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Introduction

The problem of predicting corrosion degradation and optimal design of
structures operating under the combined action of extreme power loads and the
effects of corrosion is quite relevant, whereas the operating conditions of
structures in aggressive environments are typical of many branches of
mechanical engineering, mining, chemical and oil refining industries,
metallurgy, construction, etc. [1-10].

The peculiarity of the study of the evolution of surface corrosion damage
under the combined action of force loads and aggressive environment is that in
the loaded structural element in corrosion conditions there are two interrelated
kinetic processes: deformation and corrosion degradation. The increase in stress
on the surface of the material causes the acceleration of corrosion degradation,
which leads to a decrease in the geometric dimensions of the sections, the wall
thickness of the shell, etc., and this, in turn, - to the redistribution (in the
direction of increasing) stresses and strains in structural elements [5].

The development of effective algorithms for selecting the optimal material
distribution of shell structures taking into account the impact of aggressive
environments is complicated by the need to repeatedly test the durability
requirements associated with compliance with strength constraints throughout
the design life of the structure. The peculiarity of verifying the implementation
of this restriction is the need to integrate the differential equations of the selected
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mathematical model of corrosion damage, (the right part of which includes the
parameters of the stress state of the structure interrelated with the values of
corrosion damage) from the initial to the final time of loss of bearing capacity as
aresult of corrosion degradation of material structural [4, 8, 11-14].

The complexity of the application of classical models for solving the problem
of finite-dimensional optimization in the initial time of existence of the structure
is due to the presence of a significant number of variables, since the entire
surface of the structure undergoes uneven corrosion, and with subject to
restrictions, the parameters of which change over time, which leads not only to
significant computational costs and accumulation of errors, but also to the need
to solve a number of fundamental problems.

Known attempts to introduce simplifying assumptions to solve this problem in
many cases lead to the inadequacy of the constructed design scheme of the real
object, therefore, the results obtained in them are mainly of scientific and
methodological importance, the possibility of practical use of which seems
questionable.

It should be noted that experimental studies (which would be a reliable criterion
for the reliability of the results) of the behavior of structures in aggressive
environments are long in time and associated with significant material costs [2, 3].

As a consequence of this state of affairs, the long-term reliability of structures
operated in aggressive environments often has to be increased by introducing a
so-called "sacrificial" layer of material, i.e. part of material conventionally
intended for corrosion damage. As a rule, such a layer is assigned to be uniform
for the entire structure in terms of durability of the most loaded and (or) most
corrosion-damaged element, as a certain margin of safety. Since stress and
corrosion damage are distributed unevenly on the surface of the material, most of
this sacrificial layer of material after the designated period of operation of the
structure for corrosion wear remains "unused" , which leads to overuse of the
material as a whole. Thus, the problem of developing effective approaches to
solving the problem of computer modeling of the evolution of corrosion damage
and the optimization of structures that are operated under aggressive
environments is still far from complete.

1. Algorithm of computer modeling of corrosion damage evolution

In the general case, the mathematical model of corrosion damage, which
takes into account the influence of the stress-strain state on the process of
corrosion destruction, is taken in the form [5, 9, 15-17]:

dd_§: f(saczﬁjat) s 8(A_/’t()) =0’ (l)

where cs()_( ,t) is stress and 8()_( ,t) is the depth of the corrosion damage at the

point X (x,y) on the surface of studied shell element; x,y arecoordinates in
the meridional and circumferential directions on the surface of the rotation
shell; ¥ isvector of parameters that characterize the degree of corrosion
resistance of the material and the level of aggressiveness of the

environment; £, <¢ <t istime.
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The critical state of the structure at ¢, is determined by the achievement of
a certain limit, destructive for this material stress value o as a result of
reducing its stiffness characteristics due to corrosion damage.

The most well-known and tested models that take into account the effect of
stresses on the corrosion rate in the calculations of strength are the models of
V.M. Dolinsky [15], E!M. Gutman [9] and 1.G. Ovchinnikov [5], which are,
respectively, in the form of:

(a) fl—f =V (t)(1+Ko);
ds _ .
(b) ” o(t)exp(yo) ;
© fl—f = y()(I+2E,), @)

where V(¢), o(t), y(¢) are the functions, in the general case, which due to
the complexity of their definition, in most cases [5] are accepted as reference
experimentally established constants V[, that characterizing the corrosion

damage of a particular unstressed material in a certain aggressive environment;
K, v, € are coefficients expressing the degree of influence of stresses on the

corrosion rate; E, = ci +ci —2uo,0,, +2(1+M)G)2Cy /(2E) is  specific
deformation energy; ©,,0,,0,, arerelevant components of the stress state;

E,n are modulus of elasticity and Poisson's ratio, respectively.

Thus, the task of determining the magnitude and direction of corrosion
8()_(, t) and change the position of each point X (x,y) of the surface deep into
the material during As corrosion during the initial ¢ =¢, to some final critical
time ¢=t¢, of the structure is to integrate selected for this aggressive
environment equation mathematical model in the form (2, a), (2, b) or (2, c).

Solution of the nonlinear initial problem (1) using one of the known
methods, in particular, Kutt—-Merson, Adams, Euler or others in the (k+1)-th
step of integration over time can be represented as

K =§% + rR @k oV XK iKY AL k=1,2,3,.... (3)

When constructing an algorithm for computer simulation of the evolution of
corrosion, it is assumed that its magnitude and direction are perpendicular to
the surface deep into the material for each i -th node of the shell and does not
depend on the magnitude of corrosion at neighboring points on the current k -
th the steps of integrating the equation of the selected corrosion model (2).

Given that the surface of the shell in the process of corrosion becomes
irregular, the meridian line on the surface of the shell material is approximated
by a broken line drawn through evenly or unevenly defined nodal points, and
the amount of corrosion A8/ at these points is calculated by integrating a
mathematical model of corrosion (3) % -th step in the form
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ABf‘“ (%1, 3;) = 55'(“ (xi’yi)_sf‘( (%1, 3;), i=1n. )
Given that each of the angular (nodal) points will belong simultaneously to
two lines of the approximating
line, changes in the coordinates of
these nodal points can be

calculated for geometric reasons
(Fig. 1).
Segments BB = A8t

i—1>
AE = AF=ASF, CcC =A%, in
Fig. 1 are correspond to the values
of corrosion damage at the nodal
Fig. 1. Calculation scheme to calculate the value  points i—1, 7, i+1 at the k-th step of
of and direction of corrosion damage integrating equation (3). The final

value and direction of corrosion at the point (xf,‘ , yik) isdetermined by the vector

E . The location of the point 4 is calculated as the coordinates of the point of

intersection of the lines CiE and B, F, which are then taken as the angular point
approximating the surface of the shell line at &+1 integration step (2).

To calculate the values of the coordinates of the angular points of the
approximating line of the surface meridian (k + 1)-th step of integration of the

selected corrosion model (2), determine the ort /5, of the vector BA through
the coordinates of these points in the & -th step (Fig. 1), as

— k_ k  k_ k
E= B4 'E= Y T Vi T Vi
/BA/ /BA/

1BA] = (xf =xE)? + 0f =)’ (5)
and further, given that the vectors B_Bl and AF areperpendicular to the vector

ﬂ, orts E, E of VectorsB_Bl, AF , which are parallel, can be expressed as

T =Ty =220, ©
‘ /BA/ /BA/

Vectors BB, and AF , as directions of corrosion damage ASE |, AS) at the

surface of the material in points B and 4, can be represented as

AF = A8} -1, s BB, = A8} Iy . (7)
After that the coordinates of points B, and F' can be obtained as follows:
Kk k Kk _k
k ko Vi —Via k ko X X
Xp = X._ +A8i— '%; = Vi —ASI-_ SNALEEE
B, i1 VT B4/ VB, = Vi VT B4/
k_ K K _ ok
RN N e b SR Y. . = @®)
/BA/ /BA/
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The ort E and length of the vector AC are similarly determined

k
X J’+1 y el k kN2 k kN2
Lye =~ i =5 JACT =0y =)+ (Vi = i)
{ [ac) i4c) ks = o
Then orts of vectors E ,E and coordinates of points £ , C; are calculated:
k k
EleC — yl+1 yl . xiﬂ__xi (9)
' JAC/ /AC/
k k J’+1 i k k xk+1 x;
Xp =X +AS; =" yp =y —A§ - ——";
’ /ac/ /AC/
k k
yi 1 _J’c k ko Xyl =X
Xe = xb 4 ASF SHLTC =k ASE T (10)
C +1 i+1 JAC/ G i+l i+1 J4AC/

The angular point 4, (x 40 V4 ) of the approximating meridian line of the next

step of integrating the equation of the mathematical model of corrosion (1) is the

point of intersection of the lines B,F , EC; and its coordinates satisfy the system
of equations in the form

{XAI (Vr =)= Y4 (Xp —Xp)=Xp yp —Vp Xp;

X1 (e, =VE) = Va4 (¢, =Xp) = XpYe, = VEXc,-

Thus, the coordinates x4 ;) , ¥4 of the i-th angular point following in the

(11)

process of corrosion damage during At the configuration of the shell surface are
calculated from (10), and the final value of corrosion damage to the surface of

the material at angular point 4 is determined by the length of the vector E

A8 =44/ = \/(xil W~ )531(1'))2 + ()’311 W~ J’i(i))z . (12)
The author's software implementation of this problem provides various
possible options for the mutual location of points C, A4, B, different contour
angles, lengths of segments CA and VA, parallel offset contours, reducing or
increasing the number of nodes, respectively, for corrosion of convex and
concave contours corresponding to a decrease or increase in the length of the
approximating lines, etc.
2. Calculated models of shells of rotation with variables of external and
internal components of wall thickness
Assuming that the corrosion rate depends on the intensity of stresses on the
surface of the material, and the impact of aggressive environments on the shell
structure is usually heterogeneous, the depth of corrosion damage to the inner
and outer surfaces of the shell may be different and uneven In this case, the
middle surface of the shell over time will be increasingly different from the
original. This leads to the need to develop a mathematical model for
calculating the stress-strain state of the shells of rotation, which have different
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laws of change of the outer and inner (relative to the middle surface)
components of the wall thickness of the shells.

For the case of shell rotation under axisymmetric loading with variable along
the meridian wall thickness d(s) under the Kirchhoff — Lovehypotheses, it is

assumed that the outer H(s) and inner A(s) components of the shell wall
thickness as distances in the normal direction to some initial the reduction
surface, which remains unchanged despite the corrosive degradation of the shell
surfaces, are independent functions of the meridional coordinate s, 4" (s) is the
distance from the middle to such the reduce surface (Fig. 2(b)), so that

H(s)—h"(s)=d(s)/2; h(s)+h (s)=d(s)/2;

h*(s) =(H(s)—h(s))/2. (13)

It is also assumed that the middle surface and the reduction surface at the

initial time of corrosion damage coincide, or are chosen parallel. In this case,

the error associated with the subsequent, in the process of corrosion, the

difference between the normals to these surfaces, as well as the parameters of
the curvature y,;,%, of these surfaces for thin-walled shells can be neglected.

(a) (b)
Fig. 2. Effort, displacement and position reduced (ab) and middle (cd) surfaces of the shell

The scheme of forces and movements in the shell is given in Fig. 2(a).
Where do you come from

N, =is)sin9+Ncos(9; O =—is)cose+Nsin9. (14)
nr 2nr

Here O(s) is the angle between the normal to the reduced surface and the axis

of the shell; N;, O, are longitudinal and transverse forces; N is expanding
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force; Fy,q,,q; are specified axial, distributed normal and meridional loads,

Sp
F(s)=PR+ J (9, cos©—g; sin0)2nrds s total axial load.
N
Radial dinlacement &, angle of rotation of the normal 9, axial
displacement C, as well as multiplied by the radius r(s) of the parallel circle,
expandingforce Nr and moment M,r are the main variables.
The deformations &;,41, €2mar  Of the middle surface are related to the
deformations ¢&,e, of the reduction surface and 7;,x, as follows:
E1mdl =17 X1> Eama=€2+4 %5. The relationship between stresses and

deformations on the adducedsurface in accordance with Hooke's law has the form

°1=7 £ (&1 +pey) + 200 +1x2)) 5

o= E (e +pe)) + 2000 +10)). (15)
—u
The internal forces and moments relative to the adduced surface are
determined by known dependencies

H H H H
Ny = Jcldz; N, = Iczdz; M, = Iclzdz; M, = Iczzdz (16)
—h —h —h —h
and after substitution (15) will be as follows:
(@) Ny =K (g +uep) + Ky (0 +112)3

(b) Ny =K (g, +pe;)+ K, (X2 +MX1); (17)
(@) My =K, (g +uey)+D(x; +1x2);
(b) M, =K, (e, +pe; )+ D (%o + 1) (18)

Here is the introduction of the notation:
2 _ 32 3 3

-p) " 7 20-pd) T 1?3
Excluding ¢, from (17) and (18) taking into account

£ dd cos0 1 _do 1 sin©
g, =2, g, =48 ., _cosbg 1 _d0 1 _sinb 20
2 r X ds X2 r R ds R r 20)
we receive
N, = i, + K, (1-p2) 24 K, (1-p2) 080 g 21
2 =N + K ( M)r+ 2 ( M)r , (21)
M, =M, +K2(1—M2)%+D(1—M2)@9. (22)

From equation (17, a) taking into account (14), (20) it follows
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g = ( 2(s) sin@+ N cos Gj é (dS cosd 9). (23)

K r ds r
Substituting further (14), (20), (23) in (16, a), we obtain

M =ﬁ(coseNr+Sin9 F(S)j+ D—K—22 (ﬁ+ucos(98)
: K\ r ro2m K, \ds r ’

from which follows one of the equations of the state system

ﬁz_ucoseg_ K, . cos0 an. K, . Mr
K5 K;

ds r DK, - r DK, - r
_ KZ sin© F(S) ) (24)
DK,-K3 ) r 2m

Equilibrium equations of axisymmetric deformation of shells of rotation
have the form [18]:

1d g MNM_N .
@ @ h e, =0
1d y cosO 9 _
O (=N, 20Tk =
©) li(Mr) M, 80 g o, (25)

After substitution (17), (14), (20), (21) in equatlon (25, a), and substitution
(14), (20), (21) in (25, b) we obtain the following system equations

2 K :
d_éz_ucose&_gsinw D 2cos 0 N4 2 ZS“‘E’M]H
ds r DK, — K% r DK, -K2 r

i F
D . sinBcos O (S)’ (26)

+

d(dNr)=K1(1—M2)§+K2(1 " )coseg+ cosO(Nr)+
S r r

in0 F(s
18 EG) g @n
r 2n

where p ( (s)j (g, cos0—g;sinB)2nr ; g, =g, cosO+g, sinb.
s\ 2m

Using the expressions for O, (14) and M, (22)in (25, c), we obtain
dMr 2

(M,r) =KZ(I—MZ)COSOE_,+D(1—M2)COS (—)8Jr
dr r r

+sin O(Nr) + MM(er) —cos e?. (28)
r T
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To determine the axial displacement C of expression (23) for ¢, substitute in

dg

the equation of continuity of deformation a =¢g,sin0+ Scos O, which takes
s

the form
ﬂz_uwa+gcose+ D . SinOcosO(Nr)_
ds r DK, -K;
K ; 220 F(s
_—2251n9(M1r)+ D . sin? 0 F( ). (29)
DK, - K; DK,-K; r 2=n

Thus, the obtained equations (26), (24), (27) - (29) form a system of
differential equations with variable coefficients, which describe the stress-
strain state of the shell of rotation with bilateral, relative to the reduction
surface, variable along the meridian.

For a special case when the adduced surface coincides with the middle one,

i.e. h*(s)=0, it follows that H(s)=h(s). Then (19) will have the form

K, =Ed/(1-u?), K, =0, D=Ed>/(12(1-u?)), where d(s)= H(s)+h(s)
is the thickness of the shell. In this case, the system of obtained equations
coincides with the known system given in [18].

It should be noted that equations (24), (26)-(29), which describe the stress-
strain state of the axisymmetric shell of rotation with variables along the
meridian components of wall thickness H(s), (s) together with the boundary
conditions of the contour, are linear over the main variables (phase vector
components) u = (&, ,Nr, M,r, ) and nonlinear in terms of external H(s)
and internal A(s) components of wall thickness and depth of corrosion
damage to the material surface 8(z, s) .

In this case, the right-hand sides of these equations have the form

0; = iaij (d(s,1), S(I,S))uj +b;(d(s,t),s), i= Ln, n=>s, (30)
=1

and boundary conditions describing the conditions of fixing the contour or
interaction with other substructures can be presented in the form of linear relations

n
Vo =2 a;;(s,)+bj, =0, (31)

i=I
wheres, =5, or s,=s5;; ] =E; p. - determines the number of boundary
conditions (e=0v L, py+ p; =n); coefficients (30) are known functions,
and coefficients (31) are given constants.

To numerically solving the obtained boundary value problem for a system
of ordinary differential equations with variable (due to changes in shell wall
thickness) coefficients under given boundary conditions, a fairly effective and
repeatedly tested in the problems of mechanics of thin-walled structures run
method according to S.K. Godunov [19].
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3. Algorithm of weight optimization of shells taking into account

evolution of corrosion damage

The task of weight optimization of rotating shells taking into account the joint
action of axisymmetric external load and corrosion degradation of the surface is
to find the optimal variable along the meridian of wall thickness d°™ (s) from
the condition of minimum material volume

Sp
=min2n [ r(s)d(s,t)ds, (32)
S0
when performing shell equations given in the form of a boundary value problem
for a system of ordinary differential equations with variable coefficients

f,—li(s, 0w +B(s), sy<s<s; (33)
X

Vopt

with boundary conditions for fixing the circuit (31) at the beginning s = s, and
end s =s; of the integration interval:

(a) Ayt =By; (b) Ayii =By (34)
and compliance with strength limitations and design requirements for
ty <t<t,:

- er

(a) Cequ (h(s,t), H(s,1),u(s,1),8(t,5),s,1)<[o] ;
(b) dmin < d(S) < dmax . (35)

The dependence o, =\[012—0102 +G% is accepted to calculate the

equivalent stress on the shell surfaces, where o, =N,/d+12M,z/d>
(i=12), z=%d(s)/2 (i=1,2).

Internal force factors N(s), N,(s),M,(s) are determined from the
dependences (14), (21), (22); M,(s), N(s) are the solution of the equations of
the state of the shell (33), (34), and d(¢,s) -is the solution from equation (1).

To solve the problem of optimizing the parameters of the rotation shells,
taking into account the corrosive degradation of the surface, it is proposed to
use an original approach. The essence of the proposed approach is to find some
rational by a certain criterion (for example, the minimum weight of the
material) project at the final moment ¢, depletion (as a result of corrosion of
the material surface) bearing capacity of the structure and further increasing
the "sacrificial" layer of material on the outer and inner surfaces of the shell in

the opposite direction, starting from this final time ¢, which corresponds to

the durability time of the structure, to the initial ¢, using the equation of the

accepted mathematical model of corrosion (2).

In this case, in contrast to the traditional approach, which consists in finding
the optimal distribution of material at the initial time t0 and, as a consequence
of the need to repeatedly check the strength constraints (at each step of the



ISSN2410-2547 27
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

optimization algorithm) to the final time ¢ =¢, whis taking into account (1),

the durability conditions are taken into account by only one (inverse)
integration of the equations of the mathematical model of corrosion.

The application of this approach to solving problems of optimization of
structures, taking into account the simultaneous action of force loads and the
impact of the accumulation of corrosion damage to the surface, allows to
significantly reduce the amount of calculations to obtain the optimal design.

Since the components of the shell wall thickness are functions of the
coordinate s along the meridian, for weight optimization it is expedient to use
the methods of the theory of optimal control in the form of the necessary
conditions of optimality of the maximum principle L.S. Pontryagin [20].

The extended Hamiltonian and the system for conjugate functions with
boundary conditions of transversality are presented in the form:

@ G =G+& (0equ lo—aery2 ~[0])+ &2 (Cequ lomraisy2 —[0]);

dh; oG Oequ lz=—as)2 Ocqu lz=ray2 . —
b) —L=-2L- — — = i=Ln
(b) s ou, & (s) ou, ,(5) ou, I n
p— PL’
(©  As,) =D cigrad¥;(u(s,)), e=0ve=L, (36)

J=l

n
where G =-2mr(s)d(s,t. )+ D A ()@, (u(s),h(s), H(s),s),  A;(s) are
i=1
conjugate functions that satisfy the system of equations (36, b) with boundary
conditions of transversality (36,c¢); y, are determined from (31);
€,(s), &, (s) are Lagrange functions; and optimal control is found from the
condition of the Hamiltonian maximum

G* (17* (s), ¥ (s), (s),H*(s),s) —supG”* (ﬁ* (s), N (5), h(s),H(s),s), 37)
hH

which, in principle, allows you to establish dependencies
ot (8) = (7 (5).17(5),5)5 Hopy ()= H' (i (s),2"(5),5) . (38)

The fulfillment of the necessary conditions of optimality (36), (37) is
carried out by the method of successive approximations [21].

For the given initial values H k (s), n* (s) of the k-th step of approximations,
the solution of equations (33), (34) and (36, b), (36, c) allows to determine
¥ (s) »AF (s)and then, after substituting them in (37), determine the optimal
control (38) d . (5) = oy () + Hop (s) for all s, <5 <5, nodes of integration

of the system of equations (33), (34).
Finding the extremum (37) (for each of the nodes s) is carried out by
solving a sequence of problems of finite-dimensional (in this case two-
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dimensional) optimization of variables H k (s* ), h* (s*) using the method of
generalized Lagrange multipliers to determine &, (s), &,(s) .

The thus obtained functions of the components of the shell wall thickness,

which are optimal when ¢ =¢_., are further used as initial data for increasing

the rational "sacrificial" layer of material by integrating in reverse the
equations of the selected corrosion model (2).

The obtained optimal distribution of the shell material will have an irregular
nature of changes in the outer and inner components of the shell wall thickness
as a function d,(s) and therefore the practical implementation of such a

project can be quite complex and technologically costly. At the same time, the
distribution of material obtained by solving the correctly formulated problem
of optimal design can be considered not only as a standard, comparison with
which allows to assess the degree of perfection of the actual design, but also as
a basis for realization technological conditions.

4. Optimization of cylindrical tank parameters

The possibilities of the proposed approach are illustrated by the example of
the problem of reducing the material consumption of a cylindrical tank for
storage of petroleum products, taking into account the evolution of corrosion
damage to the surface of the material and technological requirements. The tank,
in addition to the load of hydrostatic pressure of the liquid, is under the
influence of aggressive internal environment of petroleum products and
external atmospheric corrosion.

The problem of finishing the project of continuously variable stiffness under
the conditions of manufacturability also arises due to the fact that in practice
large-capacity reservoir is welded from a set of short cylindrical shells of wall

length /; and thickness d;, j =1,k . In this caseits inner surface remains

smooth, and the outer changes stepwise.

To solve this problem, we propose a method for the best approximation of
continuous controls of a step-variable function by solving the auxiliary finite-
dimensional problem of finding the minimum deviation function of shell material
volumes with optimal continuous and rational step-variable wall thickness

AV = min (V. —V.)>. 39
hjr,}}énD,\.( var —Ve) (39)

Here for the rotation shells Vi, =V, is determined from (32); ¥, for the

k
shell of step-variable wall thickness has the formV, =2n} [ d r;.
j=1

To determine the rational value of the wall thickness d; of the j-th section of
the shell is used analog to the principle of discrete equivalence [22], when for

each of the sections the length l}- <l < ljz» of the wall thickness of the shell is

determined in the form d; = . Gr[rll'd;( ]dopt (s;), where d(s) is the result of
il
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solving problem (32) taking into accountcorrosion damage (1) and dependences

(35), (13), (38). Here l}, ljz- the lower and upper limits on the length of the
k
sections of piecewise constant stiffness; Z‘{ l;=L=s;—sy,d;>d.
=
Numerical results are obtained for the case of computer simulation of
corrosion degradation of the surface and the optimal design of the reservoir
with such parameters: R=12m; L=11.65m; ¢, = q(1—x); ¢ =0.741-10° N/m’;
E=2.10"" N/m* n=0.3; [c ]=1.6-10° N/m’.
Graphic images of the corrosion damage to the surface of the cylindrical

tank of constant rigidity (the outer side of the wall is on the left, and the inner
is on the right) are shown in Fig. 3: in Fig. 3(a) according to the model of

corrosion damage V.M. Dolynsky for V(t) =V, = 0,15-102; K =0,2-107 and
in Fig.3(b) according to the model of E.M.Gutman for
ot)=V, = 0,15-107%; vy=0,1 107, where the darkened shows the corrosion-
damaged part of the material.

(@ (b) (© (d

Fig. 3. Image of corrosion damage to the surfacecylindrical tank

Pictures of corrosion damage to the surface of the wall of the cylindrical
tank of a rational stepped bilateral configuration (for £ = 5) according to model
(2, a) is presented in Fig. 3(c). and one-sided change in wall thickness is
presented in Fig. 3(d).

The optimal values d,; of the step change of the one-sided wall thickness
(for k= 8) of the shell are given in table 1.

Table 1
Optimal parameters of step changethe thickness of the tank wall

j 1 2 3] 471 5 6 7 8
4P 102 m | 1.6 [ 13511 [085]07 |05 [035]03
[0 090 [1.53[1.76 [ 1.88 [ 118 [ 1.75 [ 1.00 | 1.64
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S,m In Fig. 4 shows the graphs of the
12 deflections of the walls of the
reservoir made of the same amount of
material: rational one-sided step-chat-
variable profile (line 1), optimal non-
continuously variable stiffness (line 2)
and constant thickness (line 3)for £=8.

Comparison of the stress-strain
state of shells of the same weight with
constant and optimal variable wall
thickness shows that the selected step
change in wall thickness reduces the
maximum deflection by 2.1 times and
the maximum value of stress intensity

by 2.8 times.
P Comparison of deflection functions
P B (line 1 and line2) for projects of
0 0.05 0.1 10-&,m optimal continuous and rational step
Fig. 4. Graphs of deflections rigidity indicates their insignificant
of the lateralsurface (<5%) difference,and the patterns of

of the cylindrical reservoir . .
corrosion damage of rational step

projects (Fig. 3(c),(d)) in contrast to the corrosion damage of the tank of
constant rigidity (Fig. 3(a),(b)) are more uniform, which at the same cost of
material allows to achieve greater durability.

Conclusions

Thus, in the given article the rather effective and enough general algorithm of
computer modeling of corrosion damages of a surface of shell designs in the
conditions of joint action of force loadings and the aggressive environment is
developed. The main principles and stages of construction of the algorithm for
the evolution of corrosion damage to the surfaces of shell elements in aggressive
environments are presented, its approbation for the two most common
mathematical models — the models of V.M. Dolinsky and E.M. Gutman. The
proposed algorithm allows us to trace the evolution of corrosion damage to the
shells of rotation from the initial moment of time to the moment of complete
destruction due to corrosion degradation. Numerical results of corrosion
degradation of the tank for storage of oil products are presented, which
demonstrate the wide possibilities of the algorithm, its sufficient versatility and
the possibility of generalization. An original algorithm for selecting the optimal
parameters of the shells of rotation taking into account corrosion damage is built.
The results of research can be used in calculations of durability and selection of
optimal parameters of structural elements that are in conditions of simultaneous
action of force load and aggressive environment.

REFERENCES

1. Ovchynnykov Y.H., Mavzovyn V.S. Tendentsyy v optymalnom proektyrovanyy
metallycheskykh konstruktsii s uchetom uslovyi ekspluatatsyy. (Trends in the optimal design



ISSN2410-2547 31
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

of metal structures taking into account operating conditions ) // Inzhenerno-stroytelniy vestnyk
Prykaspyia: nauchno-tekhnycheskyi zhurnal. Astrakhan: HAOU AO VO «AHASU». — 2020.
—Ne 1(31). — PP. 43-50. (in Russian).

Kablov E.Y., Startsev O.V., Medvedev Y.M. Obzor zarubezhnoho opsita yssledovanyia
korrozyy y sredstv zashchyty ot korrozyy. (Review of foreign experience in corrosion research
and corrosion protection.) / Avyatsyonnie materyalyi y tekhnolohyy. —2015. — Ne 2. — PP. 75-
87. (in Russian).

Kablov E.Y., Startsev O.V. Fundamentalnie y prykladnie yssledovanyia korrozyy y starenyia
materyalov v klymatycheskykh uslovyiakh (obzor). (Fundamental and applied studies of
corrosion and aging of materials in climatic conditions (review).// Avyatsyonnye materyalyi y
tekhnolohyy. — 2015. — Ne 4— PP. 37-51. . (in Russian).

Zelentsov D.H., Fylatov H.V. Obzor yssledovanyi po prymenenyiu metodov nelyneinoho
matematycheskoho prohrammyrovanyia k optymalnomu proektyrovanyiu konstruktsyi,
vzaymodeistvuiushchykh s ahressyvnoi sredoi. (Review of research on the application of
nonlinear mathematical programming methods to the optimal design of structures that interact
with aggressive environments) / Vopr. khymyy y khym. tekhnolohyy. — 2002. Ne 4. — PP.
108-115. (in Russian).

Petrov V.V.,, Ovchynnykov Y.H., Shykhov Yu.M. Raschet eclementov konstruktsyi,
vzaymodeistvuiushchykh s ahressyvnoi sredoi (Calculation of structural elements interacting
with aggressive environments. // Saratov. — 1987. — 288 p. (in Russian).

Fridman M.M., Elishakoff 1. Design of bars in tension or compression exposed to a corrosive
environment. — Ocean Systems Engineering. — 2015. — Vol. 5. — Iss. 3. — P. 218-228.

Fridman M.M. Optimal design of tubular bar structures subject to corrosion // Problem of
mashinostroeniya. — Journal of Mechanical Engineering.— 2016. — Vol. 19. — No. 3. - P. 37-42.
Fridman M.M. Optimal Design of Bending Elements in Condition of Corrosion and Material
Damage. — Journal of Mechanical Engineering. —2019. — Vol. 22. —No. 3. — P. 63-69.

Hutman E.M. Mekhanokhymyia metallov y zashchyta ot korrozyy (Mechanochemistry of
metals and corrosion protection.) / Moskva. — 1981. — 270 pp. (in Russian).

. Dzhonson H. Vlyianye sredy na razrushenye vysokoprochnykh materyalov.(Influence of the

environment on the destruction of high-strength materials)// Razrushenye. — Moskva, 1976. —
Tom 3.—PP. 729-775 (in Russian).

. Ovchynnykov Y.H., Potchman Yu.M. Tonkostennye konstruktsyy v uslovyiakh korrozyonnoho

yznosa. Raschyot y optymyzatsyia. (Thin-walled structures in conditions of corrosion wear.
Calculation and optimization ) // Dnipro: Vyd-vo DDU, 1998. — 192 p. (in Russian).

. Dziuba A.P., Vasylenko O.H., Dziuba O.A. Kompiuterne modeliuvannia koro-ziinoho

urazhennia kiltsevykh plastyn pry poperechnomu navantazhenni. (Computer simulation of
corrosion of annular plates under transverse loading. ) // Problemy obchysliuvalnoi mekhaniky
i mitsnosti konstruktsii: zb. nauk. prats.—2012. — Vyp. 20. — PP.162-169. (in Ukrainian)

. Fylatov H.V. Optymalnoe proektyrovanye tonkostennykh obolochek, pod.-verzhennykh

vlyianyiu ahressyvnoi sredy (Optimal design of thin-walled shells subject to the influence of
aggressive environment) // Vopr. khymyy y khym. tekhnolohyy.— 2009. — Ne 3. — PP. 191-
195. (in Russian).

. Filatov H.V. Optymalne proektuvannia konstruktsii z obmezhenoiu dovho-vichnistiu (Optimal

design of structures with limited durability) // Voprosy khymyy y khymycheskoi tekhnolohyy
// Dnipro, 2004. — Vyp. 6. — PP. 123-128 (in Russian).

. Dolynskyi V. M. Raschet elementov konstruktsyi, podverzhennykh ravnomernoi korrozyy

(Calculation of structural elements subject to uniform corrosion) /. — Issledovanyia po teoryy
obolochek. — Kazan, 1976.— Vyp. 7. — PP. 37-42. (in Russian).

. Zelentsov D.H., Kazantseva T. S. Obosnovanye vybora matematycheskykh modelei,

opysyvaiushchykh protsess korrozyy pod napriazhenyem v metallycheskykh elementakh
konstruktsii. (Rationale for the choice of mathematical models describing the stress corrosion
process in metallic structural elements ) // Vopr. khymyy y khym. tekhnolohyy. — 2003. — Ne
2.—PP. 146-148. (in Russian).

. Filatov H.V. Matematychne modeliuvannia protsesiv koroziinoho ruinuvannia pid

napruzhenniam (Mathematical modeling of the processes of corrosion damage under stress.) //
Dnipro, UDKhTU, 2002. — 208 p. (in Russian).

. Byderman V.L. Mekhanyka tonkostennykh konstruktsyi (Mechanics of thin-walled structures)



32 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

// Moskva, Mashynostroenye, 1977. — 488 p. (in Russian).

19. Hodunov S. K. O chyslennom reshenyy kraevykh zadach dlia system lyneinykh
obyknovennykh dyfferentsyalnykh uravnenyi (On the numerical solution of boundary value
problems for systems of linear ordinary differential equations) / Uspekhy matemat. nauk. —
1961.— Tom 16, Ne 3. — PP. 171-174. (in Russian).

20. Pontriahyn L.S., Boltianskyi V.H., Hamkrelydze R.V., Myshchenko E.V. Matematycheskaia
teoryia optymalnykh protsessov (Mathematical theory of optimal processes.) / Moskva,
Nauka, 1969. — 384 p. (in Russian).

21. Dziuba A.P. Metod poslidovnykh nablyzhen rozviazuvannia zadach optymalnoho keruvannia
z obmezhenymy fazovymy koordynatamy dlia optymizatsii sylovykh elementiv konstruktsii
(Method of successive approximations for solving optimal control problems with bounded
phase coordinates for optimization of power elements of structures) // Probl. obchysl.
mekhaniky i mitsnosti konsturktsii : sb. nauchn. tr. — Dnipro: Navchalna knyha. — 1999. —
Vyp. 5.—PP. 61 — 85. (in Ukrainian)

22. Malkov V.P., Uhodchykov A.H.. Optymyzatsyia upruhykh system (Optimization of elastic
systems) / Moskva, Nauka.— 1981. 288 p. (in Russian).

Cmamms naoditwna 18.05.2022

Izrooa A.11., /[3100a O.A., Jlesumina J1.J1.
ONTAMAJIBHE TPOEKTYBAHHS OBOJIOHKOBUX KOHCTPYKIIIA 3
YPAXYBAHHSIM EBOJIIOLIII KOPO3IHOI' O MOIIKO/KEHHSA

P03p0o0IieHO aJIropuT™M KOMII FOTEPHOIO MOCIFOBAHHS €BOJIOLIT KOPO3iHHOr0 3HOLIYBaHHS
MaTepiay MOBEepXHi OOOJOHKOBHX €IEMEHTIB KOHCTPYKLIil B yMOBax CIiIbHOI i MEXaHIYHHX
30BHIIHIX HABAHTA)KEHb Ta BIUIMBY arpeCMBHOIO CEPEOBHUIIA.

IloOynoBana MaTemMaTH4Ha MOACHb JaehOpMyBaHHS OOOJOHOK OOepTaHHs 31 3MIHHOK B
pe3yJibTaTi KOpo3ii 30BHIIIHBOI i BHYTPIIHBOK CKJIAIOBHUMHU TOBIIMHHU CTIHKH.

3anporoHOBaHUH aJrOPUTM J03BOJISIE MPOCIIAKYBATH B Yaci Mpolec KOpo3idHOI Jerpananii
MaTepiajly IMOBEpXHi OOOJOHOK OOepTaHHs Yy BIiAMOBIZHOCTI [0 MOBUIBHHX (iICHYIOYMX)
MaTeMaTHIHHX MOJIesIeH KOpo3ii 3 TOYaTKOBOr0 MOMEHTY Yacy A0 IOBHOTO PyHHYBaHHs BHACIIJOK
KOpO3ii{HOI BTpaTH MaTepiaiy.

Po3pob6iieHo opuriHaiabHUI anropuT™M BHOOPY ONTHMAJIBHUX MapaMeTpiB 000JIOHOK oOepTaHHS
Ta JOCIIDKEHHs iX TOBrOBIYHOCTI 3 ypaxyBaHHSIM KOpPO3ifHOI merpanarii marepialy MOBEpXHi,
CyTh SIKOTO IIOJAra€ B ONTHUMI3alil IapamMerpiB KOHCTpyKUii B KiHIEBHiI MOMEHT 4acy ii
JIOBTOBIYHOCTI, MOJAJIBIIOT0 3BOPOTHOIO JBOCTOPOHHBOI'O HAPOILIYBAHHS <OKEPTOBHOIO» LIApy
MaTepiay Ta palioHaJIbHOTO JOONPALIFOBAHHS IPOEKTY 32 TEXHOIOTTYHUMHU BUMOI'aMH.

BupiieHHst 3aia4i Baropoi onTuMisaiii 000JIOHKHA 32 YMOB HECHMETPHYHOIO JBOCTOPOHHBOTO
HEpIBHOMIPHOrO, B pPe3yJbTaTi KOPO3IHHOr0 ypayKeHHs, MaTepially MOBEpXHI 3IHCHIOETBCS 3
BUKODHCTAHHSIM  HEOOXITHMX yMOB ONTHMAIBHOCTI y (opMi NPUHIMIY MaKCHMyMY
JI. C. IouTpsirina 3 ¢a3zoBuMu oOMexeHHsMH. [IpoGiieMa BIOBOJICHHSI TEXHOJIOITYHUM BHMOTaM B
MOYaTKOBHIM MOMEHT 4acy (DOPMYIIFOEThCS SIK 3a/ladya HAMKpaIlol KBaJpaTHYHOI alpoKCHUMAllii
OTPUMAHHX HENEPEPBHHX KEPyBaHb y BUIILAI ONTHUMAJIbHO-3MIHHOI TOBIIMHH CTiHKH OOOJOHKH
KYCKOBO-TIOCTIHHOIO (DYHKIII€FO.

IlpuBeneHi 4YMCIOBI pe3yJbTaTH KOMITIOTEPHOrO MOJETIOBAHHS KOpO3iiHOI Jerpanarii
Mmarepiany IOBEpXHi Ta BHOOpY ONTHMAJBHUX [apaMeTpiB IMIIHAPHYHOIO pe3epByapa s
30epiraHHsi Ha(TONMPOAYKTIB B yMOBAaX OJHOYACHOI [il CHIIOBOrO HABAaHTAXKCHHS Ta BILIMBY
arpecHBHOrO CEpeIOBHILA.

Kio4oBi cjioBa: MOJIEIIOBAaHHS CBOJIOLIT KOPO3IHHOrO YpakeHHs, OOOJOHKH, MILlHICTb,
arpecuBHE CEPEeOBHIIE, ONTHMAIbHE IPOCKTYBaHHS.

Dzyuba A.P., Dzyuba A.A., Levitina L.D.
OPTIMAL DESIGN OF SHELL CONSTRUCTIONS TAKING INTO ACCOUNT THE
EVOLUTION OF CORROSION DAMAGE

An algorithm for computer modeling of the evolution of corrosion wear of the surface material of
shell elements in the conditions of joint action of mechanical external loads and the impact of
aggressive environments has been developed.
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A mathematical model of deformation of shells of rotation with variable as a result of corrosion
of external and internal components of wall thickness is constructed.

The proposed algorithm allows to trace in time the process of corrosion degradation of the
surface material of the shells in accordance with arbitrary (existing) mathematical models of
corrosion from the initial moment of time to complete destruction due to corrosion loss of
material.

An original algorithm for selecting the optimal parameters of the rotation shells and the study
of their durability taking into account the corrosion degradation of the surface material has been
developed.The essence of the algorithm is to optimize the design parameters at the end of its
durability, further reverse bilateral build-up of the "sacrificial" layer of material and rational
refinement of the project according to technological requirements.

The solution of the problem of weight optimization of the shell under conditions of asymmetric
bilateral non-uniformto the surface material, as a result of corrosion damage, is carried out using
the necessary conditions of optimality in the form of the principle of maximum L. S. Pontryagin
with phase constraints.The problem of satisfying technological requirements at the initial moment
of time is formulated as the problem of the best quadratic approximation of the obtained
continuous controls in the form of optimally variable thickness of the shell wall with a piecewise
constant function.

Numerical results of computer modeling of corrosion degradation of surface material and
selection of optimal parameters of a cylindrical reservoir for storage of petroleum products under
conditions of simultaneous action of force loading and influence of aggressive environment are
given.

Keywords: modeling of corrosion damage evolution, shells, strength, aggressive environment,
optimal design.

Izroda A.I1., /[3100a A.A., Jlesumuna JI1J1.
ONTUMAJIBHOE TPOEKTUHPOBAHUE OBOJOYEYHBIX KOHCTPYKIMI C
YYETOM 3BOJIIOLIUU KOPPO3UOHHOTI'O MOBPEXJAEHUS

Pa3pabotaH airopuTM KOMIBIOTEPHOTO MOICIUPOBAHHUS  JBONIOLMH  KOPPO3HOHHOTO
U3HALIMBaHUA MaTe€puajia IOBEPXHOCTHU 000JI0YEUHBIX DJIEMEHTOB KOHCprKLIPll’l B YCIOBHAX
COBMECTHOIO JIeHCTBHSI MEXaHUYECKUX BHEIIHUX HArpy30K U arpecCUBHON Cpelbl.

IToctpoena MaTeMaTH4ecKasi MOJEIIb 1e(hOPMUPOBAHHS 000T0UEK BPALLCHHUS C H3MCHSIOLIeH Csl
B pe3yJIbTaTe KOPPO3UH HAPYKHON U BHYTPEHHEH COCTABIIAIOILMMHU TOJILMHBI CTEHKH.

IIpennaraeMblii  aaropuT™ IO3BOJIIET IPOCIEIUTh BO BPEMEHH IPOLECC KOPPO3MOHHOMN
JlerpajlaliuuMaTepuala IoBEpXHOCTH 00O0JI0UEK BpalleHHs B COOTBETCTBUM C IPOM3BOJIbHBIMU
(CyLLleCTBleLLLl/lMl/l) MaT€MaTHYCCKUMU MOACIISIMA KOPPO3MH C HAYaJIbHOI'O MOMEHTAa BPEMCHHU 10
HOJIHOTO Pa3pyILEHUs BCIEACTBUE KOPPO3HOHHOM MTOTEPH MaTeprala.

Pa3pabotaH OpHrHHANbHBIH aIrOPUTM BBHIOOpPAa ONTHMANBHBIX HAapaMeTPOB 000JI0YEK
BpAILEHUS U MCCIIEIOBAHNUE UX JIOJITOBEYHOCTH C y4ETOM KOPPO3HOHHOM Jerpajaliii MaTepuaa
HOBEPXHOCTH, CYThb KOTOPOrO 3aKJIIOYaercsi B ONTUMM3ALMU IapaMEeTpPoOB KOHCTPYKLHUH B
KOHEYHbIH MOMEHT BpPEMEHHM €€ JIOJIrOBEYHOCTH, MOCIJIELYIOLIEro OOpaTHOro IBYCTOPOHHErO
HapallMBaHUS (CKEPTBEHHOI'O» CJIOS MaTepuana M palUOHAIbHOM JOpabOTKM IpoeKTa I10
TEXHOJIOTUYECCKUM TpeGOBaHl/lﬂM.

Pemienne 3ajaun BeCOBOW ONTUMHM3ALMU OOOJOYKH NPUHECUMMETPUYHOIO JBYCTOPOHHErO
HEPaBHOMEPHOI'0, B pE3yJbTaTe KOPPO3MOHHOIO IOPAXXEHHs, MaTepuajla I10BEPXHOCTH
OCYLIECTBISETCS C UCIOJIb30BAHUEM HEOOXOIMMBIX YCIOBUI ONTUMAIBHOCTU B (hOpME NPUHIMIIA
makcumyMa JI.C. IloHTpsruHa c¢ ¢a3oBeiMuH orpaHudeHusiMu.IIpobiemMa ymoBIETBOpPEHHUS
TEXHOJIOTMYECKUM TPEOOBAHMUSAM B Ha4yajbHBIi MOMEHT BpeMeHH (OPMYJHMPYETCs Kak 3ajada
HawIy4leld KBaJpaTHYHOM aNmpOKCHMMAllMU IIOJYYEHHbIX HENPEPbIBHBIX YIPABICHUH B BUJE
ONTHUMAJILHO-CMEHHOM TONIIMHBI 000JIOYKU CTEHKU KyCOYHO-TTOCTOSHHOM (DYHKIHEH.

IlpuBeneHbl 4YMCIIOBBIE PE3YJIbTAThl KOMIIBIOTEPHOTO  MOJIEIMPOBAHUS  KOPPO3HMOHHOM
Jcrpagjaluyu MaTtepuajia IMOBEPXHOCTU H BblGOp OINTHUMAJIbHBIX MapaMETPOB LUIUHAPUYECKOIO
pesepByapa Ul XpaHEHHs HE(TEHPOAYKTOB B YCIOBHSIX OXHOBPEMEHHOIO IEHCTBHS CHIIOBOIL
Harpy3ku U BO3EHCTBUS arpeCcCUBHO CpeJibl.

KioueBble ¢j10Ba: MOJEIMPOBAHUE DBOJIOLUHM KOPPO3HOHHOIO IOpPAXXEHHs, 000JI0YKH,
KPENoCTh, arpecCuBHas CPela, ONTHMAJIbHOE IPOEKTUPOBAHHUE.
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Pospobneno ancopumm Komn lOmepHo2o MOOEMNO8ANH KOPO3IUHO20 3HOULYBAHHS NOGEPXHI
mamepiany ma ONMUMATLHO2O NPOEKMYSAHHS O0OONOHKOGUX KOHCMPYKYIN 3 YpaXy8auHaMm
azpecusnozo cepedosuula.
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Scientific-and-technical collected articles. — K.: KNUBA. —2022. — Issue 108. — P. 17-34.

The algorithm for computer modeling of corrosion wear of the material surface and optimal
design of shell structures taking into account the aggressive environment has been developed.
Table 1. Fig. 4. Ref. 22.
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