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The problem of calculating shells of rotation of a variable along the stiffness meridian under
asymmetric loading is reduced to a set of systems of one-dimensional boundary value problems
with respect to the amplitudes of the expansion of the desired functions in trigonometric Fourier
series. An approach to reduce the required number of solutions such one-dimensional problems is
proposed. The approach is based on predicting the values of variables along the meridian of
expansion coefficients. This allows reducing the computational steps for finding a solution. The
results of calculating the stress-strain state of a steel ring plate under asymmetric transverse
loading are given as an example.
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Introduction

Shell structures are used in the creation of structures of modern engineering, in
the oil and gas, chemical and other industries widely. By this way requires not
only weight indicators, but also various characteristics that lead to the need to
build more reliable models and methods for calculating shell structures with
inhomogeneous (in particular, with variable stiffness) parameters. [1 — 6].

In problems of determining the optimal distribution of material [7] or
calculating the durability of shells, taking into account the degradation of their
surface in an aggressive environment [8], the stiffness parameters change at
each step of successive approximations. This leads to difficulties in rebuilding
the grid with using well-known finite element analysis packages [9, 10] for
each step of the iterative computational (search) algorithm.

A fairly common approach to studying the behavior of such structural
elements is to directly solve boundary value problems for systems of partial
differential equations describing their state, where the components of the
stress-strain state are unknown [1, 5, 11].

In the case of shells of rotation with a variable wall thickness along the
meridian, the method of separation of variables is used using decompositions
of the components of the stress-strain state and load in trigonometric Fourier
series in a circular coordinate [1, 2, 5, 11 — 14]. As a result, the problem of
solving a system of partial differential equations is reduced in the general case
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to solving n + 1 systems of ordinary differential equations to find » harmonics
of the expansion of the desired functions in Fourier series. Here, the
inhomogeneity parameters (changing the shell wall thickness) are taken into
account quite simply, since they turn out to be components of the coefficients
of these systems. Further, the main computational steps of this approach are
mainly associated with the need to solve a large number of such one-
dimensional boundary value problems only. Therefore, reducing the
computational cost of finding their solution is quite important.

1. Mathematical model description

The equations of the moment theory of shells under asymmetric loading are
accepted under the assumption that shells of revolution (with a generally
arbitrary shape of the meridian), round (ring) plates in particular, are isotropic,
elastic and thin-walled. The wvalidity of Kirchhoff hypotheses, small
deformations and rotation angles in comparison with unity is accepted. The
shell wall thickness is taken variable along the meridian % = A(s) . It should be

noted that the change in the thickness /(s) of the shells of rotation should be
sufficiently smooth dh/ds much less, then one [1,2, 15]. Otherwise, the

accepted initial hypotheses will be violated, and the results obtained in the
calculations may turn out to be unreliable.

In this case, the equations of moment theory for thin elastic shells of
rotation of variable stiffness under asymmetric loading can be, as is known [1,
2,5, 11], reduced to a system of eight partial differential equations. For power
factors, generally accepted designations are introduced
N, Ny, S, M{,M,,M, Q,,0,; for appropriate movements and rotation

angles — u, v, w, ¥y, ¥,, ¥, and for the meridional, circumferential and normal
components of the external loading intensity — ¢;, ¢,, g5 -

These well-known equations of the theory of shells, in order to reduce the
bulkiness of the presentation, are not given in the article, and in the future, for
the sake of definiteness, the statements are taken in the form [1], where four
variables that characterize the displacements are taken as the main variables

u,v, w, 19] and four corresponding force factors N,, S, O, M,, where
oM
S* —S+ ; Of =0, +——— —reduced efforts.
dp
We W111 further use the decompositions of the load, displacements, and

forces acting in the shell into Fourier series [16] along the circumferential
coordinate ¢ in the form:

szf,fcosk(p+2fk’sink(p; l//zZl//fcsinkgo—Zl//,’fcoskgo, (1)
k=0 k=1 k=l k=0

where the functions f in the common notation [1] mean functions u, w,

€1, €5, U, X1s X2» N1, Noy, Q1, My, My, q1, g3; functions y — functions v, 7y, ,
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%y Xias S Oo M, qo, and 4, [, Wi l//,t( — coefficients of their expansion in

trigonometric series.

With this choice of functions, the expansion coefficients with the
superscript "t", which correspond to a skew-symmetric deformation of the
shell meridian, are determined by exactly the same system of equations as the
coefficients with the index "c¢", which correspond to the symmetric
deformation. Therefore, the results of further transformations for these
coefficients coincide, which allows them to be carried out only for functions
with index "c", omitting this sign.

Moreover, the displacements and forces that correspond to the "k"-th term
of the expansion are determined by the formulas [1]:

u=u; cos ke, v =y, sinke, w=w, cos ke,

Y, =By, cosko, Y, =0, sinke, N, = Ny cos ko,

S* =8, sinkg, O =0y, cosko, N, = N,, cos ko,

M, =M coskep, M,=M,, coskp, M =M, sinke. 2)

The use of the Fourier method (this is possible in the case when the shell
wall thickness in the circumferential direction is constant, but changes only in
the meridional & =h(s) allows reducing the adopted system of partial

differential equations of state of the shell to a system of ordinary differential
equations with respect to the expansion coefficients of the corresponding
functions in trigonometric series in the form:

duy cos 6 k 1 sin 8 1-4°
Pk _ —U—vy, —| —+ + Nyr),
ds G (Rl a JWk Ehr ()
dv, k cos 0 20+ 1) |, o
—r = —+ + S s
s r r " Enr (5kr)
dw 1
d_skZF]uk_ﬂlk’
v ko K cos ,  12(-p’
_]k:_’u_zs”fle\/k—lu—zwk—lu 19]k+ ( 3'u)(M]kr)a
ds r r hr
2,2 .2
d(le”):_E_h cos29+khi20 uk+kE—hcos9vk+
ds r 6(1+ wyr r
E 2,2 2013
+—hsin0c0s0 1- kh > W — KEh 5sin6- vy +
r 6(1+u)r 6(1+wyr

k. 1 N
+£ cos O(N . r)—— (S, 1) —— (O 1) — g7
r r R
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d\s;r 2,2
(s )zE_hkcoseuk+E—hk2 e hksz e[1+k hszﬁ
s r 12r

3

5 ksin Bcos 00, +,u§ (N r)—

cos 0

(Sk )+.U— sin O(M . r) =gy 7,
127

dalOj,r 2,2
( i )=E—hszn9cos9 I—L2
ds r 6(1+wyr
42 72,0 2 3
Eh{ 2 o KK cos 9}Wk+3+,u'Eh

+—| sin 5 5 2k200s(9-19]k+
r 12, 6(1+yr I+u 12r

E 2,2
uk+—hksin0 1+k h2 v +
12r

7

2

1 sin@ k
2 () ot
4 r r
(M, 2ER R ’
( 1k r): K Eh 5sin 6-u; + h kszn@cos@vk+3—# hzkzcose-wk+
ds 6 (1+p)r ui2r
ER 12k
f 2 [cosZHI 1+,Uj19]k (M]k ) (3)

Here, the components of the vector of the main variables of the stress-strain
state are the expansion coefficients of displacements u; v, ,w;,%, . As for the
coefficients of decomposition of force factors, it is convenient to take their
product by the radius r of the parallel circle as the main unknowns N7,

* *
Sir, Oty My

The coefficients of decomposition of displacements and forces, which are
not the main variables, using the relations of the theory of elasticity and the
dependencies between displacements and deformations are expressed in terms
of the main variables as follows:

Vo :(sm evk +£Wk) sinke,
r r
2k:{uN]k +Eh(£vk + &2 euk + 2 GW/{H cos ko,
r r r

3 2
My :|:ﬂMlk i Elhz [COSH Dy + ‘ 5 Sin Oy + L kj:l cos ko,
r

Mk=D(—£9,k—kCOZSQWk+kSI;“9ukj sin k. (€))
r r

7

Here k — is the harmonic number of the decomposition; R, R,, r(s) — the
radii of curvature of the shell surface and the parallel circle; 6(s) — angle
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between normal and axis of rotation shell; D= Eh* / (12(1— u*)) — cylindrical
stiffness; F, 4 — elastic modulus and Poisson's ratio, respectively.

A disadvantage of the system of equations (3) is that the forces and
displacements are related to the local coordinate system associated with the
normal and tangent to the meridian of the shell. Therefore, the coefficients of
the system have discontinuities when the meridian of the shell consists of
several sections with corner points between them. In this case, it is necessary
to draw up the compatibility equation for different sections.

According to [1], these difficulties can be circumvented if we pass to
global coordinates. For this, forces and displacements are projected not on the
tangent and normal to the meridian, but on the normal to the axis of symmetry
of the shell and to the axis itself. In this case, instead of displacements u, w,

displacements ¢, { are introduced, and instead of forces N, Q]* , forces X, Z
are introduced as follows:

E=ucosO+wsinf {=usin@—wcos0,

X =N, cos0+Q, sin@  Z=N,sin0-0,cos6. (5)

The same dependencies are related to each other and the coefficients of the
expansion in the Fourier series of the corresponding functions. Substituting

Uy, W, Ny, Oy, and their derivatives through &, ¢, X,,Z, into system (3)
brings it to the form:

dé, cos 6 kcos 0 , 1-u? cos* 0
—=- - v, —sin@- 9, + X.r)+
s U p S~ P W T, (Xer)
1-u® si
N U sinBcos O (Zkr),
Eh r
dg, =—,usme§k—,uksmevk+cos9-19]k+
ds r r
+1—,u2 sin@-cos @ (X r)+1_‘u2 sin® @ (Z r)
Eh r k Eh r K
dvy cos 0 sin 6 cos 0 2(1+ ) [
—=k +k + + Sy -7,
ds r S r S r k Ehr ( k r)
dv sin 0 cos 9 sm 0 cos 0
d_]k K &+ k2 $i = 7 Vk M Oy +
S r r
L120-4Y
oA ( My -r),

ER’r

dix, - 2,4 3.4 9.

(dk r) Eh[l+h kZSinzgjfk—ﬂ'k sznicos@
A r 12 r

&+

127
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. (Xk'r)—#

Ehk wK: ., ER’k* sin 0-cos 0 cos 0
l+——=sin” 0 |v, + : 3 Uyt u
12r 12 r

sin@ cos 0

. in@
+u (Zk~r)—k (Sk~r)+uk2 s1112 (M]k-r)—rqu,

d(Zk.r)——k‘t Eh® sin 9-cos0 2k2
ds 12 E ru

B ER’K® sin 6-cos Hv ER’k? 2+ 1+,u)cos 0
12 Y (1+ )

cos 0

k* cos? 9] & —

ﬂ]k_ksin 9(

S;:'r)—

—,Uk2 (M]k'r)_rqzk’

Gt

ds r ]2r 12 . r3

d(SZ'r)_Ehk[ hk? sin 0]5 ERK® sin6-cos 6
= k

Ehk*  ER
+ hk \7 +%-sin0-cos0-ﬂ]k+ukwse
r r

k 0 0 ksin@
sin Z, r )_cos (k~r)+,u SF’Z (M]k.r)_quk,

d(M]k "’) _ Eh3k2 'sin 0 cos 05 B ERK? 2+(1+,u) cos> 0
ds 12 2 D) (1+ 1) 2 k

(Xer) +

+u

ER’k sin6-cos 6 ER®
+ * Vk
12 2 127

2
[c0s29+ 2k jﬁ,k + (6)
1+u

cos 0

+sin9(Xkr)—c0s9(Zki’)—,U (Mlk "’)'

where for the radial and axial components of the loading such designations are
introduced:
G =i cosO+qs;, sin@;  q, =q Sin@—qy,cos 6. (7
Since the coefficients of the obtained system of equations do not contain
the curvature of the meridian 1/ R, they remain continuous even for a shell
whose curvature is discontinuous. As a result, the main unknowns assigned to
the fixed coordinate system remain continuous with an arbitrary meridian
shape, including for composite shells, which allows us not to compose docking
equations for such cases. As for power unknowns, X,r,Z,r,Syr, Myr
experience discontinuities of a previously known magnitude only where
concentrated efforts are applied to the shells on a specific parallel of the load.
For arbitrary £, the system of equations (6) is of the eighth order. For £k =0
the system breaks down into two: a system that describes axisymmetric
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torsion, and a system that describes axisymmetric bending of the shell. System
order can also be reduced in case of wind load (k =1). For the case 8 =0 (6)
also splits into two systems of four equations, which describe, respectively,
asymmetric transverse bending and tensile tension in its plane of an annular
plate along the radius of thickness.

It is convenient to represent the resulting closed-loop system (6) of linear
differential equations in matrix form:

Yk =2k?k +Ek , (8)
ds

where the components of the state vector Y, ={y,} for the shells are

quantities &, &, v, Dy, Xyr, Zyr, Sir, Myr, and matrix elements

Ar and column vector loads By — corresponding variable system coefficients
(6).

When solving specific problems, the system of equations of state (6) is
supplemented by an appropriate number of boundary conditions characterizing
the method of fixing the shell contour at the start s, and end s, points:

F(¥(s,))=0, (s, =5vs,). 9)

Expanding the elements of matrix F (9) in Fourier series, we can obtain the
corresponding boundary conditions for all harmonics. For asymmetric loading
of shells, system (6) consists of 8k equations, and for round (ring) plates, it
consists of 4k equations. The solution of problems (8), (9) is carried out by
the sweep method with orthogonalization according to S. K. Godunov [17].

Thus, the problem of calculating shells of rotation of a variable along the
stiffness meridian under asymmetric loading reduces to solving a set of boundary
value problems for systems of ordinary differential equations (8) (k =1, 2, ...,00)

with respect to variables along the meridian of the coefficients of expansion of
the main variables in Fourier series with boundary conditions (9).

2. An algorithm for predicting the values of expansion coefficients in
trigonometric Fourier series

In this section, we propose a technique for reducing the number of one-
dimensional boundary value problems (8), (9) necessary to achieve the given
accuracy of solving the problem in the form (1) to determine the stress-strain
state of shells of rotation of a variable along the meridian of the wall thickness.

It is known [16] that the approximation of a certain function g(z),

z €[-7,7] can be represented in the form of a trigonometric Fourier series:

m
g@) =ay/ 2+ (a; cos (kz) +by sin (k2)), (10)
k=1
where the coefficients ay, a,,b; (the sequence of values of which converge
with increasing harmonic numbers, not necessarily monotonously, to zero) are
determined by the well-known Euler — Fourier formulas:
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17 17
a, = = I g@)dz, a, = = I g(2) cos (kz)dz,
- -

V4
b= [ g@)sin)dz, k=12...c0 (b
v/
-

The idea of the proposed approach is to reduce the number of calculations
of coefficients a;, b, in accordance with (11) by periodically extrapolating

their values using the results of calculations of the previous coefficients of this
series, thus replacing them with some forecast values calculated using simple
formulas.

To construct such forecast values in optimization problems in [18], the
simulation forecasting algorithm was used, one of the difficulties of its
application was the need to determine the weight coefficients of the forecast
formula using the results of a special numerical experiment, and interpolation
with cubic splines when solving shell calculation problems in [19].

In this paper, to solve this problem, we propose the joint use of the Aitken
— Steffensen extrapolation dependences [20] and in the form of an increment
of the Adams method [7], which is quite effective in solving the Cauchy
problem for systems of ordinary differential equations and is based on
extrapolation dependences -compasses of Lagrange and Newton.

Let, as a result of three successive calculations of the coefficients of the
Fourier series a,, b, (hereinafter, denoted ¢, = a, v b, ), we obtain the values

Ck—25 Cp—1>Cp -
In this case, the following cases of sequences of changes in the coefficient
values ¢, depending on the

Sy number are possible k&
T o (Fig. 1).
= Here, line 1 corresponds
N, P to the case of a nonmonotonic
sequence:
(1 —Cn)e—c,)<0 (12)
0 lines 2, 3 — respectively,

monotonically decreasing and
increasing sequences:
(=) =) 20 (13)
line 4 — mixed.
The predicted values of
the next member c,,; of the

Fig. 1. Possible trajectories of changes in values
Fourier series coefficients depending on the harmonic )
number sequence of these coefficients

are determined by the results
of the values of the three previous members of this series c,_,,c;_;, ¢,

calculated using (11) depending on the type of iterative process. In the case
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when the sequence ¢, is nonmonotonic (12), the forecast is proposed to be
carried out according to the Aitken — Steffensen formula [20]:

2
GG — ()
Cry1 =

, k=2, (14)
Croa = 2¢ 1+ ¢

and in the case of a monotonic process (13) — in the form of an increment in

the second order Adams formula:

23¢;, —16¢;_; +5¢;_,
12

Further, using coefficients (11), ¢;,,,c,,; are calculated and the process

, k=2, (15)

Cry1 =

of forecasting the next value c,,, is continued taking into account three new

points, starting from the forecast point.

Thus, this approach avoids the need to calculate the coefficients of the
Fourier series at every third step.

3. Numerical results

The developed approach was tested for the case of acceleration of
convergence of the iterative algorithm for solving physically nonlinear
problems of the mechanics of shells of rotation in [7].

Here, the reliability of the proposed approach was verified using the results
of a system numerical experiment by predicting the values of the expansion
coefficients of Fourier series of known functions, typical sequences of which
are shown in Fig. 1.

As an example in Fig. 2(a), a sequence of values of coefficients (11) for

k=0,20 is shown where «e» is the predicted values (14), (15) of the
coefficients a, of the function:

_JL, 0<z<d, d=r/10,
f(Z)_{o, d<z<m,
the coefficients of the expansion of which in a Fourier series in cosines are:
ay=2d/m; a, =2sin(kd)/ (km); k=100,

ay by A
0,20 20 4
0,15 e
: 15
0,10 .

10 0 e o 0 o oD, o p
0,05 3 .
00 5 e 15 k|05 o1 " 2
| ..._L_..- X T SR wevmdp |
0,05 0,0 T 15 20 4
(a) (b) ()

Fig. 2. The calculated (-) and forecast (*) values
the coefficients Fourier expansion of given functions

Fig. 2(b) shows a graph of the monotonically decreasing values of the
calculated and predicted expansion coefficients in the Fourier series with
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respect to the sines of the function f(z)=7—z, ze[0,2x], which have the

form b, =2/k, k=1leo.

Changing the expansion coefficients in the Fourier series with respect to
the cosines of a function f(z)=z, ze[-x, ], for which q; = 7 /3;
a, =(-1)" 4/k*, k =1z are given in Fig. 2(c).

The relative error in the calculation, for example, of the value of the
function f(z) =1 (for z=0) (Fig. 2(a)) when using the first 20 harmonics of

decomposition, of which 7 are determined by the forecast results, was 1,4%,
and when using the exact values of the coefficients — 0,3%.

It should be noted that for higher harmonics, the relative error in the
predictive determination of the values of the coefficients of the Fourier series can
increase. However, taking into account that with increasing & the coefficients of
the Fourier series decrease to zero, their contribution to the final value of the
function decreases, which, on the whole, practically does not affect the accuracy
of the solution to the problem. From the analysis of the results shown in Fig. 2, it
follows that, if necessary, some of the Fourier coefficients can be determined
approximately, that is, not by the usual way of calculating the integrals (11), but
as a result of interpolation at some reference points.

It should be noted that the examples of forecasting the Fourier coefficients
considered above to illustrate the main idea of the proposed approach do not
have independent practical value, since the process of interpolating the
coefficients for the considered functions of one variable requires no less
computational costs than the usual method of obtaining the coefficients in the
form (10), (11).

At the same time, this approach is very effective in problems of calculating
asymmetrically loaded shells of revolution with a variable along the meridian
thickness, when the Fourier coefficients (1) are functions of the longitudinal
coordinate, and are calculated as a result of solving the boundary value
problem (8), (9). In this case, the systems of differential equations (6) with
respect to the amplitudes of expansion into trigonometric series are solved only
for individual “reference” harmonics, and the amplitudes for each third
harmonic are calculated as a result of interpolation of their values

(s <s” <s;) for all nodal integration points (8), (9). This can significantly

reduce the computational cost of obtaining a solution as a whole.

The effectiveness of the approach is illustrated in Fig. 3(a) by the
calculation of a thin elastic steel ring plate under the action of an asymmetric
load:

( )_ q(r), —-m/5<@<nm/5,
NWe=10, g [-7/5;7/5].

represented by its expansion in Fourier series in cosines:
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N
q(r.@)=aq,(r)/ 2+ q;(r)cos (kg), -m<p<m.
k=1

The solution of the arising systems
of ordinary differential equations (8), wiE/q 104, _,,
(9) with respect to the expansion
coefficients was carried out by the
method of sweeping with
orthogonalization according to Godunov 29
for various values of geometric
parameters and options for fixing the 0 v 0) |k
contour. The dependence on the number .
k of the coefficients of the expansion of
the radial  deflection  parameter
w,E/q, at the point r=r, in the

4,0

TX

1E/a 0,
O T 10 15 2

Fourier series in cosines is shown in !

Fig.3(b), and in Fig 3(c) is the ¢
parameter M ]((kk))/ q, of the longitudinal

— © L

Fig. 3. The values of the expansion
moment at the point 7 =r for the case coefficients in the Fourier series

. . of the deflection (b) and longitudinal
of an annular plate (Fig. 3(a)) with a moment (c) for the annular plate (a)
thickness 2=0,05m with a clamped

internal 7 = 0,2m and free external contour », =1m; E =200GPa; y=0,3.
In this case, to compute the terms of the Fourier series
w, (s), My, (s), (k=0,20), 14 solutions of the boundary value problems (8),

(9) were needed without a noticeable loss of accuracy (about 0,07%) compared
to using the Fourier coefficients obtained as a result of solving 21 such
boundary value problems.

The computational efficiency of the proposed approach is most clearly
manifested when it is used in problems of optimal design of structures [7],
since multi-step iterative optimization algorithms provide for the solution of
direct problems of calculating the stress-strain state of a structure at each
search step, which leads to rather large computational costs.

Conclusions

Thus, the presented article proposes a fairly general and effective way to
reduce the computational costs arising in the problems of calculating
asymmetrically loaded elements of shell structures using the Fourier method
by reducing the number of solutions to the corresponding one-dimensional
boundary value problems. Such an approach can be useful in solving a fairly
wide range of problems in the mechanics of shells, as well as the mechanics of
liquid, gas, and plasma, and in other fields.
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Izioba A.I1., Cagpponosa 1.A., Jlesumina J1./].

AJI'OPUTM 3MEHIIEHHSI OBYNUCJIIOBAJIBHUX BUTPAT B 3AJIAYAX

PO3PAXYHKY HECUMETPUYHO HABAHTAXKEHHUX OBOJIOHOK OBEPTAHHSI
3amaya po3paxyHKy OOOJOHOK 0OepTaHHsS 3MIHHOI Y3/I0BXX MepH[iaHa >XOPCTKOCTI IpU

HECUMETPUYHOMY HABAaHTAXKCHHI 3BOAUTHCS 10 CYKYIHOCTI CHCTEM OJHOBHUMIPHHX KpalOBHX

3a/1a4 IOA0 aMIUTITY A PO3KJIaAaHH IyKaHUX (QYHKLIH B TpuronomerpudHi psaan Pyp'e.

TIpOnOHYETHCSI METOMKA 3MEHIICHHS KiJIbKOCTI OTHOBUMIPHHX KpaioOBHX 3a/a4, HEOOXIAHUX
UL OCSTHEHHSI 3alaHOi TOYHOCTI BHU3HAYCHHS HAMpPY)KEHO-1e(OPMOBAHOTO CTaHY OOOIOHOK
obepraHHs 31 3MIHHOIO Y3[JOBX MEpHIiaHAa TOBIUMHOI CTIHKM IIPH HECHMETPUYHOMY
HaBaHTAXXEHHI. [Jest 3ampolOHOBAHOrO IMAXOAY TIIOJIITA€ B 3aCTOCYBaHHI MEPiOAUYHOrO
eKCTpaIoMoBaHHs (IPOrHO3yBaHHs) 3HA4YEHb KOe(iLi€HTIB PO3KIafaHHS LIyKaHUX (yHKUiH 3
BUKOPHCTaHHSIM pe3yiabTaTiB  OOYMCICHb  TMOMEpeAHiX  KoedilieHTiB BI/IMIOBIZIHOTO
TPUTOHOMETPHYHOIO PsAY, 3aMIHIOIOYH iX, TaKUM YHHOM, JACAKMMH IIPOTHO3-3HAYCHHSIMH,
00YHCIICHUMH 32 IPOCTUMH (OPMYJIIaMH.

Jnist BupimieHHs i€l 3amayi HPONMOHYETHCS CYMICHE BHMKOPHUCTaHHS CKCTPamoILiHHHUX
sanexxHocreil Eiitkena — Creddenca i B hopMmi CKIa0BOi IPUPOCTY B METOAI AaMca, KU €
JIOCUTh ¢(DEKTUBHUM TIpH PO3B’si3aHHi 3amaui Komn st cucreM 3BHYalHHMX An(EpeHIiadbHUX
PIBHSHB 1 6a3y€eThCs HA eKCTpanoLILiHUX 3anexHocTsixX Jlarpamka i HeloToHa.

IlepeBipka JOCTOBIPHOCTI 3alpOMOHOBAHOIO MIiAXOAY 3IiMCHIOBANAcs 3a pe3ysbTaTaMu
CHCTEMHOT0 YHCJIOBOrO EKCHEPUMEHTY LUIIXOM IPOrHO3YyBaHHS 3Ha4deHb KoedilieHTiB
poskiazneHs B psgu Dyp'e BitoMux GyHKIIH oqHie] 3MiHHOT.

Iigxix BHABISETBCS JOCHTh C(PEKTHBHUM B 3aJayaX pO3PaXyHKY HECHMETPUYHO
HABAaHTAXKCHUX OOOJIOHOK o0epTaHHs 31 3MIHHOK B3JOBX MEpHAiaHA TOBIIMHOK, KOJH
koedirieHTH po3knazaHHs IykaHHX OyHKUOH B pson Pyp'e € QYHKUIAMH [O3M0BXKHBOI
KOOPAMHATHU 1 O0YMCIIIOIOTECS B pe3ynbTaTi po3B’si3aHHs BiAMOBigHOI KpaiioBoi 3axaui. B upomy
BUINAJKY MiAXIA M03BOJSIE BHPIIIYBaTH CHCTEMH AM(EPEHLIaNbHUX PIBHAHD IIOAO aMILTITYQ
PO3KJIaaHHs B TPUTOHOMETPHYHI PSAN TINBKH UL OKPEMUX «OIOPHUX» APMOHIK, @ aMILTITYIH
JULSL KOXKHOI TPeThol FApMOHIKH MOXYTb OyTH OOYMCIICHI B pe3yJbTaTi IHTEPIOMALI] iX 3Ha4YCHb
UL BCIX BY3JIOBHMX TOYOK IHTErpyBaHHs BiAmoBigHOI KpaitoBoi 3amaui. Lle mo3Boise icToTHO
CKOPOTHTH O0YHCIIOBAJIBHI BUTPATH HAa OTPUMAHHS PO3B’SI3KYy B LIIOMY.

Sk MpHKJIaZ HAaBEACHO PE3y/IbTaTH PO3PAXYHKY HANpPyKEHO-1e(OPMOBAHOTO CTaHy CTaJIeBOI
KUIbL[eBOT IIJIACTHHHU PH HECUMETPUYHOMY IIONEPEIHOMY HaBAaHTAXKEHHI.

Kiaro4oBi cjioBa: 00010HKH 00epTaHHSs, 3MiHHA )KOPCTKICTh; HECUMETPUYHE HaBAaHTa)XKCHHSI,
HPOrHO3yBaHHsI KoedilieHTiB B Meroi Pyp'e; 3HIKEHHS 00YNCIIFOBAIBHUX BUTpPAT.

Dzyuba A. P.,Safronova I. A., Levitina L. D.
ALGORITHM FOR REDUCING THE CALCULATIONAL COSTS IN THE PROBLEM
OF CALCULATION ASYMMETRIC LOADING ROTATION SHELLS

The problem of calculating the shells of rotation of a variable along the meridian of rigidity
under asymmetric loading is reduced o a set of systems of one-dimensional boundary value
problems with respect to the amplitudes of decomposition of the required functions into
trigonometric Fourier series.

A method for reducing the number of one-dimensional boundary value problems required to
achieve a given accuracy in determining the stress-strain state of the shells of rotation with a
variable along the meridian wall thickness under asymmetric load. The idea of the proposed
approach is to apply periodic extrapolation (prediction) of the values of the decomposition
coefficients of the required functions using the results of calculations of previous coefficients of
the corresponding trigonometric series, thus replacing them with some prediction values calculated
by simple formulas.

To solve this problem, we propose the joint use of Aitken-Steffens extrapolation dependences
and Adams method in the form of incremental component, which is quite effective in solving the
Cauchy problem for systems of ordinary differential equations and is based on Lagrange and
Newton extrapolation dependences.

The validity of the proposed approach was verified b the results of a systematic numerical
experiment by predicting the values of the expansion coefficients in the Fourier series of known
functions of one variable.

The approach is quite effective in the calculation of asymmetrically loaded shells of rotation
with variable along the meridian thickness, when the coefficients of decomposition of the required
functions into Fourier series are functions of the longitudina Icoordinate and are calculated by
solving the corresponding boundary value problem. In this case, the approach allows solving
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solutions of differential equations for the amplitudes of decompositionin to trigonometric series
only for individual "reference" harmonics, and the amplitudes for every third harmonic can be
calculated by interpolating their values for all node integration points of the corresponding
boundary value problem. This significantly reduces the computational cost of obtaining the
solution as a whole.

As an example, the results of the calculation of the stress-strain state of a steel annular plate
under asymmetric transverse loading are given.

Keywords: rotation shells, variable stiffness, asymmetric loading, coefficient prediction in the
Fourier method, reduction in computing costs.

Izioba A.I1., Cagpponosa U.A., Jlesumuna JI./].
AJITOPUTM CHUXEHUS BBIYUCJIUTEJBHBIX 3ATPAT B 3AJIAYAX PACUETA
HECUMMETPUYHO HAT'PYXEHHBIX OBOJIOYEK BPALIEHU ST

3ajmaua pacyera O0OJIOYEK BpAILCHHUS IEPEMEHHOH BJOJb MEPUAMAHA JKECTKOCTU IpU
HECUMMETPUYHOM HArpyKEHHH CBOJUTCS K COBOKYHMHOCTH CHCTEM OJHOMEPHBIX KPaeBBbIX 3aay
OTHOCHTENILHO aMIUIUTY/l PA3JIOKEHUSI HCKOMBIX (DYHKLUHUI B TpUrOHOMETpUueckue psasl Dypbe.
IIpeiokeH MOAXOJ, OCHOBAaHHBIH Ha NPOTHO3MPOBAHMM 3HAYCHHH IEPEMEHHBIX BJOJb
MepuaraHa Ko3(QGUIHMEHTOB Pa3JIokKeHUH Ul COKPALICHHs HEOOXOIUMOro KOJIMYECTBA PEIICHHUH
TaKUX OJHOMEpHBIX 3a7ad. DTO IO3BOJIAET CHHU3UTHh BBIYMCIMTEIbHBIC 3aTPaThl Ha IOUCK
pemienus. B kadecTBe  mpuMepa  NpUBEACHBI  pe3yibTaThl  pacuéTa  HaNpPSHKEHHO-
1eOPMHUPOBAHHOTO  COCTOSIHHMSI  CTaJIbHOW  KOJIBLIEBOW IUIACTHHBI [pPU  HECHMMETPHYHOM
MONEPEYHOM HArpyKECHHUH.

KaroueBble cjoBa: 00OJIOYKM BpalICHHs, I[EPEMECHHAs JKECTKOCTb, HECHMMETPHYHOC
Harpy)>keHue, NporHo3upoBanus Kod3(pduuneHro B Merone Dypbe; CHUKEHHE BHIYMCIUTEIBHBIX
3arpart.

VK 539.3
Izioba A.Il, Cagponosa ILA., Jlesumina JIJ]. AJropuTM 3MeHUIEHHSI 00YHCIHOBAIBHUX
BHTPAT B 321a4aX PO3PaxXyHKY HeCHMeTPHYHO HABAHTAKEeHUX 000,10HOK odepranHs // Omip
MaTtepialiB i Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2020. — Bun. 105. — C. 99-113. —
AHrI1.

3anpononosano  aneopumm  npocHO3V6aHHA  3HAYEHb  3MIHHUX ~ V3006dC  Mepudiana
Koe@hiyicnmis poskiadanns 6 psaou Dyp’e O 3HUNCEHHS 0OYUCTIOBANLHUX GUMPAM 6 3A0aA4ax
PO3PAXYHKY HECUMEMPUYHO HABAHMAIICEHUX 06O0IOHOK 0O0epMAanHs 3MIHHOT JCOPCMKOCMI.
In. 3. Bi6niorp. 20 Ha3B.
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Dzyuba A. P., Safronova I. A., Levitina L. D. Algorithm for reducing computational costs in
problems of calculation of asymmetrically loaded shells of rotation // Strength of Materials and
Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA, 2020. — Issue 105.
—P.99-113.

An algorithm for predicting the values of variables along the meridian of decomposition
coefficients into Fourier series to reduce computational costs in the calculation of asymmetrically
loaded shells of rotation of variable stiffness is proposed.

Figs. 3. Refs. 20.
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Izioba AL, Cagponosa H.A., Jlesumuna JIJ]. AJTOPUTM CHUMKEHHS BBIYUCIUTEILHBIX
3aTpaT B 3ajayax pacyeTa HEeCMMMETPHYHO HArpY:KeHHBIX 000Ji0ueK Bpamenus //
CoIpoTHBIIEHHE MAaTEPHAJIOB U TCOPHsI COOPYXKeHHit: Hayd.-TexH. coopuuk. — K.: KHYBA, 2020.
—Bgim. 105. - C. 99-113. — Auru.

IIpeonooicen  ancopumm npocHOUPOBAHUS 3HAYEHUU NEePEeMEHHbIX 800b  Mepuouana
KodpPuyuenmos pasnodcenuss 6 psov Pypve O CHUIICEHUS GLIYUCTUMETbHBIX 3amMpanm
3a0auax paciema HeCUMMEMPUUHO HASPYIICEHHBIX 000N0YEK 8PAUEHUs NePEMEHHOL JICECNKOCMU.
Wn. 3. bubauorp. 20 Ha3B.
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