NO8epXHI 000IOHKU DLl 00HO20 BUMKA
28UHMOBOL JIIHIT 36APHOCO WBA, I AKI 3a1e)HCamb 6i0 NPYI’CHUX CIMATUX, NAPAMEMPA MOHKOCMIHKOCMI 00010HKU
ma Kyma niotiomy 38apHnozo wea. Ompumano supasu 015 3HAX0O0CEHHS 3aTUUUKOBUX HANPYICEHb Y 0)0b-AKill
mouyi yunindpuynoi obonouxu. J[nsa pisHux eunaoxie xyma niouomy 38apHO20 WA 3d OONOMO2010 Memooy
MEXAHIYHUX K8aopamyp 6y10 po3paxo8aHo SeIUYUHU 3ATUUKOBUX HANPYIHCEHb HA TUYEBUX NOBEPXHAX 0O0IOHKU
07151 3a0aH020 NEPIOOUUHO20 3a MAHSEHYIATLHOIO KOOPOUHAMOW HEeOOHOPIOH020 PO3NOOITY HeCYMICHUX GLILHUX
Odepopmayitl, nepioo axoeo 30icacmvcsi 3 00HUM GUMKOM 2BUHMOBOL TIHII.

Knwouoei cnosa: mpyba, 3aauukosi uanpyosicenws, CRIpATbHULL 36apHULl W08, Meopis 00010HOK
Kipxeogpa-Jlsnsa, invni decpopmayii.
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