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Bounded and multiperiodic solutions of the system
of partial integro-differential equations

The system of partial integro-differential equations with an operator of differentiation with respect to
directions of vector field is considered. The considering integro-differential equation does not contain space
variables. The matricant is constructed that satisfies the linear matrix equation and some of its properties
and estimates are obtained that are related to multiperiodicity in time variables. An integral representation
of the multiperiodic solution of this integro-differential system through the resolvent of the resolving kernel
is given, recurrent relations are obtained for finding them. Some properties of iterated kernels and resolvent
are established, corresponding estimates are found. On the basis of the necessary and sufficient condition
of periodicity, multiperiodic solutions of a linear integro-differential equation and additional properties of
solutions are found. Sufficient conditions for the existence of a bounded and unique multiperiodic solution on
all independent variables of the characteristics system of integro-differential equations with a differentiation
operator are established.

Keywords: matricant, resolvent, kernel, multiperiodicity, integro-differential, Dirichlet, vector field.

Introduction

We consider the partial integro-differential equation

740
D.u(r,t) = A(7, t)u(r,t) + / K(r,t,s,0)u(s,o)ds + f(,t), (1)
™
where u(7,t) is an unknown vector-function, (7,t) € R x R™; D, = a% + (e, %> is differential operator, m is
vector ¢ constant, <c, %> - scalar product of vectors ¢ and % = (6%1, Sy %); 0 =09+cs =t—cT+csis the

characteristic of the differentiation operator D, by the directions of the vector field j—j =¢, s € R=(—00;+0);
(n x n) are matrices A(7,t) and K(7,t,s,0), n is vector-function f(7,t).

At the present stage of development of the theory of integro-differential equations, of considerable interest
is the development of methods for the qualitative study of the solvability of the problems under consideration.
Research of the theory integro-differential equations involved many authors. As you know, V. Volterra used
integro-differential equations in problems of hereditary elasticity [1], justified the existence of periodic fluctuations
in biological associations, created a general theory of functionals [2]. For systems of integro-differential equations,
which form the basis of the mathematical theory of oscillatory processes in natural science and engineering, are
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devoted to the considerable amount of work, we note [3-5]. In [6], the distribution of the results of M. Urabe to
systems of integro-differential equations was considered, the representations of the solution of integro-differential
equations through the resolvent of the kernel are investigated [7; 158], the role of these equations at describing
processes with aftereffects [8] is indicated. Integro-differential equations find applications in problems of the
theory heredity [9; 109], hereditary elasticity of the model, metal creep at high temperatures [10]. Note that
the rheological processes are described with integro-differential equations [10], [11; 136, 166]. The monograph
[12] is devoted to research of almost periodic solutions system of equations with quasiperiodic right-hand sides.
In [13, 14] almost periodic solutions of integro-differential transfer type equations were investigated. Questions
of the existence and construction of multiperiodic and pseudoperiodic solutions system of integro-differential
equations containing a spatial variable are considered in [15]. By various problems of the theory of periodic and
almost periodic oscillations were outlined in [16, 17].

The purpose of the work is to establish sufficient conditions to existence and uniqueness of the multiperiodic
solution of integro-differential equation (1) with operator of differentiation with respect to direction of vector
field.

Suppose that the conditions of (,w)-periodicity, continuity by 7 € R and continuous differentiability by
te R™:

A(r +0,t + qu) = A(r,t) € C4Y (R x R™) g € 2™, (2)

K(r 40,0+ qw.5,0) = K(r.15.0) € CO5%) (R x R™ x Rx R™) . q € 2™, 3)
K(tr+0,t+qw,s+0,t+quw—c(t+0)+c(s+0)) = K(r,t,s,t —cT +cs),q € Z™,

Fr+0,t+qw) = f(r,t) € C% (Rx R™) ,q € Z™. (4)

Here m is vector e = (1,...,1), the degree of smoothness by ¢ = (t1,...,t,); Z™ is set of integer vectors

qg=1(q1,-.,9m) and qw = (w1, - . ., gmwsm,) is multiple period with multiplicity ¢ period w = (w1, ..., wy) and

periods wp = 6, w1, . ..,w,, - are rationally incommensurable positive constants. Conditions (2) - (4) are called

conditions (P).
Main results

We consider the homogeneous integro-differential equation

T+6
Dou(r,t) = A(r, t)u(r,t) + / K(r,t,s,0)u(s,o)ds, (5)

corresponding to the nonhomogeneous equation (1).
Taking into account ¢ = ¢ + ¢s by the known technique [13], constructing the matricant of equation
D.w = A(r,t)w we define the matrix W (7, 7,t) on the basis of integral matrix equation

W(rg,7,t) = E + /A(s,t —c(r — 8))W (70, 8,t — (T — 8))ds (6)

70

with the unit n-matrix F. Note, by virtue conditions (P), the matrix W (s, 7,t) is (6,6, w)-periodic by s, 7,t:
Wi(s+60,7+0,t+ qw) = W(s,1,t) € Cé?;?t’e) (Rx RxR™),q € Z™. We sought the solution of the integral
equation (6) in the form of series

W(r, 1,t) = Z Wi (10,7, 1), (7)
m=0

members of which we find from the recurrence relations: Wy (g, 7,t) = E,

Wi(7o,7,1) :/A(&t—C(T—S))Wo(To,S,t—C(T—S))dS:/A(S,t—C(T—S))dS,...,

7o 70
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W (70, 7,t) = /A(s,t —c(t = 8))Wp—1(70,8,t —c(r — s))ds,m = 1,2,....
0

We show that series (7) converges absolutely and uniformly. Take into account A(r,t) matrix boundedness
we have |Wy(70,7,1)|| =1,

i
_ m
Wi, 0l < [ 4Gt = el = s))lds < alr = ol oo, Wi, ) < am T
T0 '
where ||A(7,t)]| = sup  |A(7,t)| < a,a = const.
(T, t)ERXR™

For the series (7) the majorant is series 1 + aM + 0‘22]!”2 +...+ % +....

Thus, the matrix series (7) converges absolutely and uniformly at |7 — 79| < M, M = const > 0. We assume
that the matricant W (g, 7,¢t) for all 7 > 79 and ¢t € R™ satisfies condition

W (o, 7, )| < Te™?T=™).T' > 1, p > 0. (8)

By a direct verification we can make sure that the matricant W (g, 7, ) has the possesses multiperiodicity
property with respect by 9,7 and t: W (7o + 0,7+ 0,t + qw) — W(r9,7,t) = 0,9 € Z™.
Now using the replacement
u(r,t) = W(ro, 1, t)v(7,t) (9)

equation (5) is reduced to the form

T+0
D.u(r,t) = / Q(70,7,t,8,t —c(r — s))v(s, t — c(T — 8))ds (10)

with the kernel Q(m, 7,t,s,0) = W t(rg,7,t)K(7,t,5,0)W (10, 8,0), where o =t — ¢(T — s).

We note, based on conditions (P), the kernel Q(7o, 7,t,s,t — ¢(7 — s)) has the property:
Q10,7+ 0, t+qu,s+0,t +qu—c(T1+0)+c(s+0)) =Q(r0,7,t,5,t —c(1—5)), g€ Z™.

For the matricant V (79, 7,t) of equation (10), we have the matrix integral equation

T n+o
V(r,m,t) = E+ / / Q(ro,m,t — (1 — 1), 8,t — (1 — 8))V (70, 8, t — (T — 8))dsdn. (11)
To n

We sought the solution of the integral equation (11) as follows:

V (1o, 7,t) = Z Vin (70,7, 1) (12)
m=0

with initial approach Vy(19, 70,t) = E. Vi (70, 7,t) we find from the relation

B
Vin(70,7,t) = / / Q(ro,m,t —c(t —m),8,t — (7 — 8))Vi—1(70, 8, t — ¢(7 — 8))dsdn,m = 1,2, .. .. (13)
o n
T 0
From (13) at m = 1 follows Vi (7o, 7,t) = [ [ Q(70,m,t — (T — 1), s,t — c(T — 8)) %
O
T 40
xVo(710,8,t — c(T — s))dsdn = / / Q(10,n,t — (1 —1n),s,t — c(T — s))dsdn,
To n

where Ql (TOanata 57t) = Q(Tf)?nat - C(T - 77)7 5,1 — C(T - S))
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Applying the Dirichlet permutation rule based on the product of two matrices
n n+0
Q(7-07771at7817t) f f Q(T(),T),t—C(T-?’}),S,t—C(T—S))d31dT)1 = QQ(T()anvtaS’t) by integrating by T=T"
To N
at t:=t — c(r —n) from 79 to 7, we obtain the matrix Va(7, 7, t):

T n+0
‘6(70373 t) = / / QQ(TOan7t - C(T - 77)7 S7t - C(T - 5))d5dna
T0O N
where Q2(79,m,t — c(T —n),s,t —c(T —5)) =

T m+0
/ / Q(1o,m,t — (T —m),s1,t — (T — 51))Q1(70, 1, t — (T — ), 8,t — c(T — 5))ds1dn;.

nom
Further, continuing this process, we obtain

T n+6

Vin (70,7, 1) / / Qm (10,1t —c(t —1n),s,t — c(T — 8))dsdn, (14)

where the iterated kernels are determined from the recurrence relations

T Nm—1+0

Qammrwv—mawmv—m:/“/'Qmmw«wwv—mHmwﬂx—w>&me

nm o NMm-1

XQm-1(70,1,t — (T = 1), 8,t = (T = 5))dsm_1dnm—1 =

://...//Q(To,n,t—c(T—n),s,t—c(T—s))Q(TO,m,t—c(T—m),sl,t—c(T—sl))x...x

To 7N
XQ(T0, Nm—1,t — (T — Nm—1), Sm—1,t — (T — Sm—1))ds1dnmdsadns . .. dSm—1dNm—1. (15)
Lemma 1. For iterated kernels the estimates are valid:

Hm_l(T _ n)m—l

||Qm(7'0a777t—0(7_77)757t—c(7_5))|| SQgL (m_1)| (16)
Proof. On the grounds (15) we have:
||Q1(T07777t - C(T - 77)7 S7t - C(T - S))H S QO? QO = const,
T n+0
1Qa(rosm.t — e(r =) s Tfsn</“/|mvmm¢—477m>a, (r — 1))l
x[|Q(10,m,t — (T —n),5,t — (1 = s))||dsrdm < QFO(T — 1), ...
Further
T Nm—1+0
Qumosnt = clr = msit=clr =D < [ [ 1QU0 11t = elr = o). smoat = el = soa))x

n NMm—1

em—l T — m—1
XQm-1(T0, 1, t — c(T =), 8,t — (T = 3))[|dsm—1dnm—1 < Q?H
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Taking into account (16) from (14) we get

0" (1 — 19)™
Win(ro, )| < QT = 70"

e m =12, (17)

From (17) it follows that the series (12) converges absolutely and uniformly with respect to 7 and ¢ for 7 > 7.
Note that all iterated Q.,,(70,m,t — (7 — 1), s,t — ¢(7 — s)) kernels have the property:

Qm(TO + 977% t+ qw — C((T + 0) - T])a Sat +qw — C((T + 0) - S)) = Qm(TOJ%t - C(T - 7])7 57t - C(T - 5))
On the basis of conditions (P), it can be shown that the matrix V (7o, 7,t) is (6, 0,w)-periodic by 79,7,

V(ro+ 0,7 +0,t + qw) = V(ro, 7, t) € CO%) (R x R x R™) ,q € Z™.

T0,T,t

For the series (12), using (14) we have:

T n+o 00
V(Toﬂ',t):E—i—// ZQm(To,n,t—c(T—n),s,t—c(T—s))dsdn. (18)
To 1 m=1

&)
The series > Qm(10,m,t — c(T — 1), s,t — c(7 — s)) converges absolutely and uniformly to the continuous
m=1

function R(7o, 77,; —c¢(t —n),s,t —c(r — s)), called the resolvent of kernel.
Resolved kernel satisfies the integral equation

R(to,m,t — (T —1),8,t —c(T —8)) = Q(10,m,t — (T —1),8,t —c(T — 8))+
T n+6
+/ / Q(7o,n,t — (T —n),s,t — (T — 5))R(10, 1, t — (T —n),8,t — c(T — 5))dsdn. (19)

We note, at n = 7, the resolvent becomes the kernel
R(mo,n,t —c(t —1n),8,t —c(T — 8)) = Qu(70,m,t — (T — 1), 8,t — (7 — 5)).
We find the solution of integral equation (19) in the form
R(ro,m,t —c(t —n),s8,t —e(t — 8)) = Q(r0,m,t — (T — 1), s,t —c(T — 8))+
T n1+6
+/ / Q(o,m,t — (T —m), s1,t — (T — 51))Q1(70,1m,t — (T — 1), 5, —c(T — 8))dsrdm+

nom

T n2+6
+/ / Q(Tovn%tfc(’r*772)78231576(7782))622(7—0777’1570(7_777),831576(7-78))d$2d772+"'+
noon2

T Nm-1+0
+/ / Q(70, Nm—1,t — (T — Nm=1), Sm—1,t — (T — $;m—1)) X
n Mm—1
XQm—1(10,m,t — (T —1n),s,t — (7 — 8))dSm—1dNm—1 + - - . (20)

Further, based on the estimates (16), we obtain ||R(1,7n,t — c(7 — 1), s,t — (7 — 9))|| <

Q30> (r —m)? Qo oM r — )™
PO )

< Qo (1 + Qob(T — 1)

Therefore, ”R(T(b R t— C(T - 77)7 S, t— C(T - ‘S))” < QOeQOO(Tin%
where [|Q(70, 7, — (T —n),s,t — (7 = 5))[| < Qo.
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Applying the resolvent (20) to (18) we have

T n+0
V(TOaTat) :E+/ / R(ToanatfC(Tfn)asatfc(Tis))den' (21)
T0O N
It is directly possible to show that R(7o,n,t — ¢(T — 1),s,t — ¢(7 — s)) has continuous partial derivatives
with respect to 7 and t.
We note, the following properties of the resolvent:

1) We show that R(7o,n,t — c(t — 1), s,t — c¢(7 — s)) satisfies equation (10). Indeed, applying the operator D,
to both sides of equation (19) we find:

DCR(TOanvt - C(T - 77)7 Svt - C(T - 8)) = DCQ(T07TI?t - C(T - 77)7 Sat - C(T - 8))+

n+0
4 / Qromt — e(7 — 1), 5,1 — c(r — 8))R(zo, 11t — c(r — ), 5.t — c(r — 5))ds+

= / Q(ro,m,t — (1 —m),8,t — (1 — 8))R(70,m,t — (T — 1), 8,t — (T — 8))ds.

Thus, the resolvent satisfies the integro-differential equation. Note that by the way we used some of the properties
of operator D,., which was to be proven.
2) Resolvent R(mp,n,t —c(1 —n),s,t —c(T — s)) is the multiperiodic function:

R(To+9,77,t+qwfc((’r+9)77]),S,t+q0LJ7C((T+0)7S)) :R(T(),??,tfC(T*T}),S,f*C(T*S)),qEZm.

Lemma 2. For the function V (7, 7,t), the following estimate takes place:

|V (70,7, t)|| < eQ00(T=70), (22)
Proof. Using (13), (16), (21) we get
T n+6
1V (o, 8] < 1 +/ / IR(r0,m,t — c(r — 1), 5.t — o — 5))||dsdn <
T0 7N
T n+0
T0O 7N

That which was to be shown.
Further, taking into account (9), (21) we have

T n+60
U(T()aTat) = W(TO,’Et) E+/ / R(TOJIJ*C(T*U)aSat*C(T*3))d5d77 . (23)
T0O 7N
Using (8) and (22) we estimate (23)
U (7o, 7, )11 < 1W (70, 7, )]V (0, 7, 8)]| < TeXT7T) x = Qob — p < 0. (%)
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Find a function u(7,t), that satisfies for all 7 > 79 and t € R™ to integro-differential equation (1) and initial
condition

u(7o,t) = p(t) € CE(R™). (24)
Solution to the Cauchy problem (1), (24) is sought in the form

T

u(r,t) = Ulro, 7, t)(t — (7 — 10)) + / U(s,7,t)f(s,t —c(T — 8))ds. (25)

To

In (25) assuming that the vector function is ¢(¢) any from Cy(R™), using the necessary and sufficient condition
for the multiperiodicity of Umbetzhanov-Sartabanov

u(to + 0,t) = u(ro, t) € C% (R x R™) (26)

we search among the solutions (25) for the multiperiodic solution of system (1).
Using the necessary and sufficient condition for periodicity (26) to solve (25), we have

o(t) = U0, 70 + 0, t)p(t — c((10 +0) — )+

To+6
+ / U(s,70+0,t)f(s,t —c((1o + 0) — s))ds. (27)

To0+6

Introducing the designation ¢(¢t) = [ U(s, 70 +60,t)f(s,t — c((10 + 6) — s))ds, making a shift by period § and
70

taking into account the #-periodicity of the matricant U (7, 7,t — ¢(7 — s)) and vector-functions f(7,¢—c(7 — s))

70
we find ¢(t) = [ U(s,70,t)f(s,t — (10 — s)). Putting ¢o(t) = ¢(t), solving equation (27) by the method of

T0—0
successive approximations, we have:

om (&) =U(ro, 70+ 0,8t —c((t0 +6) — 5))pm—1(t —c(r0 — 5)) +¢(t),m=1,2,.... (28)

Along the way, using the convolution type formula for m = 1 from (28) we get

70

¢1(t) = U(ro, 70 + 0,t)p0(t — c(19 — 5)) + ¥(t) = U(10, 70 + 0, 1) / U(s,7,t)f(s,t —c(mo — 5))ds+

T0—0
7o To—0
+ / U(s,m,t)f(s,t — (10 — 8))ds = / U(s,,t)f(s,t — c(t0 — 8))ds+
ro—0 T0—20
0 o
+ / U(s,1,t)f(s,t —c(1o — 8))ds = / U(s,1,t)f(s,t —c(1g — 8))ds.
r0—0 T0—20
Further, using the method of complete mathematical induction, assuming at k& = m, we have

T0
om(t)= [ U(s,7,t)f(s,t—c(mo—s))ds. In the last integral, replacing the integration variable. Using the

T0—mb

70
0-periodicity of vector-function f(7,t—c(7—s)) with respect to the variable T we set i (t) = [ U(s,7,t)f(s, t—
Tg*ka
—c(19 — 8))ds, k=0,1,2,.... Thus we have

o] 70

©*(t) = Z / U(s,m,t)f(s,t —c(T —s))ds =

k=0 "o
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70

= / U(s,7,t)f(s,t —c(r —s))ds. (29)

—o00
Substituting (29) into (25), by the way using the group property, we obtain:

70

u(r,t) = U(r, T, t) / U(s,7,t)f(s,t — (T — 8))ds+

—|—/U(s, T, t)f(s,t —c(T — s))ds = / U(s,1,t))f(s,t —c(T — s))ds.

In this way,

T

W t) = /U(s,r,t)f(s,t—c(r—s))ds. (30)

— 00
The convergence of the improper integral in the right-hand side of (30) is ensured by the boundedness of
the vector function f(7,t — (7 — s)).
We note some properties of the vector-function u*(7,t):
1) function u*(7,t) satisfies the integro-differential equation (1) and at 7 — 7 4 0 it turns into ¢*(t);
2) it is the multiperiodic function by 7 and ¢ with a period vector (8, w).
Indeed, consider

T+60
u (T +0,t+ qw) = / U(s, 7+ 0,t+ quw)f(s,t+quw —c((T+6) —s))ds =

— 00

= / U(s+0,7+0,t+qu)f(s+0,t+qu—c((T+0)—(s+86)))ds =

—00

T

= / U(s,m,t)f(s,t —c(T —s))ds = u*(7,1).
That which was to be demonstrated.
3) for functions u*(7,t) the inequality is fair

[ (. t)| < Tfo x| ™", (31)

= sup |f(r,t —e(r = )| < fo, fo = const.
(1,t)ERXR™

4) the solution w*(7,t) is unique.

Result obtained is formulated as the theorem.

Theorem. If conditions (P) and (*) are satisfied, then there is a unique multiperiodic solution u*(7,t) to
system (1), defined as (30) and satisfying condition (31).

where || f(1,t — c(T — s))|
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epbec TybIHABLIIBI UHTETrpo-aAnd dpepeHIma ablK TeH/Jaeyiep
JKVIiiecCiHiH IlIeHeJIT'eH »KoHe KOIIIIePHOATHI MIelliMaepi

BekTopiibik epic barbiTTapbl OoiibIHIIa AuddepeHraIIay OrnepaTop ibl 1epbec TYbIHIbLIBI HHTErPO-Tud-
depeHImaIBIK, TeHIeyIep XKyiieci 3eprrengi. KapacThIpbliaTbiH UHTErPO-audDepeHIuaiabK, TeHIeyre
KEHICTIK affHbIMAJIbLIAPh! eHOeini. ChI3BIKTHI MATPUIIAJIBIK, TEHIEYTe KAHAFATTAHIBIPATHIH MATPUIIAHT TYP-
FBIBBLIIBI JKOHE YAKBIT affHbIMAJIbLIAPBI OOUBIHINA KOIIIEPUOATHIIBIKIIEH 0allIaHbICThI OHBIH Keitbip Kacu-
eTTepi MeH Garajiaysiapbl aJIbIHIbI. KapacThIPhLIAThIH UHTErPO-1udDePEHITUANIBIK, XKYHEHIH KOIIITePUOIThHI
MIETTiMIiHIH, TNy SIPOHBIH Pe30JIbBEHTACH aPKBLIBI HHTETPAJIIALIK, TYPl KeJATIpiIreH, olapael Taby VImiH
PEKYPPEHTTIK KaTbIHACTap ajblHFaH. VlTepamusianraH sapoJsiap MeH Pe30JIbBEHTAHBIH Kefbip KacueTTe-
pl opHaTBUIFAH, ColiKec bGarasaysap TaralblHAaJIFaH. 1lepHOATHIIBIKTBIH KAXKEeTT] 2KOHe KEeTKUIIKTI IapThl
HETI3iH/Ie CBI3BIKTHI NHTErPO-TudDEPEHITHAIBIK, TeHIEYIIH KOIIEPUOITHI MeNiMIepi TaObLIFaH, COHBIMEH
Karap IIENMHIH KOCBIMINA KacueTrrepi anbikTasrad. Juddepennnaligay oneparopsibl HHTErpo-auddepen-
[MAJIIBIK TEHIeYJIep KYHeCiHIH CUIaTTaMAaJIapbIHIa [IIeHEITeH, 6aPJIbIK TOYeICi3 aifHbIMAIbLIAPBI OOMBIHIIA
KOTIEePHUO/ITHI MIENTMIiHIH 6ap YKoHE »KAJIFbI3 OOJIYBIHBIH YKETKITIKTI MapTTapbl OPHATHLIFAH.

Kiam cesdep: MaTpumaHT, pe30JIbBEHTa, AP0, KOIMEPUOATHUIBIK, UHTErpo-auddepertmans, lupuxie,
BEKTOPJIBIK, ©pic.
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OrpaHndyeHHBbIE 1 MHOTOIIEPUOANYECKNE PENIeHUs CUCTEMbI
nHTerpo-anddepeHImaIbHbIX YPABHEHU B YaCTHBIX ITPOU3BOTHBIX

Wccnenosana cucrema mHTErpo-muddepeHInalbHbIX YPABHEHNN B YACTHBIX MPOU3BOHBIX C OIEPATOPOM
nuddepeHInPoBaHUs 110 HAIIPABJIEHUAM BEKTOPHOIO 10Jisi. PaccMarpuBaemoe uHTErpo-auddepeHiinalib-
HOE ypaBHEHUE HEe COJEP’KUT MPOCTPAHCTBEHHBIX MEpEeMEHHBIX. [[0CTpoeH MATPHUIAHT, YIOBIETBOPSIONINI
JIMTHEHOMY MAaTPHYHOMY YPaBHEHWIO, W TOJIyY€HbI HEKOTOPBIE €r0 CBOMCTBA M OIEHKU, CBA3AHHBIE C MHO-
rOIEPUOIMYHOCTHIO 110 BPEMEHHBIM IT€peMeHHbIM. [IpuBeieHo0 MHTerpajJbHOe MIPEJICTABJIEHNE MHOIOIIEPUO-
JIMYECKOTO PeIlleHns] JAHHON MHTerpo-audpepeHnnajbHOil CUCTEMBI Yepe3 Pe30JbBEHTY pPa3peIlaroliero
SApa, MOJyYeHbl PEKYPPEHTHBIE COOTHOIIEHUS JJIs UX HAXOXKJIEHUs. YCTAHOBJIEHBI HEKOTODPBIE CBOHCTBA
WTEPUPOBAHHBIX sJIEP M PE30JIbBEHTHI, HAlJIeHbl COOTBETCTBYIONME OlEeHKM. Ha ocHOBe HEOOXOAuMMOro u
JIOCTATOYHOTO YCJIOBUSI MIEPUOIUIHOCTH HAIEHBI MHOTOIIEPUOINIECKUE PEIIEHNUs] IMHEHHOTO HHTErPO-1udd-
depeHImaIbHOTO YPABHEHNs, a TAKKE BBISBJIEHBI JIOMOJTHUTEIbHBIE CBOMICTBA PEITeHNA. Y CTAHOBJIEHBI JTOC-
TATOYHBIE YCJIOBUSI CYIIECTBOBAHUSI O'PAHUYEHHOIO U €JMHCTBEHHOIO MHOI'OIIEPUOIUYECKOrO 110 BCEM He3a-
BUCUMBIM [TEPEMEHHBIM PEIeHUsT Ha XapaKTEPUCTUKAX CUCTEMbI MHTErPO-IudpepeHnnaabHbIX yPABHEHUN
¢ onepaTopoM i HEepEeHITUTPOBAHMSI.

Kmouesvie caro6a: MATPUIIAHT, PE30JIbBEHTA, sIIPO, MHOTONEPHOIUIHOCTb, WHTETPO-AuddepeHInaIbHoe,
JlupuxJiie, BEKTOPHOE IIOJIE.
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Approaching of the solution of a static compressible medium
to the solution of an incompressible medium

A well-known analogy of the flow of viscous incompressible fluid and incompressible elastic medium.
According to this analogy, the solution of the equations of the elasticity theory with the Poisson’s ratio
v = 0,5 and for any fixed shear modulus g can be interpreted as a motion of a viscous incompressible
fluid with viscosity p. Thus, we can consider the usual static linear elasticity task with Hooke’s law at
A — 00, as a mathematical model of approaching to incompressible medium. In this paper, we obtained the
asymptotic A — oo. Estimation of the proximity of the solution of an elastic static problem with Hooke’s law
to the solution of incompressible medium (Stokes problem). The final estimate allows to use well-known
difference schemes and algorithms for an elastic compressible medium to solve incompressible medium.

In this paper, an estimate of the proximity of the solutions of these problems is proved at A — oo, i.e.

—H f ATy H . . . .
F e ;\\ilzo“_’ P ¢339 . To substantiate this fact in [1-3], various methods for the first boundary value

problem were investigated. For the static problem of the theory of elasticity, there is currently a whole
series of papers devoted to numerical implementation using difference schemes. In paper [4], the estimate

O(A™%) where k = % was obtained, in the proposed paper the estimate O(A™"), and in further work we

will show that this estimate is best possible in order.

Keywords: incompressible medium, Hooke’s law, stresses, deformations, displacements, Lamé coefficients.

A well-known analogy of the flow of viscous incompressible fluid and incompressible elastic medium. According
to this analogy, any solution of the equations of the elasticity theory with the Poisson’s ratio v = 0,5 (l/ = ﬁ)

to any shear modulus i can be interpreted as a motion of a viscous incompressible fluid with a viscosity u (Stokes
problem) [5].

In a bounded simply connected domain D C R? with a sufficiently smooth boundary v we seek a solution
to the problem of the theory of elasticity for an incompressible medium that satisfies the equilibrium equation

ulNa—Vp+ f=0, x €D, (1)

the condition of incompressibility of medium

divu =0,z € D, (2)
by the correlation of the displacement-strain
1 (0u;  Oug )
ik = & ) 7k = 17 27 37 3
“ik 2(8xk+8xi> ! ®)
to equations of state of medium
Oik = —0ikD + 2UEik, (4)

where o, is components of the stress tensor, J;; is the Kronecker symbol, p is function of pressure, and to

boundary conditions
3

Za’iknk = 0) T e, (5)
k=1
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the task (1)—(4) with boundary conditions of the first kind, i.e. when
u=0, z €7, (6)

was investigated by various techniques. Its solution was considered as the limit in a certain sense at A — oo
solutions @* the problem of the theory of elasticity for a compressible medium.

AT + (A + p)Vdiva* + f =0,z € D, (7)

where the components of the strain and stress tensors are related to Hooke’s law

045 = 5”)\0 + 2/162']'7 Z,] = 1, 2,37 (8)

3

where = > e, A > 0, p > 0 the Lamé constants, the static problem of the theory of elasticity for an
i=1

incompressible material (1)—(4), (6) studied in [6-7]. For it, a difference scheme is constructed from the first

order of accuracy. Let us turn to the study of the behavior of the solution of problem (3), (5), (7), (8). This

problem is not always solvable [8]. The conditions for its solvability are that the main vector and the main

moment of the bulk forces are zero.
/?d:r:O, /?x?dx:O, (9)
D D

in the case of fulfillment of conditions (9), problems (3), (5), (7), (8) are not uniquely solvable. To single out its
only solution, additional conditions are needed.

/ﬂdm =0, /rot udz = 0, (10)

D D

further, we will assume that for solving the problem (3), (5), (7), (8) the conditions (9), (10) are fulfilled. We
first carry out auxiliary arguments. Let problem be solved.

divvi=p, €D, V=7, x €. (11)

Lemma 1. Following [10, 11], let it be

mal
7 eCH™, pe WD), p e W, R (), (12)
moreover we suppose that (p,1)p =0, (#,7)y = [@ T ds. Then there exists an additive and homogeneous

Bt
operator v = v(p, u) solving the problem (11), (12) and there is fair estimate

Ml oy < Mo (Eollwgcoy + el e )

Lemma 2. Let conditions (12) be fulfilled, then there exists a homogeneous operator v = v(p,u) that the
evaluation takes place

Ml ) < Mo |l + el e |
where v satisfies the following problem
divv=p- [u(D)"", (7,7m),, in D,

V=p+ [/1’77«*1(7)}71 : (pa 1)D ‘n, on 7,

1n (D) is n-dimensional Lebesgue measure of the domain D, p,—1(7) is n — 1-dimensional Lebesgue measure of
its boundary.
Proof. Let ¥y - this sequel to D, that the assessment is made

13l o) < Mol ey
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As ¥y, you can take the solution of the following problem:
v, =0, in D,
Uy =¢, on 7.
Let Wy be similar extension of n to D. Finally, let be
U =T+ 1M () - Ta
Then the vector function Z =¥ — V¥ is a solution of problem
divz =p —div¥ + [un(D)] (7,7,
z=0, on .

Thus, for the vector function Z(x), the conditions of the Lemma are already satisfied, as required. Now, for any
scalar function is p(z) € L, (D).
The formula

||PHW*1(D): sup 7|(p,q)p\
2 q€EW(D) HQHW;(D)

for all ¢ # 0 defines the norm of a linear functionality over the space W3 (D). A formula

|(p,9)p|

P| o -1 = sup
1Pl o llall o
W

2 4eW(D) (D)

~1
defines the norm of a linear functionality over a space W, (D). Whence it follows that

1Pl < Wl < [Pl
Consequence of Lemma 2. Let v be a solution to problem
divv =p, in D. (13)
V= [ (D7 (0, V) -7, on v, (14)
For an arbitrary function p(z) € La(D). Then the estimate is true
¥llwi o) < cllpllLap)-
Let us turn to the problem (3), (5), (7), (8). The solution of this problem satisfies the integral identity
E(u,v) +A/divﬂ~divvda: = /?'Vdo:. (15)
D D

For all v € W3 (D) where

3
— N 1 au, 6’(1,]‘ 8vi 8Vj
B v) = 5“/ > (axj + 8:&;) (azj + 317,;) de.
D
Let in (15 ) v =@, then
E(w, @) + A dival? = /?ﬂdm, (16)
D

Consistently evaluating the right-hand side of equality (16) we will have

/ Fuda| < Tl oy - lullws o) < SlllBva oy + call 132
D
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d > 0, ¢s > 0 are constants. Further, taking into account the Korn inequality [2], we obtain

Il oy + M v al?® < ell I+ .

Let v from (13) be the solution of the problem (13), (14), setting that in (15) divV = p, we have

A/divﬂ-pdx < ellplloo) + 1wy oy - IPllzaoy < €llpllLoo) (17)
D

in (17) we set p = div u, whence it follows that

)\” diVﬂH[Q(D) < c < oo.

Thus, we have obtained the following estimate
[ullwy () + Al diva L, (D) < ¢ < oc. (18)

Let us pass in (15) to the limit A — oco. Since, by virtue of estimate (18), we have the relations @ — @y weakly
in W (D) at A — oo, Adiv — p weakly in La(D) at A — oo. From this we obtain that % and p satisfy the
integral identity

E(ug,v) — /pdivvdx = /?de.
D D

For an arbitrary vector function ¥ € W3 (D). That is, we will have in the limit for A = 0o a generalized solution
of the boundary value problem

uiig —Vp+ f=0, z €D, (19)
- 8uoi auok .
divag = 0, O'?k =L (&nk 9, ) —Oup, 1, k=1,2,3,

3
0
E ok = 0,7.
k=1

Next, we estimate the rate of convergence of the solution and problem (3), (5), (7), (8) to the solution g, p of
the problem (19).
Denote by W = u — g, p — Adiva = 7. By virtue of (5), (7), (8) and (19) we obtain

E(w,v) — (7,divv)p = 0. (20)

Whence it follows that
11502 oy < 7l La(py - 1 div ]l < e [ll| pyepy - AT (21)

Let v be the solution of the following problem
divv=m, z €D, (22)

¥ = s (DI~ (m, V) -7, om 7. (23)

And suppose that in (20) the vector function ¥ satisfies (22), (23), then using the consequence of Lemma 2 we
obtain

I7l* < ellwllwy oy - IFllwz oy < ellwllw o) - 17l 22y (24)

As a result, taking into account (24) there is an assessment
17l 220y < ellwlwg(p)- (25)
Referring to the estimate (21) then to (25) as a result, we obtain
191123 + 712000 < € A2, (26)

so we have proved.
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Theorem. Let f € W, '(D), then the estimate (26) is valid.
Comment. Here, in the course of the argument, the existence and uniqueness of theorem for the generalized
solution of problem (24) is proved. In [11], an estimate of proximity

171l LoDy < e AT

was obtained, here from (26) follows

10

11

7] Lapy < e A7
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CraTukaJjblK ChIFBLIATBHIH OPTAHBIH, IIEITiMiH
CHIFBLJIMANTBHIH OPTAaHBI IIEIIyre >KaKbIHIATY

TYTKBIP CHIFBLIMANTHIH CYHBIKTHIKTHIH YKOHE ChIFBLIMAUTHIH CEPITIMIiI OPTAHBIH AFBIHBIHBIH, YKCACTHIFBI O6€JI-
riti. By ykcacTeikka coiikec [Tyaccon koaddunmeHTiHIEr CepIiMIiIiK TeOPUICHIHBIH, TEHIeYAePiHiH, MIeri-
Mmi v = 0,5 yKoHe Ke3 KeJITeH TipKeJITeH MOJIYJIHJIE [ TYTKBIPJIBIKIIEH TYTKBIP KbICHIIMANTHIH CYHBIKTBIKTHIH
KO3FaJIBICB U peTiHge Tyciumipimyi mymkin. Ocbuiaitmra, ['yK 3aHBIMEH CBI3BIKTBHIK, CEPHIMIUTIKTIH 9I€T-
Teri CTATUKAJBIK e€ce0iH A — 0O CBhI3BIK KBICBLIMAWTBIH OpTara >KaKbIHJIAY/IbIH MaTeMaTHKAJIBIK, MO
perinze KapacTeipyfa 60maabl. Makasaia aCUMITOTHKAIBIK A — 0O AJBIHIBL. ['yK 3aHBIMEH TBHIFBI3 CTa-
THKAJIBIK, €CEIITIH, IEeNIMEATIH OPTAHbI eNTyTe KaKbIHABIFbH Garamayra (Ctokc ecebi) meris 6ap. ConFbI
OaraJjiay ChIFBIJIMANATBIH OPTAHbBI IIEINIy VIINH CEPIiM/Ii KBICBLIFAH OopTara apHAJraH Oesriji afbIpbIMIBIK
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cxeMaJjiap MeH aJITOPUTMEP/ Il maiaianyFa MyMKIHIIK Gepemi. ABTOpJIap OChl MiHIETTEP/I] TITENTY YKAKBIH-
JBIFBIH JRJIEIIE A — 00, C. C. “;jEOH Jdivim=r e=o Byn daxrini merizaey yrmin [1-3] Gipimmmi merrik
ecenTiy, opTypJii daicrepiMen 3eprresreHin kepyre 6osaabl. CepriMalK TeOPUACHIHBIH, CTATUKAJIBIK, ecebi
VIOH Ka3ipri yakpITTa 9pTYpJi cxeMaJap/blH KOMEriMeH CaHJIBbIK iCKe achbIpyFa apHAJFaH »KYMbICTaP/IbIH,
TyTac mukyi 6ap. [4] xxympicta k = % Gosranmarsr O(A %) Garamaysr amsgs, orga O(A 1) Garamays: 6ap,
aJIIarbl yaKbITTa J1a OyJ1 6ara per-peTiMeH »KaKCapThIIMAWTBIHBI KOPCETIIe .

Kiam cosdep: KbIChIIMAaATBIH opTa, 'YK 3aHbI, KEPHEY, OPBIH aybICTHIPY, JlaMe KoaddunmenTrepi.

M.M. Bykenos, A.A. Anamos, /I.K. Koiikenosa

ITpubamkenune perneHnusi CTATUYIECKON C2KMMAaEMOIl CpeJIbl
K PELIEHUI0 HECKMMAEMOMN Cpebl

W3BecTHa aHasiorusi TedeHUs BA3KOW HECKMMAEMOW YKUJIKOCTH U HECKMMaeMoil ympyroit cpemnl. Coryac-
HO 9TOI aHAJIOTWH, PEIlleHre YpaBHEHI Teopuu yupyroctu npu kodddunuente Ilyaccona v = 0,5 u npu
JI060M (PUKCHPOBAHHOM MOJIYJI€ CJBUTA 4 MOYKET ObITh MHTEPIPETUPOBAHO KaK JBUYKEHUE BSI3KOW HECKU-
MaeMOli JKUJIKOCTH C BA3KOCTBIO L. TaKuM 06pa3oM, MOYKHO PACCMATPUBAThL OOBIYHYIO CTATHIECKYIO 3aady
JINHEWHOH yIPYTOCTH ¢ 3aKOHOM ['yKa Impu A — 00 KaK MATeMaTHYECKYIO MOJIE/b MPUOIMAKEHUS K HECKHU-
MaeMoii cpesie. B craTbe ObLiIa MOJIyYeHa aCUMIITOTAYECKAs 10 A — 0O OLEHKAa, OJIM30CTH PeIleHust YIPyroi
CTATUHYECKOH 3871491 ¢ 3aKOHOM |'yKa K peImennio neczkumaeMoit cpeapt (3amada Crokca). Konevanast onenka
[IO3BOJISET UCIOIb30BaTh U3BECTHLIE PA3HOCTHBIE CXEMbI U AJICOPUTMBI [IJId YIIPYTOil C2KUMAEMOI CpeIbl /1)1
pellIeHnsT HeCoKUMaeMoii cpeibl. B pabore jJoka3aHa OleHKa 0JIM30CTH PELIeHU 3TUX 3a0a4 IIPU A — 00, T.€.
zjﬂf Jdivim—p ‘;:gf. st o6ocroBanust sToro dakra B [1-3] OblIM HCCI€A0BAHBI PA3JIMYHBIE IPUEMBI
JUTsL TIEPBOI KpaeBoil 3ajaqn. [ CTaTUIeCKOl 3a/1aui TEOPUU yIPYTOCTH B HACTOSAINEE BPEMS MMEETCS
IeJIbli MK paboT, HOCBSINIEHHBIX YUCJIEHHON pean3ali ¢ IOMOIIbIO Pa3HOCTHBIX cxeM. B [4] monydena
onenka O(A\™%), re k = %, B npeTaraemoil pabore mmeer Mecro onenka O(A™!) | u B JanbHeimenm Gyer
MTOKA3aHO, YTO 3TO OIEHKa HEYyJIydIIaeMa o TOPIKY.

Kmouesvie crosa: Hec:kuMaeMas cpefia, 3akoH ['yka, Hampskenus, 1edOpMaIiin, mepeMereHnsi, Koapdu-
ueHThw! Jlame.
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A conjugation problem for the heat equation in the field
where the boundary moves in linear order

Boundary-value problems for parabolic equations in domains with moving boundaries are fundamentally
different from the classical parabolic equations. Due to the dependence of the region size on time, the
methods of separation of variables and integral transformations are not applicable to this type of problems
in general case, since remaining within the framework of classical methods of mathematical physics, it is
not possible to coordinate the solution of the heat conduction equation with the motion of the boundary
of the heat transfer region. The solution of this problem has been the subject of research of many domestic
and foreign mathematicians [1-8]. A large number of works are devoted to boundary-value problems in
non-degenerate domains; they considered the existence of classical solutions by the method of thermal
potentials for both the heat conduction equation and for more general parabolic equations. But if the
region degenerates at the initial moment of time, then the method of successive approximations for solving
integral equations cannot be applied. Since at the degeneration of the domain integral operators become
special, that is, when they affect the constant and the upper limit tends to zero, they do not tend to zero.
Integral equations of this kind were obtained in [8] in the study of the thermal field of liquid contact bridges
and an asymptotic solution was found that can be used to solve practical problems. This paper is devoted
to the study of the first boundary value problem for the heat conduction equation with a discontinuous
coefficient in the domain that degenerates at the initial moment of time when the boundary moves by
linear law. An explicit form of the solution of this problem is obtained, afterwards that can be applied for
a numerical approximations.

Keywords: parabolic equations, first boundary value problem, thermal potential method, Jacobi polynomials.
Formulation of the problem: formulation of the problem: it is required to find the function wi(z,t), us(x,t)
satisfying following equations:

8'LL1 o 82’&1

6UQ 82u2
= = Dt 2
o 92 ((z,t) e DT(0 < & < ant, t>0)) (2)
boundary conditions:
ui(—ait,t) = @1(t), ua(aat,t) = pa(t), (3)
and conjugation conditions:
8U1 aUQ
= k1— =ko— 4
0™ i’ 0z om0 2Bz lomto’ )

where o; > 0,k; > 0, (i = 1,2).

’EZ
With the help of a suitable substitute [9]: u;(z,t) = vi(xl,tl)%, where z; = 7, = f% the problem
(1)—(4) reduces to the problem without initial conditions in the area with a fixed boundary: required to find
functions vy (a1, t1), va(x1, 1) satisfying following equations

8’01 - 821)1 _ 1
aitl = Tm%’ ((I’l,tl) € G (70[1 <z < 0, —00 < tl < 7%)), (5)
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8’02 (921}2 1
— =, 1) EGT0< 21 <az, —00<t; <—n 6
atl ax% ((xl 1) ( Z1 (&) e 9] 1 T)) ( )
boundary conditions:
vi(—ar,t1) =Yi(t1), wva(az,t1) = ¥a(t), (7)
and conjugation conditions:
81}1 81)2
= ki —— = kg — , 8
u z1=—0 2 oi=t0’ 0z le=—0 20y lzi=t0 )

M

S
where ;(h) = i (~# ) S5, (i = 1,2).

A problem without initial conditions (5)—(8) can be solved as follows [10]: required to find functions
wy (x1,t1), wa(z1,t1) satisfying equations

8w1 82101 _ 1
— = ) EG (a1 <x1 <0, tp<t1 < —= 9
o on ((z1,t1) (-1 < o<t 7)) 9)
(9102 (9211)2 1
— = t G (0 to <ty < —= 10
ot 922’ ((z1,t1) € 0O<z <ag, to<t1 < T)) (10)
initial conditions:
wi(xy,t0) = fi(w1,t0), wal(z1,to) = fa(x1,0) (11)
boundary conditions:
wi(—ar,t1) =¢Yi(t1), wa(ag,t1) = Pa(t1), (12)
and conjugation conditions:
8w1 (’)wg
w =w , —_— = ko— , 13
! r1=— 2 r1=+40 ! (9131 x1=—0 2 6:61 z1=+40 ( )
where —oco < tg < —% < 0.
Explicit solution of the problem (9)—(13) found in the [7]:
0 (o]
wy(w1,t1) = Gii(z1, &t — to) f1(€, to)dE + Gra(w1,&,t1 — to) f2(§, to)dE+
— Q1 0
ty
oG —ar,t — 1 aa t, —
+/ (e, —oa,ty Tl)’l/J1(T1)dT1—/ 12(21, a2, 71)1/}2(71)GZT17
O¢ to 23

to

0 (e3>}
wa(xy, 1) = / Gai(z1,&,t1 —to) f1(&, to)dE +/ Gaa(x1,&,t1 — to) f2(&, to)dE+
0

—aq

" 0Gaa (1, a2, 1 — T1)

23

1 9Gy (21, —0n,t1 — T
+/ n(@n -0t =) Yo (11)dT1,
t

o€ 1/)1(71)d7'1—/

0 to

where
Gi1(21,&,t1) = G(r1 — &, t1) — G(2a1 + 1 + &, t1)+
+ i zn: a"(G2(n — k + 1)ay + 2(k — Dag + 21 — &, 1)+
n=1k=1
+G2n—k+1Dar +2(k—Dag —x1 + &, t1)—
G2 —k+2)a; +2(k—Dag+x1 +&,t1) — G2(n—k)ag +2(k — Dag —x1 — &, t1)

Glz(xl,f,tl) = U2 Z ZBI(C”)(G(Q(H —k+ 1)041 + 2kas + 1 — f,t1>+

n=1 k=1
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—|—G(2(TL — k)al + 2(/4; — 1)042 —x1 + f, t1) — G(Q(Tl —k+ 1)041 + Q(k — 1)042 +x1 + f,tl)—
—G(2(n —k)ay +2kag —x1 — £, 11))

Goi(z1,&,t1) = Z ZV;&H)(G(Q(” —k)ar +2(k — Doz + 1 — § 1)+
k=1

n=1k=
+G(2(’I’L — k + 1)0[1 + 2]6&2 — X1 —+ £7t1)—
=G(2(n—k+ 1o +2(k — Dag + 21 + &, t1) — G(2(n — k)ay + 2kag — 1 — &, 1))

Goa(x1,&, 1) = G(r1 = &,t) — G2l — 2y — &, 1)+

Jrzz(s(n) —k)ar + 2kay + 21 — &, t1) + G(2(n — k) + 2kan — x1 + & 1)+
n=1 k=1

—G(Q(’I’L — kJ)Oél + Q(ki — 1)042 + 21+ f,tl) — G(2(n — k’)Oél + 2(]45 + 1)042 — X1 — f,tl))

(n)_{ (=N k=1, n>1

k (_1)n+k ZMfo( )mcm+1 C]’gn_2>\n—2m—2ﬂ2m+27 2<k< n,

m= n—k+1

M = min(k — 2,n — k)

Blgn) _ ’Y]in _ n+k Z ka 1 k)\n—2m—1,u/2m7 1 S k S n

K =min(k — 1,n — k)

5(n)_ A k=n, n>1
k. (_1)n+k:+1 Zz;é(_1)mCT’an_k_1Clzﬂ+1)\n—2m—2’u/27n+27 1 S k S n— 17
N = min(k,n — k)

2 % . 1.2 1 2 e _yZ
i b) b) ) >\ ; b
1Y H1p2, [ k] =+ k}g (Z ) k] + kg (y ) 2\/ T

By the definition of Jacobi polynomials [11]:
0—1\"""(0+1\"
k—m —
0 aaﬂ Z a+kc,8+k ( 9 > ( 9 > )

then the coefficients aén), ,(cn), 71(!1)» 5,(?) can be expressed in terms of Jacobi polynomials. If we introduce the

following notation p? — A2 = 6 and by virtue of the fact u? + A\ = 1, then we have
1 n—2k+1
(D" (5% 7 k= Ln>1,
o)V = (CrEgEL (M) (350)7F P y(0n -2k +2,1) k-2 <n—k, (14)
2k—m—2
(42) (359)" 2 Pucr(B:2k—n—21)k—2>n—k
(1%)% 7k:7’l,n2 17
2k—n
o =8 (49) (15977 P (0:2k —m 1)k~ 1> m— k- 1, (15)
n—=2k
- () (550 7 Pea@n-2k1),k—1<n—k—1,
2k—n—1
1-60\~ 2
. =0 Pu_i(0:2k —n—1,0),k—1>n—Fk,
ﬂ]il),yl(gn){(z)l gnk( ), (16)
(D)™ (58 Pea(fin =2k + 1,00k —1<n—k

Now we state some auxiliary result from [12].
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Lemma. Let h(0) = (%)a be a weight function defined on the interval [—1,1], & > —1. If P(0;,0) is a
sequence of the corresponding orthogonal Jacobi polynomials, then the function (1%9) 2 | Py(0; , 0)| attains its
maximum in [—1,1] at the point § = —1.

By lemma and formulas (14) - (16), we obtain the following estimates

U85 My < 1, {lad™], 160y < 2.

By applying the last estimates it is easy to verify that

0 s

lim Gil(xhga t1 — tO)fl(gatO)dg = Oa lim GiQ(xlagatl - tO)f2(€7t0)d§ = 077/ = 17 2.

to——o0 —ay to——o0 0

Further, when 79 — —oo the solution of the problem without initial conditions (5)—(8) is obtained [10].

'Ul(xlatl) _ fjloo 8G11(£1,5§1,t1—‘r1)wl(Tl)dTl _ ft1 %Ww2(7-1)d71,

— 00

vplan,ty) = [1, POnEge oty (r ) — [ Gty

o0 — 00

T1 )dTl .
Going back to the original variables we obtain an explicit solution to the problem (1)—(4):

up(z,t) = /0 g11(z, t — 7)1 (T)dT + /0 g12(z, t — 7)o (T)dT,

ug(z,t) = /0 g21(x, t — 7)1 (T)dT + /0 g22(x, t — T)a(T)dT,

where

gu(z,t—71) = _28G(17 +§1t,t —7) e
z
oo n
) (0G((2n — 2k + 3)ait + 2(k — 1)aot +x,t — 7)
2y el ( - -
n=1k=1
((2n—2k+3)a1 +2(k—1)ag)2t+af r4+2(2n—2k+3)ay o +4(k—1)age N 0G((2n — 2k + 1)ant + 2(k — Dagt — z,t — 1)
e 4 .

oxr

((2n—2k+1)ag+2(k—Dag)?t+adr—2(2n—2k+1)agz—4(k—1age )
e 4

oo n
OG2(n —k+ Dagt+ (2k — Daot + x,t — 1)
T, t—T) =2 (n) : .
g12( ) = 2p2 n§:1 g:l: B ( B
(2(n—k+1)ag +(2k—1)ag)?t+adr+4(n—k+1)ajz4+2(2k—age N 8G<2(n — k)alt + (Qk — 1)a2t —x,t— 7-)
(& 4 .

ox

(2(n—k)a1+(2k—1)ag)?t+adT—4(n—k)ajz—2(2k—1)age )
e 4

o~ ) [OG((2n — 2k + Dagt + 2(k — Dot + 2, t — 7
921($,t—7'):—2M1ZZ’Y,(€)( ( Jou ax( oz )
n=1k=1

((2n—2k+1)ag +2(k—1)ag)2t+ar42(2n—2k+1)aya+d(k—Dage n 0G((2n — 2k 4+ 1)ant + 2kast — z,t — 1)
e 1 )

ox

((2n—2k+1)ag +2kag)?t+a?r—2(2n—2k+1)agz—dkage >
e 4
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8G(O[2t —z,t— 7') 02(a2t+4a27'*22)
e —

goo(x,t —7) =2 pe
oo n
OG(2(n — k)agt + (2k — Dagt + z,t — 7)
-2 3\ ( ’ :
(2(n—k)al+(2k71)@2)2t+a§‘r+4(n7k)alz+2(2k—1)a2: OG(2(n — k)ant + (2k + Vagt —z,t — 1)
ox

e

(2(n—k)ag +(2k+1)ag)?t+adr—4(n—k)aj e —2(2k+1)age )
e 4
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Y .K. Koitnbimmos, K.A. BeiicenbaeBa

Illekapachl ChI3BIKTHI 3aHMEH KO3FaJIaThIH 0OJIBICTA
KBLTYOTKI3TIINTIK TEeHAey YHIiH Oip TyliiHec ecen
ITlexkapachl Ko3FaJIMaJIbl OOJIBICTAFBI TAPA0OIAJIBIK, THIITI TEHJEYJIep VIIH IIeKapaJbIK eCernTep dIeTTeri
KJIACCUKAJIBIK, €CENITEPIEH alTapIbIKTail epekinerene 1. OOIBICTHIH, OJIIIeM] YaKbITKa TOYEIIl GOFaH IbIK-

TaH, OYJI THUIITEri ecemTepre KaJmbl Karmaiina PypbeHiH afHBIMAIBIIAD/IBI KIKTEY YKOHE WHTETPAJIIBIK
TYPJIEHIIPY 9/IiCTEPiH KOJJIaHyFa 60JIMaiabl, cebebi MaTeMaTUKAJIBIK, (PU3UKAHbBIH, KJIACCUKAJIBIK, 9/1iCTepiH
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KOJIJTAHCAK, YKBUTYOTKI3TINT TEHIEYIiH MIeIiMi KBTIy TaChIMAJIIAY OOJIBICHIHBIH, MEKAPACHIHBIH KO3FAIBICHI-
MeH KeJriceiiii. By mocesieHiy meriMi KerrereH OTaH bIK, K9HE IeTe/IiK MaTeMaTHKTEPIiH 3epTTey 00b-
exrici 6osbin TabbuLpl [1-8]. lekapachl KO3FaIMasbl OGJIBICTAFbI KBIITYOTKI3IIII €CenTep KOITereH aBTop-
JIApJBIH KYMBICTAPBIHIA KapACThIPBLIFaH. KenTeren xKyMbICTap a3FbIHAAJIMAFAH OOJIBICTAFBI MEKAPAJIBIK,
ecernrrepre apHaJFaH, OJjlap/ia KbUTYOTKI3TII TEeHJIeY VIIH Kby MOTEHIUAJIAD 9/iCi apKbLIbI KJIACCH-
KaJIbIK, IIentiMHiH 6ap 6051y cyparbl 3eprresred. OO/bIC a3FbIHAAIFAH XKaFaaiiga Ti30eKTen KybIKTay 9Iici
VHTErPAJIIBIK, TEHIEY/IiH, MIeNNMiH TabyFa KapaMmaiapl. MyHIall TUIITEri HHTErPAJIILIK, TEHIEY CYUBIK KOH-
TaKTLI KBUTy epicTepin 3epTrey GapbIChIHAA [8] KyMBICTa AJBIHFAH XKOHE OHJIA IIPAKTUKAJIBIK, €CEIITEPIIH
MIeMnriMi peTiHie KapacThIpyFra 00JIaThbIH ACUMIITOTUKAJIBIK, IIENIiMi TaObLIFalH. bepijiren *KyMmbIc IIeKapachl
CBIBBIKTHI 3aH, OOWBIHINA KO3FAJIATHIH, OACTANIKBI YAKBIT COTIHJE A3FBIHIAJATHIH OOJIBICTA YKBLIYOTKI3TiII-
TiK TeHJey YImiH 6ip TyiliHjgec ecenTiy menriMin 3eprreyre apHajaran. KoWbLIFaH eCenTiH, CAaHIbIK, 9iCIIeH
HIerryre KoJjianyFa 60IaThiH afKbIH IIeNIiMi aJbIHFaH.

Kiam ceadep: XKBLTyOTKI3TII TEHJIEY, TYHIHIEC ecell, KO3FaIMaJbl IeKapa, a3FbIHIAJIaThIH OOJIBIC, AKbIH
IIeTITiM.

V.K. Koinsimos, K.A. Beiicenbaena

O6 oxHoOIT 3a7a9e CONps>KEeHUs JJs YPaBHEHUsI TEMJIOTPOBOIHOCTHI
B 00J/1acTU TTpU ABM>KEHUU T'PAHUIBI 110 JUHEHHOMY 3aKOHY

Kpaebie 3agaun 1y1st ypaBHEHUI TEILIOMPOBOIHOCTA B OOJIACTSIX C JABUXKYIIEHCS TPAHUIEH TPUHIIATAATIb-
HO OTJIMYHBI OT KJIACCHYECKHUX. BCiiecTBHE 3aBUCHMOCTH pa3Mepa OOJIACTH OT BPEMEHHU, K STOMY THUILY
3a7a4 B OOIIEM cJiydyae He MPUMEHUMBI METOJIbI pa3esieHus TEPEMEHHBIX M WHTErpajbHBIX IIPeodbpa3oBa-
HUIf, TaK KaK, OCTABasiCh B PAMKaX KJACCHYECKMX METOIOB MaTEMAaTHIECKON (DU3UKHU, HE YIAETCS COTTIa-
COBaTh pEIlleHNe YPABHEHUs TEIJIONPOBOIHOCTH C JABUKEHUEM I'DAHMIIBI 00J1acTH TelyionepeHoca. Pemrenne
9TOM TMPOBJIEMBI SIBJISIIIOCH MPEJIMETOM WCCJIEOBAHUST MHOTHUX OTEYECTBEHHBIX W 3apyOe:KHBIX MaTeMaTh-
k0B [1-8|. Bosbmoe wmcio paGoT MOCBAMIEHBI KPAEBBIM 33/1a9aM B HEBBIPOXKIAIONMXCA ODIACTAX, B HAX
paccMaTpUBAJIICh BOIIPOCHI CYIIECTBOBaHMUS KJIACCUYECKUX PEelIeHNH MeTOJ0M TeIlJIOBBIX ITOTEHINAJIOB /I
ypaBHEHUI mapaboindeckoro tuna. Korma 06/1acTh BRIPOXKIAETCS B HAYAIBHBIA MOMEHT BPEMEHU, TO METO,T
MOCJIEIOBATETbHBIX TTPUOINKEHUN PEIIeHNs MHTEIPATHLHBIX YPABHEHUI HEBO3MOXKHO MPUMEHUTD. 1aK Kak
IIPY BBIPOXK/IEHNN 00JIACTU MHTErPAJIbHbBIE OIIEPATOPHI CTAHOBATCS OCOOBIMH, T.€. IIPH UX BO3JEHCTBUH HA II0-
CTOSTHHYIO M CTPEMJICHUU BEPXHErO Ipejesia K HYJII0, OHU He CTpeMATCs K HyJio. VInTerpajababie ypaBHEeHU
TAKOro pofia GbLIN MOJyYeHbl B paboTe [§], mpyu n3y9IeHnn TEIIOBOTO MO KUIKAX KOHTAKTHBIX MOCTUKOB,
¥ HalJIeHO aCUMITOTHUYEeCKOe pellleHne, KOTOPOe MOXKHO MCIIOJIb30BaTh [JIs PellleHnd NPaKTUIeCKUX 3a/1a4.
JlanHast paboTa MOCBSIIEHA UCCIETOBAHIIO OTHON 3a/1a9H COMPSIXKEHUST JJIsl YPABHEHUST TEILIONPOBOIHOCTH
B 00J1aCTH, BBIPOXKJAIONIENCS B HAYAJIBHBII MOMEHT BPDEMEHU, KOT[a TPAHUIIA, JBUYKETCS 110 JTUHEHHOMY 3a-
kony. Ilosiyuen aBHBIN BUJ pelleHUs JAHHON 3a/1a9H, KOTODPBII BIIOCJIEICTBUM MOXKHO IIPUMEHSITb U JJIst
YUCJIEHHOT'O PEeIleHUsI.

Kamouesvie cro6a: ypaBHEHUST TEIJIOMPOBOIHOCTH, 3a/1a1Ua COMPSI?KEHUsI, TOIBUKHAS TPAHUIIA, BHIPOXKIAI0-
masicst 00JIaCTh, SIBHOE pEIeHHE.
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On the integral equation of an adjoint boundary
value problem of heat conduction

An integral equation is considered, to which a nonhomogeneous first boundary value problem with an adjoint
heat conduction operator is reduced. The problem is set in an infinite plane angle, that is, a boundary of the
domain moves with a constant velocity, and the domain degenerates to a point at the initial moment of time.
The incompressibility of the integral operator for the equation under study is shown. Using the relations for
an independent variable, the equation under study is equivalently reduced to a certain simplified equation.
With the help of replacements for independent variables, the equation is reduced to an integral equation
with a difference kernel. By applying the Laplace transform, the obtained equation is reduced to an ordinary
first-order differential equation (linear). Its solution is found. By using the inverse Laplace transform, a
solution of the nonhomogeneous integral equation under study is obtained in the form of a convergent series
in some domain.

Keywords: heat conduction, nonhomogeneous singular integral equation, adjoint boundary value problem,
Laplace transform.

Introduction

In the study of some nonlocal internal-boundary problems for a parabolic equation, spectrally loaded
parabolic equations, problems with a moving boundary and inverse problems for parabolic equations, etc. there
is a need to study singular integral equations of the form:

1 | T4t ol (T+t)2
w(t)_Qaﬁ/t (T*t)% ep{ 4a2(7—t)}+

1 T—1
+m exp{—w}]w(ﬂm_f(t), (t > 0). (1)

The boundary value problems in the case of temperature heating are reduced to such equations (the first
boundary value problem):

v 0%

ot = o

with boundary conditions:
’U(J), t)|w:0 = U*(t)v U(Jf, t)|w:t = W*(t)v U(Jf, t)|t:oc = O

1. Incompressibility of an integral operator and reducing
the integral equation to an equation with a difference kernel

For the kernel of equation (1):

1
2a+/T

K(Tv t) =

iex B (r+1)° 1 ox Tt
(r—t)? p{ 4a2(7—t)}+(7—t)é p{ WH’ @
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we have:
o0

lim K(r,t)dr = lim (26_% + 1) =149.

t—o00 t t—o00
Hence, the characteristic part of equation (1) is the second term of the kernel (2).
Using relations:
(1+1)2 Tt T—t

t=21r—(1—1 =
T T (=1, 4da? (1t —t) a?(r—1t) 4a?®’

equation (1) will be rewritten as:

() - /t°° 2ai/7?{ (r 32)3/2 eXp{ - ﬁt—ﬂh

Al ) ol i = o

It is enough to find a solution to the «simplified» equation:

+

v - | TR (tr) (r) dr = g(0), (3)

where
2T

vt - gl e - s b (el )
o) =e {5} 100

We consider the integral equation (3):

o0~ goge [ {2 gmenl -l

1 Tt
en{ - D = g0, !
o= (1o { -y }) ppe =90 (4)
Integral equation (4) is reduced to an equation with a difference kernel by means of replacements:
1 1
t=—, T=—
31 T1

and notation:

1 1 1 1
t)=—=-(—], t)=——-g(—).
¥ (t) £3/2 v <t1) 91 (b) 112 I (tl)

As a result, we obtain the equation:

t
1 / 2 . { 1
. el
20y | (b - )32 PV @2 — )

—t1 }y(ﬁ) dr = g1 (t1) (5)
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2. Solution of a homogeneous equation with a difference kernel

(

Applying the Laplace transform to the equation (5) we obtain the operator equation
y 1 2P\ \ _ 207 _
=7 (p) - 2av/p ( — exp <—> ) u(p) + {eXp (—a y(p) ¢ » = Gr(p).
After simple transformations we finally get
. 1 ch® Gi(p
7 (0) + =T g(p) = T — ©
2a.\/p sh = 1 —exp (77\/5)
The solution of the differential equation (6) is the following function
¢ Vi
7(p) = / Grla) xp (Y1) )
sh¥= f 2 sh¥= f
The solution of the homogeneous equation corresponding to (6) is the following function
_ C
yhom(p) = Sh%.
(1-st term on the right side of the expression (7))
To (8) we apply the inverse Laplace transform
o ~ (v
t)=—-C | — —:a’t )
yhom( 1) |:8U 6o 2,@ 1 :|V_0’
where ) )
~ R 1 1 — 1 1
0o (v;t) = = {nz_;)exp <_:r <V+n+ 2) ) —ngln.exp <_:r <V+n+ 2) >}
o ~ (v
|:8V 90 (7 l‘):|1/—0 a
~— @2+ 12\ |

4z N

is the modified theta function, and
2 1)2
(n4—|—)> - Z (2n + 1) exp
z n=-—1
(2n +1)?

4z

)

Z (2n+1)exp

o0
%Z (2n +1)exp (

A particular solution of the differential equation (6) is the function
1 g Va
h‘[/ G1(q) exp (a) dq,

1

2\fac

[gmomt

[N

ypart (p)
where -
Gi(q) = / e g (t) dt
0
By virtue of replacements
1 1
t=—, 7T=—
131 T1
1 1
3/2 w (tl) ’

and designations
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from (9), we obtain the solution of the homogeneous equation corresponding to the integral equation (4):

Uhom (t a3\f Z (2n+1) exp( (2n4+21) t) .

Then, the solution of the homogeneous equation, corresponding to the original an integral equation (1), has
the form:

Bhom (t) = a?f/; S (@n+ 1) exp (_” ; ”t) . (11)
n=0

The following theorem is proved:
Theorem 1. The integral equation

_THt _ (r+t)?
T—t Xp{ 4a2(7—t)}+

1 T—1
—|—m exp{— 12 }]¢(T)d7‘—0, (t>0)

in the class of essentially bounded functions at ¢ > ¢ty > 0 has the solution

n2
Y (t) :a3fz2n+1exp( +nt>7

moreover, the norm of an integral operator acting in classes of continuous functions is equal to 3.

2a\f

3. Solving the nonhomogeneous equation with a difference kernel

Next, we proceed to solving the corresponding nonhomogeneous equation.
As:

Gito) = | ety () dt,

0

9 hf/ eXp<\[> dq/ e~ gy (ta) dty =
S

1 oo oo
= M/o g1 (t2) dtQ/ exp ( qto + f) dq. (12)
e p

In (12) we calculate the inner integral:

/ exp( qt2+\[) da H\/az’ q=a*2% dq=2d*zdz
a
p

then (10) can be rewritten as

gpart (p) =

= 2a2/ Z - exp (—t2a222 + z) dz = H & =avityz —

1
2a\/T3

VP
1 1 2 o0 2
= 2a® exp ( ) & de —I—/ - de =
a2ty 4a2ts 2a+/t2 J sizp— 2a\1/g \/ﬁfﬁ

:2\({; eXp<4ml2t2> erfc(f\[ o f) 1. (Zml%).exp{ (f\f % f)Z}
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We introduce the notation:

L= o)t (- )

+%exp (4al2t2> exp{ (f\f 2a\/>)2} (13)

Then, taking into account the notation (13), the function (12) takes the form:

Tpart(P) = 2shf/ (t2;p) g1 (t2) dtz = — / G (t2:p) g1 (t2) dta =

= —/ (G1 (t2;v/P) + G1 (tz;\/ﬁ)) g1 (t2) dtz, (14)
0
where . . _
G (t23p) =G1 (t23v/p) + G1 (23 /D), (15)
and JF Y
~ ™ D 1 1
to; = _ sh~Y— . T = .
) = iy (1) o (i 1)
G (125 V) = ———= exp (5 Vi 2
: = X X
2 (254D 2t2 Sh@ p 4a2t2 - €Xp f 20,\/>
a
We consider the latest equalities:
~ N ( N ,l) 1
to; = a — a -
G1 (t2; /D) 2at2% e e exp TS cerfe | Viay/p — \F
N VB < —t 1
= - eaaZt - 2 erfe | Vtg - VP e P = (16)
2t} e "
1~ _ 1
=561 (VD) e s
e
If in expression
~(1) N, 1
Gr {l/B) = g eI e e (v 5 )
from (16) to replace \/p with p, then from it is known that
~(1) 1 t2 ty
t2,p) e = — -1 —} 17
Gi (t22p)e =" eXp{ it; " 2aty (17
To find G4 (tg, \/ﬁ), we use the relation considering that F (p)e=* f(7):
s 1 o] 7_2
F (yB)s =" / rep{ - =} () (18)
2/t Jo 1
Then from (17) we get:
(1)
Gi (t2,vP) e =" G (t2:11). (19)
Taking into account (18), the function-original (19) can be rewritten as:
1 e 2y 1 72 T
o= [l ) o] gt o
i (at) oyrir Jo TPV an S e TP 4, T2t 1T
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1 11/ { sttty 1}d 11
=—— —.= T expy — T T—— tdr =
207 13 8B Jo P Aty | 2aty 2av/7t3 tz
2t1t2 { tits }D \/2t1t2
o exp{—e—— D o[ —- _
(ti+t2) P l4a2622(t; + Lo >\ 2atav/h T 6
1 1 t Vit
= + 2 - exp{ 5 ! }erfc <—1> .
aﬁtg Vit (tl + tg) 202 t2§ (tl + tz)% 8a’ty (tl + tg) 2a+/to\/t1 + to

Let’s go back to the relationship (16):

~() 1
Gy (ta, \/ﬁ) el 205 ° (21)

1—e

G1 (ta,\/P) =

l\D\»—A

We use the following property of the Laplace transform (Time shifting):

e PF(p)e="f{t—0a),

here F (p)e =* f ().
From here .
GO (ty,p) ety =2 G (o, 1 — t2). (22)

We write the expression Ggl) (ta,t1 — to) from (22) explicitly using the formula (20):

to
1 eXP | ga77 R —
Ggl) (ta,t1 (8 tztl) erfc (12) .

— 1) = + - 23
) a\/7>'['t2\/t1 — t2 tl 2a2t1%t2% 2(1\/5\/5 ( )

It should be noted that Ggl) (ta,t1 —t2) # 0 when t; > to.
Next we will find the original of the last factor (image) in the ratio (21):

1 >, 2n . - , 1
W—I—F;exp(—a\/ﬁ).— 5(t1)—|—a\ﬁrtg7;n-exp(—n .(12t1>' (24)

l—e"

Using the convolution theorem, relations (23) and (24) we obtain:

5(T)+132n-exp<n2~a21t1)] dr =

1 [h 1) 1 9 1
_2/t2 Gy (to, 7 —t2) 5(t1—7)+aﬁ2n-exp<—n a2(t1—7)> dr =

1 1 X h 1
§Ggl) (ta,t1 —ta) + Yavm Z t n - exp <_n2a2)) GW (ty, 7 — ty) dr. (25)
n=1Y"2

Then the original of the obtained solution (14) has the form:

LT )
Gl(t2,f1):§/ Gy’ (ta,t1 —ta—1T)-
0

Ypart (1) = */0 1 G (ta2,t1) g1 (t2) dto = — (/0 1 G (t2,t1) g1 (t2) dtz +/0 1 G (t2,t1) g1 (t2) dt2) ) (26)

where
G (ta,t1) = G1 (t2,t1) + G (ta, t1)

is the original of the function (15).
Now we find G2 (tg, tl).

~ 1 1 1 \?
to: = : —(Veavp———] =
G2 ( 2 \/15) 2t2 Sh% exXp <4a2t2) €Xp { (6\/13 20,\/5) }
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1 1 1 N/ 1, 1
= . — .¢ — —t ~ - = —e 2p.7.
6# _ 6_@ tQ P <4a2t2 2P * a 4a2t2) tg 1—e" 2;/5
Then we have:
2nyp 1 2n./p
G2 (t2,p) Zeft”’ e e :tzebp{l—i-Zeap}.:‘
n=1
) 7L2
1 R g
« =" — 5(t1—t2)+2n- 5 = Gy (ta,t1) .
n=1  aym(ty —12)®
_ n?
1 . oo e aZ(t;—tg) 0
and {5(t1 to)+> ., n VCTPRRE: } 0; at to > t;.
Then the second term in the solution (26) takes the form
(2) " - efﬁim 1
Ypart (1) = */ Oty —t2) + ) n g b g (t2) dty =
0 Dl oa Tt —t)? | b2
1 . 1
— —— e i) . — . g (t3)dts.
t1 (t; —t2)2 2

’/l2
o (i) o )

Z/ (t — ts) %
(27)

IS
—5/ Gl (tQ,tl) g1 (tz)dtg.
0

Finally taking into account (25) and (26) we have

1
Ypart (tl) ?gl

(28)

Then the solution of equation (5) has the form
Y(t1) = Ynom (t1) + Ypare(t1),

where ypqr¢(t1) is determined by formula (27) and the solution of the corresponding homogeneous equation was
(29)

25 6o ( ;a tl)] )
v=0

determined above:
yhom(tl) =-C |:a
and
o ~ (v 1 (2n + 1)?
— | = — = — 2 1 —_ ).
o ()] v = NG poun (-2

ov

Let’s go back to the old variables
1
Earlier, the replacement t = — and the following designations were introduced
1

S 1>, gl(t1):\/lﬁg(t11>-

TR e
t{ 1
1 1
Therefore, from (23) we have (here: to = — bhh=-, 7=—)
T t T1
tirs exp (T_t)
11 1 t3r3 842 —/T—t
GV (to 1 —t2) =G (=, - = =) =
vt =) =G (29— 2 oAyt 2a2 el
39
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From the last formula for (25) we get:

I\?\w
~
[N
\}
[N
o
o
7N
ool I
S
()
~
N~
&)
=
&’1
o
7 N
\]
|
o~
~~
+

11 tir
G (t2,t1) = G4 ( )

Tt 2a+/T\/T — 4a? 2a
Z / nexp (—n? ) x
azf P a?(m —t)
3 rirdexp (L2
x T ' P\ 8 erfc —VToT dn
\/77\/7'—7'1 2a 2a T2’

Then the solution (27) can be rewritten in the form:

2

1 n
art (1) = —— t - ta) dto—
et =00 o 3 [ o ()

n=1

w

1 [
—3 G (t2,t1) - g1 (t2) dt2

3 1 &< [ 7-n n? dr
t2wpart() —t2g(t)— a 7rz_:l/t (l_ l)% oxXp <_a2 (11)> ﬁg(T)ﬁ_
n t T T
tirdexp (22
_1/“’ t3r3 ral )dj_}/‘x’ TEEP Tga2 pe (20 &
2 )y 2a/m/T—1 T2 2/, 4a? 2a I
0o 0 t % 3
1/ 1 Z/ e Tt 3
_z «n [ —
2 )i 20T = s P a?(m —t) \F\/T—T1
T%T%e‘xp (T_Tl>
1
8a? —/T—7 dm dr
* 2 ‘foC(za))Tg\”g(T) =
After simplifications we get:
n’tr
art () = —g (t) : e dr—
Upart (t) g9(t) a\f T—t% exp( aQ(T—t))g(T) T

1> 1 Lo (Tt V-t
_4aﬁ/t T_tg(T)dT—@/t exp 8a2>erfc( 5 >.g(7')d7_

qu /Oo > / exP( 2a2<2t—t>> (ww%*

+m2<;j§1> erfe (T) )dn g(r) dr
Or Gt () =9 0 MZ/ Ea o () o) o

_4ai/E/t \/%g(r) dr — 8%[ exp <78a_2t) erfe <_V2;_t> ~g(7) dr—
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1 > t 1 1 -7 N —
_4a2\/7?t% /t g(T)/T (ﬁ\/ﬂ\/r—ﬁ * 2a1 exp( 8a? ) erfc( 2a )) X

= t
X Z n - exp (—nQGQ(ﬁt> dry - dr. (30)
n=1

’7'1—)

Then the solution of the integral equation (3) taking into account the obtained expressions (29) or (11)
(see Theorem 1) and (30) has the explicit form:

i 'rl2 n
000 = e Yo nt Desp (<)~ 1) -
n=0

>
_alﬂg/tm(TT_i); eXp(—%) g (r) dr—
*4a1ﬁ /too \/%g(r) dTSiQ/tooeXp (Tgaf) erfe (T) g (r) dr—
v |00 [ (= ram e () e (P ))
xgn exp (—nQGQ(:t_t)) dr dr. (31)

4. Main results

Theorem 2. The solution of the integral equation (1) with the singular kernel (2) has an explicit form defined
by the formula (31).

Remark. Singular homogeneous integral equations were considered in works [1-4]. Their kernels were also
incompressible, but kernels had an another form. In this connection, the weight classes of the solution existence
differ from the class of the solution existence for the equation considered in this work. We also note that
boundary value problems for a spectrally loaded parabolic equation reduce to this kind of singular integral
equations, when the load line moves according to the law z = t [5-10] and problems for essentially loaded
equation of heat conduction [11-15].

In works [16, 17] it is shown that the homogeneous Volterra integral equation of the second kind, to which
the homogeneous boundary value problem of heat conduction in the degenerating domain is reduced, has a
nonzero solution.

In works [18, 19] boundary value problems for heat equation in angular domains with special boundary
conditions are studied. The problems are reduced to singular integral equations of Volterra type of the second
kind, similar to the equation (1).
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KbLIyeTKI3riMITIKTIH TyiliHaec ecebimiH 6ip
MHTErpaJIablK TeHAeYl >KaliJIbl

2KputyerkisrimrikTiy TyitiHgec oneparopsibl 6ipTekTi emec Gipinmmi meTTik ecebi KeaTipiieTiH mHTerpas-
JIBIK TEHJIEY KapacThIPbLLIbl. Ecer mekci3 ka3bIK Oy phIIiTa KOMbLIFaH, SFHU 0DJIBICTHIH, [IIEKAPACHl TYPAKTHI
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On the integral equation of a adjoint ...

JKBUIIAM/IBIKIIEH KO3FAJIA Bl YKOHE 00JIBIC YaKBITTHIH, 6ACTAIKBI ME3TLIIH/Ie HYKTere aifHaIa bl 3epTTesryie-
ri TeHJEY/IiH, MHTErPaJIJIbIK, OIEPATOPBIHLIH ChIFBIIMARTHIHBI KOpCETIIreH. Toyesicis aifHbIMaJ bl YIMH KAaThI-
HaCTapIbl KOJIJAHBII, 3€PTTEJIII OTBIPFaH TeHIey KaHalia 6ip 9KBUBAJIEHTTI BIKIIAM TeHJeyTre KeJITipiamni.
Toyesciz affHbIMaIBIIAD VIMIH AyBICTHIPYIApD KOMETIMEH TEHJIEY aWbIPBIMIBIK, SAPOCHI 6ap WHTErpasIIbIK
TeHaeyre kenaripinzai. Jlammac Typaenaipyin KogaHy apKbLIbl aJbIHFAH TEHJEY KapamaibiM OipiHmi perTi
nuddepennmanablk Teraeyre (ChIBBIKTHIK) Kesripinai. Ombiy memnryi Tabbuiasl. JlamiacTely Kepi Typiie-
HyiHIH KeMeriMeH 3epTTejeTiH OIpTeKTi eMec MHTerpasiabl TeHJEYiH KaHmail ma 6ip obJibICTa YKUHAKTHI
KaTap TYPiHJEri mentyi ajbIHIbI.

Kiam cesdep: KbLUIyeTKI3rmTIK, 6IpTEKTI eMeC CUHTY/ISIPJIBI UHTErPAJIIbIK TeH ey, TYWIHIeC MEeTTIK ecell,
Jlantac TypJsesaipyi.

M.T. Kocmaxkosa, B.I'. Pomanosckuit, H.T. Opymbaesa,
2K .M. Tyneyraena, JI.2K. Kacoimosa

O6 omHOM MHTErpaJibHOM yPaBHEHUU CONPA>KEHHOI
3a/1a41 TENJIOMPOBOAHOCTU

PaccmoTpeno maTErpasbHOe ypaBHEeHIE, K KOTOPOMY CBOJIMTCS HEOJHOPOIHAS IIepBasi KpaeBas 3a/1a9a ¢ CO-
NPSI?KEHHBIM OIEPATOPOM TEIJIONPOBOHOCTH. 3a/1a4a [I0CTaBJIeHa B GECKOHETHOM IIJIOCKOM YIJIe, T.e. Ipa-
HUIA 00JTACTH IBUYKETCSI C TIOCTOSTHHOM CKOPOCTBIO, M 00JIACTH BBIPOXKIAETCS B TOYKY B HAYAJIbHBI MOMEHT
Bpemenu. [lokazana HECXKMMAEMOCTh MHTETPAIHLHOTO OMEPATOPA MUCCIEAYeMOro ypaBHeHus. Vcmons3ys co-
OTHOIIIEHUS I HE3aBUCHUMOM IIepEMEHHOIl, HccileyeMoe YpaBHEHNE SKBUBAJIEHTHO CBOJUTCS K HEKOTOPO-
My yIpOIeHHOMY ypaBHeHu!0. C MOMOIIBIO 3aMeH JjIsi HE3ABUCUMBIX MIEPEMEHHBIX YPaBHEHME CBOJIUTCS K
WHTErPAJHBHOMY YPABHEHHUIO C PA3HOCTHBIM siapoM. [Ipummenenmem mpeobpazoanus Jlammaca moaydeHHOe
yDaBHEHME CBEIEHO K OOBLIKHOBEHHOMY I depeHIMaJIbHOMY YPABHEHHIO IEPBOTO HNOPsAKa (JIMHEHHOMY ).
Haiineno ero pemenne. C nmomorpio obpaTHOro npeobpasopanust Jlamiaca mojydeHo pelreHne neceLyeMoro
HEOTHOPO/IHOTO MHTErPAJbHOTO YPABHEHUsI B BHUJE CXOMAIIETOCs Psifia B HEKOTOPOit 00J1acTu.

Kmouesvie c1068a: TETITOIPOBOIHOCTD, HEOHOPOIHOE CUHTYJISIPHOE HHTErPAIbHOE YPABHEHNE, COIPAXKEHHAS
rpaHuvHas 33/a4a, npeobpa3sosanue Jlamnaca.
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On the C*-algebra valued G-metric space related
with fixed point theorems

There are many fixed point results in the various kinds of metric spaces such as b-metric spaces, quaternion
metric spaces, G-metric spaces, uniform spaces, non-commutative Banach spaces etc. In this work, we
consider the one of modern methods as C*-algebra G-metric space with fixed point theory to solve problems
above mentioned. We prove the fixed point theorems for a mapping under the contractive conditions in
C*-algebra G-metric space. Besides, we establish the not only existence but also uniqueness theorem of
fixed point in the such space. Also, we provide several examples to put support behind our main result.

Keywords: G-metric space, fixed point theory, C*-algebra, banach contraction principle.

Introduction

Chandok et all. [1] introduced the concept of C*-algebra valued partial metric and had illustrated examp-
les significant fixed point results with provided examples. Dixmier [2] prepared his book includes in general
C*-Algebra with outstanding structures and theorems such as von Neumann, Stone-Weierstrass, Repr esentation
and Duality theorems etc.

Kalaivani and Kalpana [3] considered the notion of C*-algebra valued b- metric spaces and obtained
new contraction mapping gives an application to linear equation systems using such space. Kamran and his
collabrates [4] generalized the new Banach contraction principle in C*-algebra-valued b-metric and obtained
some result for an integral equation as application in a C*-algebra-valued b-metric space. Kang et all. [5] worked
on the Complex valued G-metric spaces and also demonstrated and new contraction principle in such space.
Zhenhua, Jiang and Sun [6] established the notion of C'x-algebra-valued metric spaces and authenticated several
fixed point with new idea in the set of a unital C*-algebra’s positive elements. Later, Omran and Salama [7] got
some new resuts for common coupled fixed point theorems on C*-algebra-valued metric spaces basic definitions
and facts about structures of C*-algebra and Fixed Point Theory.

G. Kalpana and C. Kalaivani [8] established coincidence fixed point theorems for two mappings in
C*-algebra-valued S-metric spaces which satisfy new contractive conditions. They demonstrated a common fixed
point theorem for Banach contraction principle in this space. A. Zada et al. [9] considered graph theory and
studied on common fixed points in the C*-valued metric space endowed with the graph G under G-contractive
condition. S. Radenovic and his collegues [10] used a method to reducing coupled fixed point results to the
respective ones for mappings with one variable in the framework of b-metric spaces. They also demonstrated that
each C*-algebra-valued b-metric space is a cone b-metric space over normal cone with normal constant equal to
1. The purpose of the paper Malhotraa & Bansal [11] was to study on the the existence of the common coupled
fixed point as well as uniqueness in complete b-metric spaces by considering diverse contractive conditions.
Concept of generalized metric spaces (i.e. G-metric spaces) was introduced by Mustafa & Sims [12] in and
valuable results for fixed point theory in G-metric spaces were obtained by these authors. In their papers,
Ozer & Omran [13-15] have obtained useful and various types of fixed point theorems play a central role in
the C*-algebra valued metric spaces or C*-algebra valued b-metric spaces. Shen, Jiang and Zhenhua [16] have
proved new fixed-point theorems for self-mappings with contractive by introducing the notion of the complete
C*-algebra-valued G-metric space and also provided an application of the theory for a type of differential
equations.

Similar work was done in [17] too.

44 Bectnuk Kaparanmauickoro yHuBepcuTeTa



On the C*-algebra valued ...

Definition 1.1. Let X be a non empty set and G : X x X x X — R, be a function satisfying the following
properties:
(G1)G (e, f,9) =0 if e=f=y,
(G2) G (eye, f) >0 for all e, f € X, with e # f,
(G3) G (ee, f) < Gle, f,9) for all e, f,g € X with f # g,
(G4) Gle, f,9) = Gle,g,f) = G(f,e,9) = G(f,9,¢) = G(g.e, f) = G (g, f,e) (symmetry in all variables)
(G5)G (e, f,9) < Gl(e, k,k)+ Gk, f,9) for all k,e, f,g € X. (rectangle inequality)

Then the function G is called as a Generalized Metric, more specifically a G-metric on X and the pair (X, G)
is called a G-metric space.
Lemma 1.2 . Let A be a C*- algebra and a € A". Then,
1) There is a unique element b € A such that b? = a.
2) The set AT = a*a | a € A with a conjugate-linear involution x: 4 — A
3NIfa, b e Aand 0<a<b, then || al <|b|.
4)Ifae A" and || a || < % then (1 — a) invertible and H T H < 1.
On following references, the C*- algebra valued metric space is defined as follows:
Definition 1.3. Let X be a nonempty set and the mapping d : X x X — A satisfies:
1) 0 < d(a,b) for all a,b € X and 0 =d(a,b) ©a=>b
2) d(a,b) =d(b,a) for all a,b € X
3) d(a,b) <d(a,c)+d(c,b) for all a,b,c € X
Then d is called a C*-algebra valued metric on X and (X, A, d) is called C*—algebra valued metric space.
Now, we introduce to C*-algebra valued G- metric space as follows:
Definition 1.4. Let X be a nonempty set, and G4 : X x X x X — A be a mapping satisfying the following
properties:
(G1) Galp,q,7) =0if p=q=r,

(G2)0<Ga(p,pq), VYpgeX, with p#gq,

(G3) G.A (papvq) < G.A (p7Q7T)7 vaqu’r € X with p 7£ T, (G4) G.A (pv(br) = G.A (parvq) = G.A (qapvr)"'
(symmetry in all variables)

(G5) G.A (pv q, T) < G.A (p7 ka k) + G.A (ka q, 7“) ’ v kapa q,T € X. (reCtangle inequahtY)

Then the function G 4 is called a C*-algebra valued G- metric and the triple (X, A, G 4) is called a C*-algebra
valued G- metric space.
Ezample 1.5. Let X=R and defined G: X x X x X — A" by

Grost)=|lr=sl[I+ [ls =t I+ [t =7l

for all r,s,¢ € Xand [ is the unit element in A. Then, (X, A, G) is a C*-algebra valued G- metric space.
Definition 1.6. Let (X, A, G) be C*-algebra valued G- metric space and let {a,} be a sequence in X. We say
that {a,} is convergent with respect to A and a € X if for any e > 0, there exist 3 n,m € N such that
G (a, am,a,) < e. We can also use different presentations for that as follows:
an — a or lim, o G(a,an,amy ) =0 or lim, oo a, =a
Definition 1.7. Let (X, A, G) be a C*-algebra valued G- metric space and let {c,} be a sequence in X. The
sequence ¢, is called as Cauchy sequence respect to A if, for e > 0 there exists a positive integer n* € N
such that G (¢, ¢m,cn) < e, V n,l,m > n* or G(¢,cm,cn) — 0 as l,m,n — oo or |G (¢, cm,cn)|| — 0 with
l,m,n — 0.

We say (X, A,G) is complete C*-algebra valued G- metric space if every sequence with respect to A is
convergent.
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Main Theorem and Results

Proposition 2.1. Let (X, A, G) be a C*-algebra valued G- metric space. Then for any ¢ € X, the followings are
equivalent:

1. ¢, is a Cauchy sequence convergent to c € X.

2. |G (cn,cn, )] — 0 asn — oco.

3. |G (¢m,c,c)|]] = 0 as m — oo.

4. |G (¢m,cn,c)|| — 0 as m,n — oo.
The proof can be done from the Definition 1.3.
Proposition 2.2. Let (X, A, G) be C*-algebra valued G-metric space. Then the function G (,y, z) continues in
all triple of values.
Proof. Suppose that let {zx}, {ym}, {zn} be convergent to z,y,z € X respectively. By (G5), we have

G (‘Tvy7 Z) <G (yaymaym) +G (yma z, Z)

G(ﬂf,Z,yTn) S G(Z‘,xk,.’ﬁk) + G(xlﬁymaz)

G(z,z,ym) <G (z, 2, 28) + G (Tk,Ypm, 2) and G (2, 26, ym) < G (2,2, 2,) + G (20, Zm, Tk)
So,
G(xvyvz) - G(x/mymvzn) S G (yvymﬂym) + G($7$k,$k) + G(sznvzn)

= || G(z,y,2) = G @k Y 2)| < | G @ ymym) | + | G (@ zp,20) [ + | G (2,2, 2,)

since {xx}, {ym}, {#n} are convergent, this yields that
| G(z,y,2) — G(xk, Yy, 2n)|| = 0 for k,m,n — oco.
Now, we prove the contraction principle C*-algebra valued G- metric space as follows:
Theorem 2.3. Let (X, A,G) be a complete C*-algebra valued G- metric space. Let T : X — X be a
contraction mappng on X such that

G(Tz,Ty,Tz) <a*G(z,y,2)a, (1)

for all x,y,z € X where a € A and || a|| < 1. So, contraction mapping T has a unique fixed point.
Proof. Suppose that T satisfies (1). Let x¢ be an arbitrary point in X and define the sequence z,, as follows:

Tr1 = T.’Eo,ﬂ?g = Txl, ey Iy = T"mo.
Then by (1), we get
G (xn—i-lvxn—f—l)xn) =G (Txanl'na Tmn—l) < a'G (xnaxnvxn—l) Q.

Again by (1), we get
G (anrla LTn41, xn) < (a*)zG (wnfly Tn—1, :En72) a2

IN

< (a")"G (z1,71,70)a" .
Using Lemma 1.2, we have
I G (Znt1,2ns1,20) | < | (@7)"G (21,21, 20) 0™ ||
<[ @)™ - | G(zr,21,20) |- lla™]l,
since || (a*)" | =] a*.a*....a* || < |a* ||. | a* ||. ....] a* ||, we get
Fa | " Alall ™| G@,zn0) | = [ a]* || G (z1,21,20) |

due to || a* || = || al.
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Now, for n > m
G (xna Tn, xm) S G (:Enfla Tn—1, xn72) + G (xnf% Tn—2, :I:nfi’)) + G (-Tn737 Tn—3, (En74)

< G (Tmt1, Tmt1s Tm)

Therefore,
2n 2n—2 2m
| G @nsmswn) | < (a | ® 1 a ] *" 724l a ] *™) || G wr,a1,0) I
For n — oo ,

2m 2
| G @nwmsam) | < Lol ™ (14 fall+ Tall®+...) | G@rerzo) |-

< — || G(z1,21,2 -0

_1—HG|| || (17 1, O)”

as n, m — co. Thus, z,, is a Cauchy sequence in X with respect to A (by Proposition 2.1).
Next we prove that x = Tx. Assume that Tz # z, then by Proposition 2.1, we have

G (Tz,,Tz,Tz) < G (x Tz, Tz) < a*G (xp,x,2)a.

n+1°

Using Lemma 1.2, we obtain

0 < |G @ TeTe) || < o | | Gleea).lal

n+1°
2
< lall "G (@ z,2) ||

Since x,, is a Cauchy sequence then ||G (z,,z,z) || = 0 as n — oo. Therefore,
convergences to x.

Thus ||G (z,4,
by proposition 2.2.
We prove that = Tx. To see that the fixed point is unique suppose that x # y such that Tz = z, Ty = y.
Then by (1) we have,

}G (€41, Tz, Tx) H -0, z,

Tx,Tx) | — |G (x,Tx,Tx) ||, since z, is a Cauchy sequence and ||G =, Tz, Tx) || — 0

0 < G(z,y,y) = G(Tz, Ty, Ty) < a*G (z,y,y) a.
Therefore,
0 <a’Gzyy)a<|a|. | Gxyy) | lal-
Put | a|?=ke0,1]
0 < |G (zy9)ll <k G (z,y,y)

.
This is contradiction and we get

IG (z,y,9)|l = 0.
So, G (x,y,y) = 0 and this gives that x = y.
Ezample 2.4. Let =R , A=Mj3 (R) with ||(p,q,r)||1:max Ir|, lql, |p|
(or A=R? with [|(p,q. )= (1o’ + lal’ + 1)) and G (p.q.7) = dig (p—al , alg—r|, [p—r]) where
p,q,7 € X, 0 < a, are constant. It is easy to check that (X, M3 (R),G) is completed C*-algebra valued

G- metric space.
Proof. 1) Tt is clear that G (p,q,r) > 0 holds.

0 0 0
2) ifp=q=r= G(pg,r)=dig 0 0 O
0 0 O
lp —pl 0 0
G (p,p,q) = dig 0 alp—qd 0 = Omy(m)
0 0 lp—ql
with p # q.
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lp — | 0 0 0 0 0
G (p,p.q) = dig 0 alp—qd 0 = dig | 0 alp—q| 0
0 0 Ip — q| 0 0 Ip — q|

lp—aql 0 0
3)G (p,q,r) = dig 0 lqg — 7| 0
0 0 |p—r|
— 0
G , , — |p Q| ), :1
(p,q,7) ( 0 alp—q| a
G(p,qr)>0,p=q=r=G(p,qr)=0
and
— 0 .
G (p.p.q) = (|p0p| a|p_q|)>olfu¢v.

~ 0 p—ql 0 00
Gpa)= (7,7 )< ( >:< )
(P, ;) ( 0 1lp—q 0 1lp—d 0 lp—dql

and since G (p,q,7) = G (r,p,q) = ( |r6p| |pgq| )
So,

(O 0 ) - <|r—p| 0 )
0 [p—qd 0 Ip —q|

4) G (p,q,7) = G (P(p,q,r)) for all P(p,q,r) points.

_ [ lr=p 0 _( Ir—k+k—pl 0
5)G(p,q,T)— < 0 |p_q| - 0 |q—k—|—]€—7’|

< ( Ir=Fkl+[k—p| 0 _ ( lk=pl 0 n |r — K| 0
= 0 lg — k| + |k — 7| 0 0 0 lqg — k|

G(p,k,k)+G(rk,q) = G(p,k,k)+G(k,qr), VEkpgqreX.

So,

Ezample 2.5.
X = L* (FE) and H = L? (E) where E is Lebesgue space. by B(H) is the set of all bounded linear operators on
H. B(H) is C* algebra with operator norm

IT||= sup a€ X, ||<Ta, Ta >|.

Define G (f, g,h) = pjf—g +Pjg—n| > [,9:h € X where pj, : H — H defined by py (f) = h$f composit of these
operators where h € H and f € H = L? (E), pj is the multiplacative operator.

Ezample 2.6. Let X = [—1,1] and A=C be complex.
G(u,v,w) = |lu—v||.k+]v—w|.k+ |lw—u|.ksince k> 04, defined T: X — X such that Tae = z/2.

G(Tu,Tv,Tw) = ||u/2 —v/2|| I+ ||v/2—w/2| ]+ |w/2—w/2||.]

a=1/2, |la|]| =1/2 < 1 and of we chose k = I then 1t is clear that ||I/2|| = 1/2.] = 1.
Then, T" has a unique fixed point.

Remark. In the above example (Example 2.1) X = L™ (E), H = L?(FE) and A =B(#). (X, A ,G) defined
above, let G (f,9,h) = pjs—g +Pjg—n and T : L (E) — (E) by

|G (Ta,Th,Tc) | =suph € L? (E), < pira_tbjhs a> + suph € L* (E), < pjrp_r1c/h, a >
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inner product in Hilbert space. Set,

A=kI|A| <1/2.

(Following Zhenhu et all [10]),
We get

IG (Ta, T, Te) || < [kl (la = bl + [Io=clo) < [[EIIG (@b,

and so, T has a unique fixed point.

Conclusion

There is a good deal of applications for fixed point theory in many different fields of mathematics and
engineering which include applied mathematics, dynamical systems, operation systems, Partial differential
equations (PDE), wmntegral equations, computer sciences and also other scientific fields.

In this paper, we introduced the C*-Algebra valued G- metric space and established several important
interesting /significant theorems for fixed point theory.

Results obtained in this paper useful for non commutative spaces to measure and operation system depended
on PDE ‘s to solve.

We hope that our results help the researchers to augment and also promote their studies on fixed point
theory to carry out a general framework for the applications in life.
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0. Ozep, C. Ompan

KozrasmmaiiTbiH HYKTe >Kaiijibl TeopeMaJjiapMeH 0aiijIaHbICThI
C*-ajiredpaJiblK, (G-MeTPUKAJIBIK KEHICTIK >KaiJIbl

b-MeTpuKaJbIK KEHICTIK, KBATEPHUOHIBIK, METPUKAJBIK, KEHICTIK, (G- METPUKAJIBIK, OipKEJIKi, KOMMYTATUBTI
eMec DaHax »KoHE Tarbl 0DACKA 9PTYPJi METPUKAJIBLIK, KEHICTIKTEp/le HAKTBIJIAHFAH HYKTEJ KOITEreH HOTH-
Kesep Oap. Makanama *KorapblZa KOPCETIIT€H €CerTep/ii IMenty VIMiH KO3FAJIMANTBIH HYKTE TEOPHUSICHI-
MeH G-MeTpUKaJIBIK, KeHICTIKTiH, C*-ajarebpachl CUAKTHI Ka3ipri 3aMaHFbl 91icTepAiH, 6ipi KapacTbIPbLIIbL.
G-kenicririnig C™-anrebpacbiiia ChIFBLIMAJbBI Karaaiiapaa OefiHesiey yIIiH KO3FaJIMAWTBIH HYKTE Kaii-
Jibl TeopeMasiap fpiesngenai. CoHbIMEH KaTap TeK Kana 6ap 60y TeopeMachlH FaHA eMeC, COHJAl-akK OChI
KEeHICTIKTEerl KO3FaJIMalThlH HYKTEHIH >KAJIFbI3/IBIFl YKaljIbl TeOPEeMaChIH J1a HaKThLIa bl. COHBIMEH KaTap
HEri3ri HOTUXKEHI KOJIIayIbIH OipHeIe MbICAIbI KeJITipiI/Ii.

Kiam cesdep: G-MeTPUKAJIBIK, KEHICTIK, KO3FaJIMalThIH HyKTeaep Teopusichl, C™-anrebpa, BanaxToiy, cbi-
FBIIMAJIBI GeliHesieysiep Karuaachl.

0. Ozep, C. Ompan

O (C*-agredbpamdyeckomM G-MeTPUIECKOM MPOCTPAHCTBE,
CBSI3aHHOM C TeOpeMaMM O HEITOABUKHBIX TOYKaX

CyImecTByeT MHOXKECTBO PE3Y/IbTATOB C (DUKCHPOBAHHON TOYKON B Pa3IUYHBIX METPUUIECKUX MMPOCTPaH-
CTBaX, TAKNX KaK b-MeTpudyecKue, KBATEPHUOHHbIE MeTpudecKne, (G-MeTPUYECKHe, PaBHOMEPHbIE, HEKOM-
MyTaTUBHbIE GaHAXOBLI IIPOCTPAHCTBA M T.J. B cTarbe pacCMOTPEH OJMH U3 COBPEMEHHBLIX METOIO0B —
C*-anrebpa G-METPUYECKOTO NPOCTPAHCTBA C TEOPHEH HEIOABUXKHON TOYKU JJisl PENICHUs] YKA3AHHBIX
BBIIIIEC 3aJa4. ,HOKaE}aHbI TE€OPEMBI O HeHO,JBI/I)KHOI‘/JI TOYKE IJId OTO6pa)KeHI/IH IIpU C2KUMAIOIIUX yCHOBI/IHX
B C"-anrebpe (G-METpUYECKOro IMpOCTpaHCTBa. KpoMme TOoro, yCcTaHOBJIEHA HE TOJIBKO TEOPEMa CyLIECTBO-
BaHHdA, HO U TeopeMa €IUHCTBECHHOCTU HeHO,I[BI/I)KHOIL/'I TOYKH B TaKOM IIPOCTPAaHCTBE. Ta.K)Ke IIPUBEIECHDBI
OpuMephl MOJIEP>KKHU HAIIEr0 OCHOBHOT'O PEe3YJIbTaTa.

Kmouesvie crosa: G-MeTPpUIECKOE TIPOCTPAHCTBO, TEOPHUsI HETIOJABUKHBIX TO4eK, C*-aarebpa, IPUHIAIL CKU-
Maromux orobpakenuit banaxa.
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Estimates of the norm of the convolution operator in anisotropic
Besov spaces with the dominated mixed derivative
In this paper, we investigate the boundedness of the norm of the convolution operator in Sobolev spaces

with the dominated mixed derivative and anisotropic Nikolsky-Besov spaces. For Sobolev spaces with the
dominated mixed derivatives, an analogue of Young’s inequality is obtained, namely, relations of the form

W2« WP — W& (1)

are proved when the corresponding conditions on the parameters are satisfied. The main goal of the paper
is to solve the following problems. Let f and g be functions from some classes of the Nikolsky-Besov space
scale. We would like to find the Nikolsky-Besov space such that the convolution f * g belongs to this space.

Using relation (1) and the Nursultanov interpolation theorem for anisotropic spaces, an analogue of the

O’Neil theorem was obtained for the Nikolsky-Besov space scale Bgy, where «, p, q are vector parameters.

Relations of the form BJg, * st2 — Bgs are obtained, with the corresponding ratios of vector parameters.

The theorems obtained in this paper complement the results of Batyrov and Burenkov, where similar
problems were considered in isotropic Nikolsky-Besov spaces, that is, in spaces where the parameters are
scalars.

Keywords: convolution operator, anisotropic Sobolev and Besov spaces, interpolation.

Introduction
Let I be either a n-dimensional torus T = [0,1)"”, or the Euclidean space R™. Let f(z) and g(z) be

measurable functions on I with respect to the n-dimensional Lebesgue measure such that for almost all x € T
there exists an integral

[ e~ w)stw)d.
T
In this case, it is said that the convolution of these functions is defined

u*m@r:/fu—yM@My (L1)
I

The classical Young’s inequality [1; 199] has the following form. Let
1
1<p,r,gq<oco0, —+1=-+4-. (1.2)
q

If feLy(I), g€ L(I), then there exists almost everywhere on I the convolution f * g, belonging to the space
L4(I) and the following inequality holds

If*glle,y < N fllz, gl - (1.3)
We will write this statement as follows

L,(I)* L.(I) = Ly(I).
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This inequality plays an important role in harmonic analysis and in the theory of partial differential equations
[1-3].

Note that if ) L1
l<prg<oo, —+1==-+-=, (1.4)
q p T

1
then for go(x) = —& the inequality holds

||
I1f* goll L,y < Cllfllz, -

This inequality is called the Hardy-Littlewood-Sobolev inequality. It does not follow from Young’s inequality,
since ||gol|z, (1) = 00. A generalization of inequality (1.3) obtained by O’Neil [4] (see also [5, 6]).

1 1 1
If (1.4) is true and 0 < $1, 82,8 < 00, — = — 4+ —, then
S S1 S92
Lys, * Lys, = Lgs (1.5)
and in particular
Ly * Lyos < Ly, (1.6)

where L, is Lorentz space.

Note that in relation (1.5), condition (1.4) is essential. The limiting cases of the O’Neil inequality with
condition (1.2) were considered in [7].

The O’Neil inequality for anisotropic Lorentz spaces was studied in [8-10]. In the case of n > 2 these results
are extend the inequality (1.6). In the one-dimensional case, the O’Neil inequality was extended in [11, 12].

There are generalizations of the Young and O’Neil inequalities for various functional spaces: weighted L,
spaces, classical and Lorentz weighted spaces, Hardy spaces, Wiener spaces, Orlicz spaces; [5, 6, 8, 13-18], and
references therein.

Convolution operators were studied in various spaces of smooth functions in [19-22].

V.I. Burenkov and B.E. Batyrov in [21] proved the following statement: let —oo < lj,ls,l3 < oo,
0 < p1,p2,p3 < 00,0 < 61,05,05 < oo. For any f; € BIl71101 (R™), f2 € B;Z;GQ(]R”) such that F'f; and Ffy are
regular generalized functions and their (pointwise) product Ff; - Ffo € S(R™), there exists a number ¢z > 0
such that

Hfl * fQHB;ng(R") < C3Hf1||B;1101(R")||f2||B;2262(R")’ (17)

holds if and only if the following conditions hold:
U%Z%m%m;
2) —+————-1>0;
b1 P2 D3
and one of the conditions ) ) )
3&) 13<l1+12—n(+——1>
b1 P2 D3

3b) ! I +1 <1+1 ! 1) 1<1-i-1

= -n|—4+——-—- n— < —+—,
s p1 D2 D3 05 — 61 02

where F'f is the Fourier transform of the function f:

or

(F1)() = ()¢ [ ep)ds
Rn
For po = ps3, 02 = 03, 0 < Iy < I3 < oo inequality (1.7) and some of its generalizations follow from the results
obtained in the works of K.K. Golovkin and V.A. Solonnikov [19, 20|, and [23].

In this paper, we investigate the boundedness of the convolution operator in anisotropic Besov spaces with
the dominated mixed derivative.
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2. Anisotropic Besov spaces with dominated mized derivative

Let @« € R", 1 < p= (p1,...,pn) <00, 0 < gq= (q1,-..,qn) <oo. Following [24-26], we define the space

Bgo(T") as the set of series f = Z A €2TH) (generally speaking, divergent) for which

mez”
q1 = i
0o oo z": ajk; i
IfllBg, ey = Do - | D (2’1 1AL (O 2y (rny < o0
kn=0 k1=0
) n
is finite, where Ay (f)(z) = Z A €™ e TN (my ) = Zmixi.

295 7 <y <2Fi i=1

J=1,...,n

1
q
For ¢ = oo the values of E bl . /fq are understood respectively as sup |bg|, esssup |f(z)].
kez kez zeT

T

We say that the series f = Z are®™ ") s an element of the space W (T™) [24] if there is a
kezr

n
function f* € L,(T™) Fourier series of which coincides with the series Z k®ae?™ ) here B = H I:;;?‘,
- kezn j=1
k; = max{|k;|,1}, i =1,...,n,

def
[fllwe oy = [1f* Ly (rm)-
We define the concept of convolution for the elements of these spaces.

Let f = Z ape?™*) and g = Z be?™ %) he trigonometric series. By the convolution of these series
kezn kezn

we mean the series ‘
f k g = Z akbke%m(k’z). (2]‘)
kezn

Note that for the «good» functions f and g, the convolution defined by equality (2.1) coincides with the classical

definition (1.1). If the functions f and g from the corresponding spaces in (1.3), then f(:r)sz Z f(k)e?mithe)
keZ’lZ
Ly ~ wi(k,x £ ~ wi(k,x LY
and g(x)= Z G(k)em i Em) and (f x g)(z) = [ flz—y)g(y)dy=ta >, cpn f(K)g(k)e? (k%) Here, equalities

kezn Tn
are understood in the sense of the corresponding metrics.

We will need interpolation properties of anisotropic Sobolev and Besov spaces [24, 27]. Let 0 < 6 =
=(01,...,0,) <1, E={e=(e1...,e,) 1 ¢ € {0,1}, j = 1,...,n} be the vertices of the n-dimensional unit
cube, {A¢}ecr be Banach spaces that are subspaces of some linear Hausdorff space. For the element a € Z A,

eck
we define the functional

K(t,a;Ac,e € E) = inf > t%]ac] .,
a= Qg e€E
ecE
where t& = t{' ... 5.
By Agq = (Ae; € € E)gq we denote a linear subset of Z A, for elements of which
ecE

a2 an
a1

dtq dty,

oo o]
41 1 _1q
lall 4, = / /Itfl LT K(baAnee B)n )
0 0 t1 tn

is true.
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Lemma 2.1 [28] Let T be a linear operator such that
T: Ac — B with norm M., € € E.

Then
T: (Ae; € € E)gq — (Be, € € E)gg
with the norm ||T]| < max M,.
€€
Theorem 2.1 ([24]) Let 1 < p = (p1,...,0n) < 00,0 <r = (r1,...,7), 4 = (q1,-.-,qn) < 00, € € E,

ap=(a?,...,a%), a1 = (al,...,al) € R™. Then

(Bgs(T"); € € E),,, = Bgg(T"),

(We=(T"): & € E) 5, = Bg(T"),

where ae = (af,...,a5),0< 0= (01,...,0,) <1, a=(1-0)ag+0a;.
8. Main result

1 1 1
Lemma 3.1 Let 1 < q,p,r<oo, —+1=—+=- «, 8,7 €R" a=3+~. Suppose that f € Wf(T”),
q p T
g € WY(T"). Then fxg € Wg(T") and

1f % gllwg ) < I llwp e lglwa om)-

Proof. Let f = Z ape?mi k) ¢ Wf('ﬂ‘"), g = Ypezn be€®™ O € WX (T"). According to the
kezn
definition, there are functions f2 € L,(T"), g¥ € L.(T") Fourier series of which coincide, respectively,

with the Z BBaye2milke) Z by, e2milh)
kezn keZmn
From Young’s inequality for Lebesgue spaces with mixed metric [29; 25| (f#  g7) € Lq(T") and has the
inequality
152 % g7 gy < 1PN ey g7 I Locrny-
Now we note that

(FPxg")(@) 2 3 WP abe?™ ) = (f 4 g)*(a),

kezn
which means that (f x g) € W (T") and the inequality
IS * gllwg@ny < M1flyys pmy 19l m)
holds.
1 1 1 1 1
Theorem 3.1 Let o, B, vy e R", a =68++,1<q, p, r < 00, 1+:1 = B—i—;, 0<hn¢< oo, e ;—ﬁ—f.
Suppose that f € BS, (T"), g € BJ(T"). Then f x g € B, (T") and

I * gllBg, xm) < Cllf N ge, (xny 91l B2, () -

Proof. Let f € WE(T"), g € WY(T"), then from Lemma 3.1 it follows that (f * g) € W(T") and the
following inequality

IS * gllwg xmy < fllwp g lglwe om) (3.1)
q » (T)

holds true.

@ao = (a?w"aag)a ay = (CK%,...,O[,}L), /60 = (6?)762)7 /61 = (6%)7ﬂ717,> € Rn7 Oé? 7& a%7 B@O 7é lea
i=1,n. Let ae = (af',...,a5"), B, = (65, ...,B5"), € € E such that ac — B, = 7.

We rewrite inequality (3.1) for the a. and B, parameters

1f * gllwge oy < 1 fllyyge iy llgllwz @), e =Be +v, € € E.
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For a fixed g € W (T") operator A,f = f x g acts boundedly from Wy*<(T") to Wg*=(T"). Then, using the
anisotoropic interpolation theorem (Theorem 2.1)

Ay (Wfs (T"), e € E)gg = (Wgs(w), e E)eg,
we obtain that the operator acts boundedly
Ay 0 BE(T") = B(T")

and
| Agll < Cligllwy (rny,

where @ = (1 — 0)ag + 01, B = (1 —0)3, + 63, for any 0 < 8 = (61,...,0,) < 1. Thus, we have obtained
the inequality:

1 * gll g2y < Ol o oy 9wz (32)

where a, 3, 7, p, q, r satisfy the conditions of the theorem.
In inequality (3.2) we assume that & = oo, then we have

1 * 9llBg.tm) < Cllfll g wnylgllwy on)-

We fix 8 € R™. Let oy, a1, 7, v1 € R™ be arbitrary vector parameters satisfying the conditions a; = 3 + 7,
i=0,1ua) #aj,~)#~j, j =1,n. Then for the parameters ae = (af',...a5"), Yo = (1',...7%5"), e € E
the inequality

1 % llpze oy < CU s omy ol (roy-

holds.
Now for a fixed f(x) we define a linear operator Byg = f * g. Then B acts boundedly from W;'s(T") in
Bgs, (T™) with an estimate of the norm

1B llwze () Bge, rny < Clifll g (pny-

Further, using Theorem 2.1 and Lemma 2.1, we have that the operator By is bounded from B (T") to B (T")
and

[|f * 9||Bg€(1r") < C||f||Bgoo(qrn) 9||B§£(1rn),

where aa = (1 — 0)ag + 0y, v = (1 — 0)yy + 0, for any 0 < 0 = (6y,...,0,) < 1.
Similarly, we can obtain the inequality

1f * 9llBg,xm) < Cllfl ge, wnyllgll Bz, (rn)-

n

Thus, for the bilinear convolution operator T'(f,g) = f * g, we have
T : BEo(T") x BJ¢(T") — B3 (T"),

. By (mn 1 n a n
T: B8 (T") x BYL(T") — B2 (T"),

where the corresponding parameters satisfy the conditions of the theorem.
Next, applying the bilinear interpolation theorem (Theorem 4.4.1, [30, 125]), we have

T : (BBo,(T"), B3A(T™)) % (B (T™), BEL(T™)) | = (Bgg (T"), B (T™))

0] [0 6]

Since the space B}, (T") is a retract of I§(Lp)(T"), we have

B8 n B4 n — ¢} n
(BB, (1), BE, (1), = BT,
1-6 6

+

1
where B8 = 8,(1 —0) + 3,0, — =
S So S1
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This implies
T: BE,(T") x BY(T") = Bgi(T").

Finally,
I * 9llBs,tmy) < Cllf I ge, wnylgll By, (7).
where
1 1 1 1 1 1
—=—+4+ -, 14+4—=—4+—, a=0+17.
h n ¢ qQ p r

Taking into account the embeddings of spaces ([24], Theorem 4), we can obtain the following theorem.

1 1 1
Theorem 3.2 Let a, B, vy e R", a < B+~, 1 <q,p, r<oo, =ﬁ+’7+1+a—5—;, 0<hn&<oo.
Suppose that f(z) and g(z) are measurable functions on T" such that f € Bgn('l[‘”), g € B;E(’IF”). Then

f*g€ Bg,(T") and
I|.f * 9||B§;h(1r") < CHf”Bgn(Tn)||9||B;'£(1rn)7

IN
3=

where

sl
|
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K.K. Cagsixosa, H.T. Tneyxanosa

Apajnac TybIHABICEI ODachIM aHU30TPONTHI BecoB KeHicTirinaeri
YHIPTKIi ollepaTOpbIHbIH HOpMaJIapbIH OaraJiay

Maxkanaga yiipTki omepaTopbl HOPMACBIHBIH, apajac TYBIHABICHI 6ackiM Co60JIEB KoHE aHU30TPOITHI
Huxonbckuit-Beco kenicrikrepingeri menenyi 3eprresmi. Apanac TyblHAbICH 6ackiM Co60JIeB  KeHicTi-
ri ymin FOur rencisgiriniy aHagornl asbIH[IBI, aran a#irTkanmga, W' x Wf — Wy rypinziri xaTeiac
JRJIEJIICHIl, MYHJIa KaThIHAC MTapaMeTpJiepine coiikeciHiie maprTap KoHbLrraH. 2KyMBICTBIH, HETi3ri Mak-
caThl Kejeci ecerm OOJIBIN TAaOBLIAAbL: alTanbik, f koHe g — Hukosnbckuit-BecoB keHicTiri mkaaachbIHBIH
KaHgai na 6ip dyskuusiiap kaackl 6oJicbia. Onapabiy f * g yAIPTKiCI Kali KeHICTIKKe »KATAaThIHBIH aHbBIK-
tay kaxet. (1) xarbrHac nen HypCy/ITaHOBTBIH, aHU30TPONTBI KEHICTIKTEPre apHAJIFAH MHTEPIOJISIIUSLIIBIK
TeopeMaJIapbIH KOJIaHa oThIPbII, By, Hukomsckuii-Becos kenicririniy mxamnace ymin O’Heiin Teopemacs-
HBIH, aHAJIOTBI AJIBIHJIBI, MYHJA O, P, ¢ — BEKTOPJIBIK Hapamerpiep. By, * BTB52 — Bgs Typinziri KaTeinac
JOJIEIEH T, MYH/a KAThIHAC TTapaMeTpJIepiHe coifkecinIe mapTrap KoblaraH. OChl 2JKYMBICTa aJIBIHFAH TE€O-
pemasap msorpontbl Hukobckuit-bBecoB KenicTirinmeri, siFHn CKaJIAp MapaMeTpJi KeHicTtikreri, barbipos
e BypeHKOBTBIH YKCAC ecenTep KapacThIPraH HOTHKEJIEPIH TOJIBIKTHIPAIbI.

Kiam cesdep: yiripTki oneparopbl, aHu30TponTsl becos kenicriri, anuzorpontsl CobosieB KeHICTIiri, HHTEp-
TTOJISIIIHS.
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BecoBa ¢ momMmuHMpYyIomieii cMeniaHHoi ITPOM3BOHOI

B crarbe ucciiesioBana orpaHMYEHHOCTH HOPMBI OllepaTopa CBePTKH B mpocrpancrBax CobosieBa, ¢ JoMu-
HUDYIOIIe!l CMeIIaHHOM NPOM3BOLHON, M aHM30TPONHLIX IpocTpancTtBax Hukomasckoro-Becosa. [ls mpo-
crparcrB CobosieBa € JIOMUHMPYIOIIEH CMEIIaHHON ITPOU3BOJHON MOJIydYeH aHajor HepaBeHcTBa FOHra,
a MMEHHO JOKa3aHbl COOTHOMmeHMs Buia W, * W — W' mpu BBLINOTHEHMH COOTBETCTBYIONIUX YCIOBHIA
na napaMerpbl. OCHOBHOI IIe/IbI0 PAOOTHI SIBJISIETCS PEIleHne ciaemylomneil 3amadu: myctb f u g — DyHK-
MU U3 HEKOTOPBIX KJIACCOB IKaJjbl npocrpancTB Hukonbckoro-Becosa. Hy»kHo omnpenennTb, K KakoMmy
IIPOCTPAHCTBY IPUHAJIEXKUT UX cBeprKa f * g. Vcnoub3ysi coorHomernue (1) u MHTEPHOJISIMOHHBIE TEO-
pembr HypcynranoBa jijist aHM30TPOITHBIX ITPOCTPAHCTB, MOIydeH aHasor Teopembl O’Heitna miist mkasibr
npocrpancts Hukonbsckoro-Becosa By, r1e o, p, ¢ — BekTopuble nmapamerpsl. Ilorydensl cooTHOmeHA
Buna B, * BTBS2 — Bgs, TIPH COOTBETCTBYIOMMX COOTHOIIEHUAX BEKTOPHBIX ImapaMeTpos. Ilomy4uennnie B
JAHHOI paboTe TEOpEeMBI JOMOJHSIIOT pe3ybTaThl bareipoBa n BypeHkoBa, Te paccMaTpUBAJINCH OO0~
HbIE 33JIa4M B M30TPOIHBIX IpocTpaHcTBax Hukosibckoro-BecoBa, T.e. B mpocrpaHcTBax, Ijie ImapaMerpbl
SIBJISIIOTCS CKAJISIPDAMU.

Karoueewie caosa: orepaTop CBEPTKHU, aHU30TPOIIHLIE TPOCTPAHCTBa BecoBa, aHM30TPOIIHbIE IPOCTPAHCTBA
CoboJieBa, HHTEPIIOJISIIINS.
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On construction of the comparison function of program
motion in probable statement

In the class of ordinary differential equations the following modification of the inverse problem of differential
systems was previously considered: to construct both a set of systems of differential equations and a set of
comparison functions for the given program motion. In this article, the modification of the inverse problem is
considered in Stochastic case. In this problem it is assumed that random perturbations are from the class of
processes with independent increments. By the given program of motion, two sets are constructed: the set of
first-order Ito stochastic differential equations and the set of comparison functions. It is proved that there is
a stability in probability of the given program motion with respect to the constructed comparison functions.
To solve the problem Lyapunov functions method is used. Using Lyapunov’s second method makes it is
possible to weaken the conditions imposed on the components of the constructed comparison functions, in
contrast to the application of the Lyapunov characteristic numbers method for solving the inverse problem
in the class of ordinary differential equations. The following cases are considered: 1) comparison functions
obviously not depending on time; 2) the set of comparison vector functions depends on y and ¢; 3) the set
of comparison vector functions has the form Q(\,t, where A(y,t) describes an analytically given program
motion; 4) the set of comparison vector functions has the form C(t)A.

Keywords: stochastic differential equations, inverse problems, stability in probability, comparison function,
program motion, random process.

Introduction

At present, possible formulations of the inverse problems for differential systems have been known.
General methods for solving these problems in the class of ordinary differential equations have been well
developed in [1-11]. Generalization of these problems to the class of partial differential equations is investigated
in [12-14]. In the theory of inverse problems of differential systems, an important requirement is the requirement
of stability of the given properties of motion [5]. This requirement is related to the system’s operability and its
non-compliance with perturbations. Therefore, solving of stability problem of the program motion is essential
for the further development of the qualitative theory of inverse problems of differential systems and constructing
of the systems of program motion.

In the theory of stability, the possible perturbed motions of the material system are compared with the
unperturbed motion with respect to the corresponding values of the given kinematic indicators of motion at
each time instant ¢ > ¢g. It is assumed that the kinematic indicators of motion can be described by the vector
function Q(y, t), called the comparison function and given in some domain of the space G(y1, ..., y» ) of the change
in the phase coordinates of the given system. The study of the stability of unperturbed motion is reduced to
establishing the behavior of the difference of the values of this vector function respectively on possible perturbed
motion and on unperturbed motion of system

T = Qperturbed motion — Qunperturbed motion

for all t > tg. In problems of construction of stable systems, the desired system parameters and additional control
forces are also determined from the conditions imposed on this difference. In the established formulations of
the stability problems, the comparison functions are given. Also the unperturbed motion and the equations of
motion of the material system are given. Thus, the solving of the stability problem is reduced to determining the
stability conditions for the given motion of the system with respect to the given comparison functions. However
in many problems of the theory of stability it is useful problem to construct the comparison functions with
respect to which there is a stability of given properties of motion of the mechanical system.
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Galiullin A.S. posed the one of the inverse problems of dynamics namely the problem of construction of the
set of comparison functions in the class of ordinary differential equations [1-3]:
It is required to construct the corresponding set of equations of motion for the material system

y:Y(y7t)7 (1'1)

by the given law of motion
A:y=o(t), ye R, peCH{t >t} (12)

Let the considering equations be the class of equations admitting the existence of the unique solution of
the equation (1.1) with initial condition yl;—y, = (o), {to,¢(to)}. And it is required to construct the
set of n-dimensional vector functions Q(y). Q(y) is holomorphic vector functions in some e-neighborhood
A = {lly — ¢@)|| < €} of the integral manifold A(t) (1.2) for all ¢ > tg. There is stability in the sense of
Lyapunov in relation to the components of Q(y).

The problem of construction of the set of comparison functions is solved by the method of characteristic
Lyapunov numbers in [1-3]. The solution of this problem determines the set of kinematic indicators of motion
(conditions imposed on them), with respect to which the given motion properties of the system are stable.

The set of equations of motion of the system is constructed in the form

g =¢(t) + (y,1). (1.3)

Here ®(y,t) is some holomorphic vector function in the domain A for all t > to, ®(y,t)|,—,) = 0. Further the
equation of perturbed motion of the first approximation with respect to the vector function Q(y) is compiled.
The equation of perturbed motion is reduced to the system of linear differential equations by some linear
transformation. It is required that the resulting system is correct and that its characteristic numbers are positive.
Then, if the applied linear transformation is Lyapunov transformation, then there is stability of the given motion
(1.2) with respect to the vector function Q(y). Following [2], the set of the required components of the vector
functions Q (y) is determined from the conditions

C,C are limited, detC~* # 0 for all t > tg, (1.4)

here C' = [|oi ||, ! = ly=e()

In the Preface of the J. Kdomian’s book «Stochastic Systems» (Moscow, 1987) the famous scientist Richard
Bellman emphasizes: «It is very important to decide which model to build: deterministic model or stochastic
model. Deterministic models are very useful. But stochastic models are more realistic. The difficulty is that the
analysis of stochastic models by mathematical means is very complicated».

Stochastic differential equations of It6 type describe numerous and important in the application models of
mechanical systems. These models take into account the effects of external random forces. In particular, models
take into account the motion of an artificial satellite of the Earth under the action of the aerodynamic forces
[16] or the fluctuation drift of the heavy gyroscope in a cardan suspension [17] and many others.

As an example showing the importance of taking into account random perturbations, we can cite the inverse
problem of the dynamics of a spacecraft’s flight. For example, the aerodynamic moments of a spacecraft always
have random components [16] generated by density fluctuations of the planet’s atmosphere. In addition, random
changes in the moments of inertia cause thermoelastic vibrations of stabilizing rods, vibrations of liquids in cans,
antennas and solar panels. And the study of the effect of random perturbations on the dynamics of the spacecraft
is so important that ignoring these perturbations can significantly reduce the lifetime of the spacecraft [18].

Inverse problems in the class of stochastic differential systems are considered in [19-21]. Problems of stability
in probability of the given program motion by Lyapunov function method are studied in [22, 23].

Let us consider the probabilistic formulation of the problem posed earlier in the class of ordinary differential
equations [1-3], namely, with the additional assumption of the presence of random perturbations.

i,v=1,..,n and C(t) is the Lyapunov transformation [15].

0Qi(y)
19}

Statement of the problem

It is required to construct the corresponding set of equations of motion for the material system

J=Y(y.t)+o(y,t)¢, €€ R, (2.1)
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by the given program of motion
Ad=y—ot)=0,yc R", o C, o] <L (2.2)

Here &(t) = w(t) + [, c(y)P(t,dy) is random process with independent increments; w(t) is Wiener process;
P(t, A) is Poisson process as a function of ¢ and Poisson stochastic measure as a function of set A; ¢(y) is vector
function mapping R™ into the space of the process values (t) for all .

Let the considering equations be the class of equations admitting the existence of a unique up to stochastic
equivalence of solution of the equation (2.1) with initial condition y|:=¢, = ¢(t). It is also required to construct
a set of s-dimensional vector functions Q(y) so that there is stability in probability of the program motion (2.2)
with respect to Q(y).

Following [3], the equation of perturbed motion of the material system, for which the given motion (2.2) is
possible, is represented as

A= ANy, t) + BAy, t)E. (2.3)

Here A(\;y,t) is a vector function and B(\;y, t) is a n X k-dimentional Erugin type matrix such that A(0;y,t) =
0, B(0;y,t) = 0.

Let LV (A(xz,t), z,t) be generating operator of &(¢) [22].

In the future we need the following definitions:

Definition 1 [24]. A function a(r) is called the function of Khan class a(r) € K if it is continuous and strictly
increasing and satisfies the condition a(0) = 0.

Definition 2 [25]. The program manifold (2.2) of the equation (2.1) is called p-stable in probability if

lim P, {su vo.to () A(t)) > e} = 0.
e o{t>gp(y (t), A(t)) > €}

1 A set of vector functions Q(y) that obviously not depending on time

Theorem 1. Let there exist a Lyapunov function V(\;y,t) on the neighborhood A, = {|ly — p(¢¥)|| < €} of
the integral manifold A satisfying the conditions

a([[A) < V(A y,t) <b([A]]), a,b € K, (2.4)

LV < —c(|\]), c € K. (2.5)

Then the program motion A = y — ¢(t) = 0 of system (2.3) is asymptotically p- stable in probability with
respect to an arbitrary s- dimensional vector function @Q(y), which is continuous on the neighborhood A, for
1 <s<n.

Proof. By definition of stability [3]|, we consider the difference x = Q(y) — Q(¢(t)). By the condition of the
theorem, there is a Lyapunov function with properties (2.4), (2.5). This provides an asymptotically p-stability
in probability of program motion A = 0 [22], i.e.

li P, li Yo,to HAE) =0k =1. 06
P(yoJ\l(rtI;))—m yo{ o Supp(y ( )7 ( )) } ( )

t—o0

And from the continuity of the vector function Q(y) and conditions (2.6) we have

oty i sup QU o, 90) — Qo)) = 0f =1

This means that the motion A = y — ¢(t) = 0 of the system (2.3) is asymptotically stable with respect to
the vector function Q(y).

2 A set of vector functions Q(y,t) depending on y and t
Theorem 2. Let there exist a Lyapunov function V' (A;y,t) on the neighborhood A, of the integral manifold

A with properties (2.4), (2.5).
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Then the program motion A = y — ¢(t) = 0 of system (2.3) is asymptotically p- stable in probability with
respect to an arbitrary s- dimensional vector function Q(y,t), which is continuous in y and ¢ and satisfying the
condition

=]l < BUIAID, B € K. (2.7)
Here z = Q(yvt) - Q(Qp(t)7 t)'

Proof. The existence of a function V(A;y,t) with properties (2.4), (2.5) implies an asymptotical uniform in
{to,yo} p-stability in probability of motion A =y — ¢(t) = 0 [22], i.e.

; P {1. voto (1), A(t =0}:1.
p(yo.A(t0) 0 Hmsup p(y?% (t), A(t))

And we get from (2.6) and (2.7) that

ot Py i sup QU to, ). 1) — Q(e(0). ) = 0f =1.

Consequently, there is an asymptotic stability in probability of the motion A =y — ¢(t) = 0 of system (2.3)
with respect to the vector function Q(y,t).

3 Program motion A(y,t) = 0 and a set of comparison vector functions Q(\,t)
Let the program motion be given as
A(t) : My, t) =0. (2.8)

Here A € R*, y € R™, k < n.
Suppose that it takes place rang {g—;} =k for all y € Ay, t > to on a neighborhood Ay (t) € R"

An(t) = Ay, D) < Ryt > to. (2.9)

The set of equations of the perturbed motion for which the given program (2.8) is one of the possible ones,
can be represented as

A= ANy, t) + By, t)§.

Here A(X\;y,t) 1is a vector function and B(A;y,t) is a n X k-dimentional Erugin type matrix such that
A(0;y,t) =0, B(0;y,t) = 0.
Consider the continuous s-dimensional vector functions Q (A, ¢) satisfying the condition

=] < BUIAID, B € K. (2.10)

Here z = Q(A\(y,t)) — Q(0,t), 1 < s < mn.
Theorem 3. Let there exist a Lyapunov function V' (\; y,t) on the neighborhood (2.9) of the integral manifold
(2.8) satisfying the condition (2.4) and
LV < —c¢(||Al), c € K.

Then the integral manifold (2.8) is asymptotically stable in probability with respect to an arbitrary s-dimen-
sional vector function Q(A,t), which is continuous in A and ¢ and satisfying condition (2.10) for 1 < s <mn.
The proof is similar to the proof of Theorem 2.

4 A set of n-dimensional vector functions of the form C(t)A

Let the equation of perturbed motion (2.3) in the first approximation have the form
A=A (A + Ax(\ t) + BE.

Let us consider the Lyapunov function V() = (A, A) and n- dimensional vector function Q(y,t) = C(t)A.
Here A = y — ¢(t). In this particular case © = Q(y) — Q(¢(t)) has the form

x=C(t)\
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Also suppose that
1) the matrix AT(t) + A;(t) is definitely negative and the vector function A, satisfies the condition
[1Az2[| = o([|A]);
2) the matrix
_9Q

=73,

is continuous and limited for all ¢ > . (2.11)
y=op(t)
Then from properties 1), 2) and Theorem 2 the following theorem holds.
Theorem 4. Let A;(t) and C(t) are continuous matrices such that conditions 1) and 2) hold. Then the
motion A = y— p(t) = 0 of the system (2.3) is stable in probability with respect to an arbitrary vector functions
Qy,t) = C(H)A.

Remark. In Theorem 4 instead of condition (1.4) the weaker condition (2.11) is required.

The work was supported by grant AP05131369 of Ministry of Education and Science of the Republic of
Kazakhstan.
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I"'K. Bacuwauna, M.BI. Tiney6eprenon

bIkTuMmanabl >karmaiigarsl 0argapIaMaJiblK, KO3FAJIbICThIH
CAJIBICTBIPY (PYHIIUSICHIHBIH, KYPbBLIYbI TYPaJIbl

Kait nudpdepeHimaaibik TeHIeyaep KiaacblHaa OypbiH quddepeHnnalIbiK, XKyiegaepail Kepi ecebiHiH, Ke-
Jieci TYpJIeHyl KapacThIPBUIALL: NuddepeHITnaIIbIK, TEHIEYIep XKYe/IepiHiH, }KUBIHTHIFBIH YKOHE OChI Gar-
JapJiaMaJiaHFaH KO3FAJIbIC YIMH CaJbICTBIPMAJIbI (DYHKIMSIAD KUBIHTBIFBIH Kypy. Makasaga Kepi ecenTis,
OyJ1 TYpi BIKTUMAJIIBI >Kargaiaa 3eprresiai. By ecenre Kke3meiicok TypTKijiep Toyesici3 eciMImes i Ke3/1eiCoK
y/epicTep KJIaChIHAH el ecenTesii. bepijren KosraJbic GarmapiaMachblHa COMKec, €Ki KUBIH KYyPbLIaJIbl:
Wronwry Gipinmii perTi cToxacTuKaILIK, AU HEPEHITHATIBIK, TEHICYIED KUBIHTHIFBI XKOHE CAJBICTHIPY PYHK-
OUsIapbl 2KUBIHBI. KypacThIphIIFaH CaIbICTBIPY (DYyHKINSAIApPbIHA KATBICTBI OepijireH OarmapsiaMaJiaHFaH
KO3FAJTBICTBIH, BIKTUMAJIJIBIK, OOMBIHINIA OPHBIKTHIIBIFEI 6ap eKeHi joseaesai. by ecenri menry yomiu Jls-
MyHOB (QYHKIUSIAPBIHBIH OIiCI KOMIAHBIIALI. JISmyHOBTHIH €KiHII 9iCiHIH maligamanys! Kail guddepen-
UAJIIBIK TEeHJIeyJIep KJIaChIHArbl KEPi ecenTepil mienty yiIiH KaxkeT. JIsamyHOBTBIH CAIIATTayIIBI CAHIAPbI
9JIICIH KOJIIAHYIaH alibIPMAIBLIBIFBI AJIBIHFAH CAJIBICTHIPY (DYHKIUSIAPBIHBIH KYpayIbLIapbIHaA €HTI31IreH
mapTTapasl 9jciperyre MmyMKinaik 6eperi. Keseci »karmaitiap KapacTbIPBUIFAH, SIFHA CAJIBICTBIPY BEKTOD-
JIBIK, (DYHKIUSIAPEL: 1) YaKBITTAH HAKTHI TOYEJIIi eMeC; 2) KUBIHTBIFBL Y YKOHE -JIaH ToyeJ ii; 3) >KUBIHTBIFbI
Q(A,t) Typinzme Gomansl, mysga A(y,t) = 0 aHAIMTUKAJBIK Typie GeplireH GarnapiaMalblK KO3FaJbICThI
cunartaiiger; 4) xubaTbrsl C (1) Typinge 6omanpt. KapacTeippuiran karmaiisiapia KypbUIFaH CATBICTBIPY
GYHKIUACHIHA KATBICTHI OariapIaMaJsiblK KO3FaJIbICThIH BIKTHMAJIIBIK, OOUBIHINTA aCHMITOTHKAJIBIK, OPHBIK-
TBUIBIFBIHBIH YKETKIJIIKTI MapTTaphbl aJIbIHFAH.

Kiam cesdep: croxacTuKaJbIK nuddepeHInaiIblK, TeHIeyIep, Kepi ecentep, bIKTUMAJIBIK OONBIHITA Op-
HBIKTBIIBIK, CAJIBICTHIPY PYHKIMSACH, OargapiaMaJIblK, KO3FAJIbIC, Ke3AEHCOK MpoIiece.
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O mocTpoennu (pyHKIUM CpaBHEHUsI ITPOTPaAMMHOTO
JABUKEHNS B BEPOSATHOCTHOI ITOCTaHOBKE

B kiacce 00bIKHOBEHHBIX b depeHIInaIbHbIX YPABHEHNN paHee OblIa pACCMOTPEHa CJIeayomiast Moandu-
Karus 06paTHOit 3aa9n 1uddepeHnnaIbHBIX CHCTEM: IOCTPOUTH KaK MHOYKECTBO CUCTEM JTuddepeHiinaib-
HBIX yDaBHEHUIl, TaK U MHOXKeCTBO (DYHKIUI CDABHEHUs 110 33/IaHHOMY [IPOrPAMMHOMY JIBMXKEHHUIO. B cra-
The JaHHasd MoauduKanus oOpaTHON 3aati PACCMOTPEHa B BEPOSTHOCTHON ITOCTaHOBKe. B mcciemyemoit
3aJlave MPEJIIOJIOXKEHBI CJIyYaiiHble BO3MYIIEHUS U3 KJIACCA MPOIECCOB C HE3aBUCUMBIMU MPUPAIICHUSIMUA.
Ilo 3amanHOll porpamMme JIBUXKEHUSI CTPOSITCS JBAa MHOYXKECTBA: MHOXKECTBO CTOXAaCTUYECKUX auddepeHiy-
aJIbHBIX ypaBHeHuit VITo mepBoro mopsi/ika u MHOXKeCTBO (hyHKIWi cpaBHeHus. JloKka3zaHo, ITO MMeeT MeCTO
YCTORYUBOCTD 10 BEPOSITHOCTH 3a[AHHOTO [IPOTPAMMHOI0 JIBU2KEHUS OTHOCUTEJILHO TIOCTPOEHHBIX (DYHKIIUN
cpaBHeHusi. J[JIsi peleHnsi IIOCTABJIEHHOM 3aJiauu npuMeneH meror, dyukuuit Jlsamynosa. VcnosbzoBanue
BTOPOTO MeTona JIAmyHoBa MO3BOJISIET OCJIA0UTh YCIOBUS, HAKJIAIbIBAEMbIE HA COCTABJIAIONINE ITOCTPOEH-
HbIX (DYHKIUN CpABHEHMs, B OTJUYUE OT IPUMEHEHUs MEeTOJ/a XAPAKTEPUCTHYHBIX 4uces JIsamyHoBa mjist
pertennsi OOpaTHON 3a/1a9u B KJacce OObIKHOBEHHBIX JIuddepeHInalbabiX ypaBHeHuil. 3ydens! ciydan,
KOI'/Ia MHOXKECTBO BeKTODP-(DYHKIUI cpaBHeHUs 1) He 3aBUCHT SIBHO OT BPEMEHH; 2) 3aBUCHT OT Y U t; 3) uMe-
et Buz Q(A, 1), tae A(y,t) = 0, onucbiBaeT aHATUTUIECKN 3aJAHHOE TIPOIPAMMHOE JIBUKEHUE; 4) UMeeT BUL
C(t)\. B paccMOTpEHHBIX CJIydasxX IOJIyYeHbI JOCTATOYHBIE YCJIOBUS ACUMITOTHYECKOH yCTONIMBOCTU IO
BEPOATHOCTH IIPOIPAMMHOIO JIBHXKEHUSI OTHOCUTEIHLHO ITOCTPOCHHON (DYHKINN CDaBHEHUSI.

Kmouesvie caosa: croxactudeckne muddepeHImaibHble ypaBHEHNs, OOPATHBIE 3a/1a9H, YCTONYINBOCTD 110
BEPOSITHOCTH, (DYHKIMsI CPABHEHUSI, IPOIPAMMHOE JIBUKEHUE, CIIyJailHbIi IPOIecc.
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Small models of hybrids for special subclasses of Jonsson theories

This article presents the result related to the model-theoretic properties of special subsets of the semantic
model of some fixed Jonsson theory. The specialty of these sets is due to their definability and closure.
Further, we consider fragments of these sets and create a hybrid of these fragments from them. The theory
is subject to conditions of strongly convexity and existentially coreness. As a result, the class of existentially
closed and algebraically prime models in its non-empty intersection contains a core model. By module of the
above conditions, the hybrid of the considered fragments has a model that contains a special core subset,
definable closure of which gives a certain existentially closed model, which is an algebraic prime model of
the theory under consideration.

Keywords: Jonsson theory, semantic model, hybrid, existentially prime theory, pregeometry, model companion.

One of the most important aspects of the classical model theory is the description of countable models of
the considered theory. In this article, we propose to consider this topic in the framework of the intersection of
two issues. Namely, with the help of special subsets of the semantic model of a fixed Jonsson theory, consider
hybrids of fragments of these sets and further, using the principle of «Rheostat» for these hybrids, study some
properties of small models of these hybrids. Thus, in the intersection there are issues related to the theme of
hybrids and the principle of Rheostat when working with small models. These topics were considered in the
following articles [1-5].

We give the necessary definitions of the basic concepts of this article.

Let given a countable language of the first order.

The following definition describes one of the basic concepts of this article.

Definition 1. A theory T is Jonsson if:

1) Theory T has infinite models;

2) Theory T is inductive;

3) Theory T has the joint embedding property (JEP);

4) Theory T has the property of amalgam (AP).

Examples of Jonsson theories are:

1) Group Theory;

2) Theory of Abelian groups;

Theory of fields of fixed characteristics;
Theory of Boolean algebras;
Theory of polygons over a fixed monoid;

6) Theory of modules over a fixed ring;

7) Theory of linear order.

The following definition of the universality and homogeneity of model allocates semantic invariant of any
Jonsson theory, namely its semantic model. Moreover, it turned out that the saturation or non-saturation of this
model significantly changes the structural properties of both the Jonsson theory itself and its class of models.

Definition 2. Let k > w. Model M of theory T is called k-universal for T, if each model T with the power
strictly less x isomorphically imbedded in M; k-homogeneous for T, if for any two models A and A; of theory
T, which are submodels of M with the power strictly less then s and for isomorphism f : A — A; for each
extension B of model A, wich is a submodel of M and is model of T" with the power strictly less then k there is
exist the extension B; of model Ay, which is a submodel of M and an isomorphism ¢ : B — By which extends f.

Definition 3. Model C of Jonsson theory T is called semantic model, if it is wT-homogeneous-universal.

As can be seen from the definition of the Jonsson theory, this theory is not complete. But nevertheless,
with the help of its semantic invariant (semantic model) we can always determine the center of Jonsson theory,
which is a complete theory.

3
4
5

~— — — —
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Definition 4. The center of Jonsson theory T is called an elementary theory of its semantic model. And
denoted through T*, i.e. T* = Th(C).

The following two facts speak about the «good» exclusivity of the semantic model.

Fact 1 [6; 160]. Each Jonsson theory T has k*-homogeneous-universal model of power 2¥. Conversely, if
a theory T is inductive and has infinite model and w*-homogeneous-universal model then the theory 7T is a
Jonsson theory.

Fact 2 [6; 160]. Let T is a Jonsson theory. Two k-homogeneous-universal models M and M; of T are
elementary equivalent.

It is well known from the course of model theory that a saturated model is always a homogeneous-universal
model, the reverse is also true. But this definition of homogeneous-universal model [7; 299] is considered as a
rule in the framework in the study of complete theory. In the framework of the study of Jonsson theory, we are
dealing with a particular case of the definition of a homogeneous-universal model belonging to B. Jonsson [8]. The
concept of a saturated model is the same in both cases. By virtue of a more general situation of homogeneous-
universality in the case of Jonsson theory, we do not have a saturation criterion in terms of homogeneous-
universal as in |7, 299|. Therefore, those Jonsson theories, the semantic model of which is saturated, allocate in
a special subclass of class of all Jonsson theories, and such theories are called perfect. We give a definition of
perfectness of Jonsson theory.

Definition 5. Jonsson theory T is called a perfect theory, if each semantic model of theory T is saturated
model of T™.

The first author of this article obtained a result describing the perfect Jonsson theory.

Theorem 1 [6, 158]. Let T is a Jonsson theory. Then the following conditions are equivalent:

1) Theory T is perfect;

2) Theory T* is a model companion of theory 7.

From the above list of Jonsson theories, the following examples 2), 3), 4), 6), 7) are examples of a perfect
Jonsson theory. But, for example, group theory is not such, due to the fact that it does not have a model
companion.

Let Er be a class of all existentially closed models of Jonsson theory T

This class of models in general case for an arbitrary theory can be empty. But the following result [9, 367]
is well known, which says that any inductive theory has a nonempty class of existentially closed models. Since
the Jonsson theory is a subclass of class of inductive theories, we can say that Er is a non-empty class.

In the case of a perfect Jonsson theory, the class of models of center of this theory coincides with Ep. This
follows from the following theorem.

Theorem 2 [6; 162]. If T be a perfect Jonsson theory then Ep = ModT™.

Let L be a countable language of first order. Let T be Jonsson theory in the language L and its semantic
model is C'.

Let T be some Jonsson theory in a fixed language and C' — its semantic model.

Definition 6. Let X C C. We will say that a set X is V — cl-Jonsson subset of C, if X satisfies the following
conditions:

1) X is V-definable set (this means that there is a formula from V, the solution of which in the C is the
set X, where V C L, that is V is a view of formula, for example 3,V,V3 and so on.);

2) cl(X) = M, M € Er, where cl is some closure operator defining a pregeometry [10; 289] over C' (for
example ¢l = acl or cl = dcl).

Lemma 1. Let T be Jonsson theory, Er be the class of its existentially closed models. Then for any model
A € Erp the theory Thy3(A) is a Jonsson theory.

Proof can be extract from [6].

Let X3, X5 be V-cl-Jonsson subset of C, where C is semantic model of theory T. Let M; = cl(Xy),
My = cl(X3), where My, My € Ep. Thys(My) = Ty, Thya(Msz) = Tz. C; is semantic model of theory Ty, Cs is
semantic model of theory T5.

We define the essence of the operation of the symbol [J for algebraic construction of models, which will
play important role in the definition of hybrids. Let (3 € {U,N, x,+,®,[[, [}, where U-union, N-intersection,

F U

x-Cartesian product, +-sum and @-direct sum, [[-filtered product and []-ultraproduct.
F U

The following definition gives a hybrid of the first type [5] for two Jonsson theories.
Definition 7. A hybrid H(T1,T>) of Jonsson theories T7,T5 is called the theory Thys(Ci & Cy), if it is
Jonsson. Herewith, the algebraic construction (C; [ Cs) is called a semantic hybrid of the theories T, T5.
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Note the following fact:

Fact 3. For the theory H(Ti, T») in order to be Jonsson enough to be that their semantic hybrid
(Cl ] CQ) € Er.

Proof. This follows by Lemma 1.

By small models we mean different types of countable models of a fixed theory of a countable language.
These types of models include the following: minimal, core, rigid, atomic, prime, existentially closed, and their
various generalizations about this fixed theory. For example, the concept of an algebraically prime model is a
generalization of a prime model. In [11], various types of generalization of the atomic model were considered, and
in this paper we interpolate these generalizations using the «Rheostat» principle. Below is a list of definitions
of various types of small models, as well as special cases of Jonsson sets different closures [12], which are special
formula subsets of the semantic model of the considered theory. The definable closures of these subsets will
define special types of models and for the corresponding mutually model consistent fixed fragments we will
consider hybrids of these fragments and study small models.

When studying the model-theoretic properties of an inductive theory, so called existentially closed models
[6] play an important role and for inductive theories, the class of existentially closed models is never empty.
Recall it definition.

Definition 8. Model A of a theory T is said to be existentially closed if for any model B and any existential
formula ¢(Z) with constants of A we have A = IT(T) provided that A is a submodel of B and B = 3¢ (7).

An analogue of a prime model (in the sense of a complete theory) for an inductive model, generally speaking,
incomplete theory, is the concept of an algebraically prime model, which introduced A. Robinson [12].

Definition 9. A is an algebraically prime model of theory T', if A is a model of T" and A may be isomorphically
embedded in each model of the theory T

Next definition of existentially prime theory is introduced by A.R. Yeshkeyev in the work [6].

Definition 10. The inductive theory T is called the existentially prime if: it has an algebraically prime model,
the class of its AP (algebraically prime models) denote by APr; class Er non trivial intersects with class APr,
i.e. APT ﬂET 75 0.

The following definition of convex theory belongs to A. Robinson [13].

Definition 11. The theory T is said to be convex if for any its model A and for any family {B; | i € I} of
substructures of A, which are models of the theory T, the intersection (,.; B; is a model of T', provided it is
non-empty. If in addition such an intersection is never empty, then T is said to be strongly convex.

The following definition is taken from J. Baldwin and D. Kueker’s work [11].

Definition 12. B is a (I'1,T'g, ) - atomic model of T, if B is a model of T and for every n every n-tuple of
elements of A satisfies some formula from B in I'y, which is complete for I's-formulas.

The following definitions 13 and 14 about of various types of small models, as well as special cases of Jonsson
sets [12].

Definition 13. A set A is said to be (V1,Vs) — ¢l atomic in the theory T, if

1) Va € A,Jp € V; such that for any formula i) € V5 follows that ¢ is complete formula for ¢ and C' = ¢(a);

2) c(A) = M, M € Er, and obtained model M is said to be (V1,V3) — ¢l atomic model of theory T

Definition 14. A set A is said to be (V1, V3) — cl-algebraically prime in the theory T, if

1) Ais (V1,Va) — cl-atomic set in T

2) cl(A)=M,M € APy,
and obtained model M is said to be (V1,Va) — ¢l algebraically prime model of theory T'.

The following definition of model consistent theory from work [14] is well known.

Definition 15. T and T* are mutually model consistent, i.e. every model of theory T is embeddable in a
model of theory T%, and vice versa.

To obtain the result, the following definition was introduced by the first author of this article.

Definition 16. The theory is called existentially core if this theory is existentially prime and among existentially
closed algebraically prime models there is at least one core model.

In order to define needed for us special types of atomicity of certain models we have used the following idea.
It is the so-called principle of «rheostat» [12]. Let us recall that idea.

Principle of «rheostats.

Let two countable models A;, A of some Jonsson theory T' be given. Moreover, A; is an atomic model in
the sense of [1], and X is (V1, V) —cl -algebraically prime set of theory T" and ¢l(X) = As. Since V; = Vg = L,
then A1 = AQ.
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By the definition of (Vy,V3) - algebraic primeness of the set X, the model Ay is both existentially closed
and algebraically prime. Thus, the model Ay is isomorphically embedded in the model A;. Since by condition
the model A; is countably atomic, then according to the Vaught’s theorem, A; is prime, i.e. it is elementarily
embedded in the model As. Thus, the models A1, Ay differ from each other only by the interior of the set X.
This follows from the fact that any element of a € A\ X implements some principal type, since a € ¢l(X). That
is, all countable atomic models in the sense of [15] are isomorphic to each other, then by increasing X we find
more elements that do not realize the principal type and, accordingly, ¢l(X) is not an atomic model in the sense
of [15]. Thus, the principle of rheostat is that, by increasing the power of the set X, we move away from the
notion of atomicity in the sense of [15] and on the contrary, decreasing the power of the set X we move away
from the notion of atomicity in the sense of [11].

Let AAPC € {atomic, algebraically prime, core}. Thus, by specifying the set X as (V1,Va) —cl — AAPC,
(where APC' is a semantic property), we can also specify atomicity in the sense [11] in relation to atomicity (A)
in the sense of [15]. And accordingly, using of the principle of «rheostat» after the AAPC property is defined,
we obtain the corresponding concepts of atomic models, the role of which is played As from the principle of
«rheostat».

The main result is the following theorem.

Let V from the definition 6, such that V € {V,3,v3}.

Theorem 1. Let T be perfect, strongly convex, existentially core, complete for V3-sentences Jonsson theory.
X1,X5 are (V,V)-cl-atomic sets of the theory T, where dcl(X1) = M, dc(Xs) = My, Mi,Ms € Er.
Thys(My) = Th,Thys(Ms) = Tp. C1,Cy are semantic models of the theories T7,T5, correspondingly. T3 is
model consistent with Ty and with 7. Let H(Ty,Ts) = Thy3(Cy x Cs).

If My, My are (3, X)-cl-atomic models, then there exist M € Ep(r, 1,) such that M is countable model and
M € APy r, 1,y and M is (V, V)-cl-algebraically prime model.

Proof. The conditions in the head of the theorem are independent. That is there are perfect, strongly convex,
existentially core, complete for V3-sentences in all possible different combinations among themselves. Therefore,
all these conditions are fulfilled at the same time distinguishing a fairly good class, generally speaking incomplete
theories, among the Jonsson theories.

It is well known from [16] that convex theories satisfy the following property: for any model of such a theory,
its any non-empty subset generates a unique submodel of this theory. Namely, this model is the intersection of
all models of this theory that contain a given set. If T" is strongly convex, then the intersection of all T" models
contained in this 7' model is also a 7" model. This intersection is called the T' core model.

If T satisfies the joint embedding property to the fact that this theory is strongly convex, then its core
model is unique up to isomorphism. That is core model has the property that it is isomorphic to exactly one
submodel of each T" model, and is uniquely defined as the largest model with this property.

Using the principle of a rheostat, we can see that the larger the set X7, X5 in power, the more existentially
closed models My, M5 of the theory T differ from being atom models of this theory in the sense of [15]. But as
Ty and Ty are model consistent with 7', any model from ModT;, where i € {1,2} is isomorphically embedded
into some N € Ep, where n C C.

Consider the algebraic construction Cy x Ca, we denote it as D = {{(a,b) : a € Cy,b € Cs}. Since T is a
Jonsson theory, then due to its axiomatizable the class of its models is closed with respect to isomorphic images,
which means that we can conclude that without loss of generality C7,Co € ModT. Due to the strong convexity
of the theory T, C1 N Cy # () and let C; N Cy = F € ModT. Moreover, due to the existentially corecity of the
theory T there is a core model F’ of the theory T, which is an existentially closed submodel of F. Since T is
an axiomatizable theory and Cy,Cs € ModT models, we conclude that C; x Cy € ModT'. Due to the model
counsistency of T, Ty, To, we can conclude, without loss of generality, that C; x Co € ModT;, where i € {1,2}.
Then, by virtue of Theorem 3.2 b) of [11] and the above, the model is F’ € Er,, where ¢ € {1,2}. Then, consider
Thy3(C1 x C3), due to the model consistency of T', T, T», and V3-completeness T' is Jonsson theory, which is
H(Ty,Ts). It is easy to see that H(T},T») is model consistency with T theory, then for any two Ny, N3 - (X, %)
- cl - atomic models there is a model K € Eg (1, 1,), which is (V, V) - ¢l - algebraic prime, as K we can take F".

All concepts that are not defined in this article and connected information with these statements can be
extracted from [6].
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A.P. Emkees, H.M. Mycuna

NonaconablK TeopusiapAblH apHAbI IIMKI KJIacTapbl
ruOpuATepiHiH KiNTiripiMm Mmoaesbaepi

MakaJtaza Keitbip 6eKiTiIreH HOHCOHIBIK, TEOPUAHBIH CEMaHTUKAJIBIK, MOJIEJHIH apHANDI K >KUBIHIaPIbIH
MOJIEJIBIi-TEOPETUKAJIBIK, KAaCUETTEPIMEH HailIaHbICTBI HOTUKEC] GepinreH. OChl XKUBIHIAP/IBIH, APHANBLIBIFBI
OJIApP/IBIH AHBIKTAJIYBIMEH YKOHE TYWBIKTHIIBIFBIMEH KeJTICIITeH. OPi Kapaiil OChI *KUBIHIAPIBIH (pparMeHTTepi
KapacTBIPBLIIbI XKoHE OChI (pparMeHTTepIeH IMOpu »Kacayabl. Teopusira KaTThl JIOHECTLIIK »KOHE K3U-
CTEHIMAJIIBI SIJIPOJIBIK, IIapTTap KONbLIIbl. HoTrKeciHie 9K3UCTEHIHAIbI TYMBIK >KoHE aJreOpaJiblK, »Kai
MOJIEJIbJIEP KJIACHI ©3JIEPiHiH KYP €MeC KHUBLIBICYBIH/IA SAPOJIBIK MOJEIbIl Kypasbl. 2Korapblia KepceTii-
PeH IaPTTAP/IbIH, MOy OOUBIHINA KAPACTBHIPHIIT OTHIPFaH (PPArMEHTTIH, apHANbI S POJIBIK, IIIK] >KUbIH/IbI
KYPaiTBbIH MOJiesli 6ap, OHBIH, AHBIKTAJFAH TYWBIKTAMACHI KAPACTBIPBIIT OTBIPFAH TEOPUSHBIH aJIreOpasIblK,
Kaii Moje i 6oJIaThIH KeHOIp 9K3UCTEHIMAJ B TYWBIK MOJIEIbI1 Oep/Ii.

Kiam cosdep: HOHCOHIBIK, TEOPUS, CEMAHTUKAJIBIK, MOJIE/Ib, TUOPH/T, SK3UCTEHITUAJIIBI KAl TeOPHsi, MOIEIIb I
KOMIIAHBOH.

Bectnuk Kaparanmuickoro yuuBepcurera



Small models of hybrids for special subclasses of Jonsson theories

10
11
12

13
14

15
16

A.P. Emkees, H.M. Mycuna

MaJtble MO/1esii TUOPUA0B CHeAaJIbHBIX MOIKJIACCOB
MOHCOHOBCKUX TE€OPUit

B crarbe npejicraBiieH pe3ysbTaT, CBI3aHHBIA C TEOPETUKO-MOJIEbHBIMU CBOMCTBAMH CHEIAAJILHBIX IO/
MHOXKECTB CEMaHTUYIECKOM MOJIEJIN HEKOTOPOH (DPUKCHPOBAHHOM HOHCOHOBCKOI Teopuu. CrenuaabHOCTh ITUX
MHOYKeCTB 00yCJIOBJIEHA MX OIPEIETUMOCTBIO U 3aMbIKaHHEM. PaccMOTpeHbl (hparMeHThI 3TUX MHOYKECTB U
U3 HUX CO3/aH rudbpu pparmenToB. Ha Teoprio HaKIaAbIBAIOTCs YCJAOBUS CUJIBHO BBIITYKJIOCTH U 9K3UCTEH-
IHAaJIbHO SAePHOCTH. B pe3yrpraTe Kiacc SK3UCTEHIIMAIBHO 3aAMKHY THIX U aJIre0pamdecKu IIPOCTHIX MoJIesIeit
B CBOEM HEITYCTOM IIEPECEUEHIH COMEPIKUT SAEPHYIO MOJIeb. 110 MOy IO yKa3aHHBIX BBIIIE YCJIOBUIM THOPH/T
paccMaTpuBaeMbIX (DParMeHTOB UMEET MOJIE/b, KOTOPas COAEPKUT CIIEIHMAIBLHOE siJIEPHOE TIOIMHOXKECTBO,
OIlpeJIeIMMOe 3aMbIKaHe KOTOPOTI'O JIaeT HEKOTOPYIO 9K3UCTEHIIMAJIBHO 3aMKHYTYIO MOJIEJIb, SIBJISIIONLYIOCS
anrebpamdecKoil TPOCTON MOMIE/TBI0 PACCMATPUBAEMON TEOPHUH.

Kmouesvie car06a: HOHCOHOBCKAsT TEOPHUsI, CEMAaHTUIECKAS MOJE/b, THOPU/I, SK3UCTEHIINAIBHO IPOCTast TEO-
pusi, MOJEIbHBIN KOMIIAHBOH.
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Connection of Jonsson theory with some Jonsson polygons theories

The main result of this article is connected with some Jonsson theory of polygons and is devoted to
obtaining a description of the characteristic of such polygons using invariants related to them. With this
limited consideration (the group is a strong particular case of a monoid) were obtained for such a theory of
the property of perfection and Jonsson property. Thus, for some existential complete and perfect Jonsson
theories, there is the same Jonsson theory of polygons, in which two Jonsson theories are syntactically
similar.

Keywords: Jonsson theory, semantic model, perfect theory, polygon, model companion, syntactic and
semantic similarity of Jonsson theories.

In this article we will consider the connection of the Jonsson theory with a certain Jonsson theory of polygons.
In particular, the Jonsson theory will be existentially complete and perfect. These restrictions are connected
with the fact that the Jonsson theories are generally not complete and existential completeness is the minimum
possible requirement for formulas with quantifiers. On another hand, in the imperfect case, we have very few
algebraic examples to achieve any more descriptive results. The most striking example of imperfect Jonsson
theory is the theory of groups, for which it has been proven that it does not have a model companion. All our
previous achievements in the field of the study of Jonsson theories have been associated with the technique of
working on a model companion of the theory under consideration [1-4]. The main idea that prompted us to write
this article was the idea of transferring the syntactic similarity of the complete theories from [5] to the syntactic
similarity of Jonsson theories [6-8]. In [5], it was shown that any complete theory is syntactically similar to
a certain polygon (i.e, the theory of this polygon). In English literature, the term polygon over the S monoid
usually uses the term S — acts [9-12]. In this article, we follow the terminology of Professor T.G. Mustafin,
whom he first defined and formulated model-theoretical concepts and issues related to polygons [13-16].

We give a list of the necessary definitions of concepts and their necessary model-theoretical properties. The
following definition belongs to T.G. Mustafin [5].

Definition 1. Let Ty and Ts be complete theories. We will speak, as T} and T5 are syntactically similar, if
f: F(Th) — F(T») exists bijection such that:

1) restriction f to F),(T}) is isomorphism of Boolean algebras F),(T1) and F,,(T3), n < w;

2) f(Funs19) = vng1 f(0), ¢ € Frpa(T)n < w;

3) flvr = vg) = (v1 = va).

Let T be an arbitrary Jonsson theory, then E(T') = |, .., En(T), where E,(T) is a lattice of 3-formulas
with n free variables, T* is a center of Jonsson theory T, i.e. T* = Th(C), where C' is semantic model of Jonsson
T theory in the sense of [14].

The following definition was introduced by first author of this article.

Definition 2. Let T1 and T5 are arbitrary Jonsson theories. We say, that 77 and T3 are Jonsson’s syntactically
similar, if exists a bijection f : E(T}) — E(T») such that:

1) restriction f to F,(T}) is isomorphism of lattices F,,(T1) and E,(T»), n < w;

2) f(Fvnt10) = Font1f(9), ¢ € Ens1(T), n < w;

3) f(’l}l = ’1)2) = (Ul = 'UQ).

Definition 3. The Jonsson theory of T' is called perfect if every semantic model of T' is a saturated model
of T™*.

Definition 4. By a polygon over a monoid S (or we called as S — acts) we mean a structure with only unary
functions (A; f, : @ € S) such that:

1) fe(a), Va € A, where e is the unit of S;

2) fap(a) = fa(fsla)), Yo, B € S, Va € A.
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Definition 5. A theory of T is called model complete if, for any model of A and B of theory T, such that
A C B = A =< B. Equivalently, every isomorphic embedding is an elementary embedding.

Consider the concepts of model completeness, model companion and model consistency theory T [17].

Definition 6. T and 77 is mutually model consistent, i.e. any model of the theory T is embedded in the
model of the theory T7. And simultaneously the inverse statement is true.

Definition 7. Let T, T* be L-theories. T is a model completion of T if:

(1) T and T* are mutually model consistent;

(2) T* is model complete;

(3) If M, then T U D(IM) is complete.

T* is a model companion of 7" if (1) and (2) hold.

Theorem 1 [5]. For every T there is a polygon theory 711 that if the signature T is finite, then Ty is a hull
of T', and otherwise - almost a hull 7.

Theorem 2 [18]. Let T' be Jonsson theory. Then the following conditions are equivalent:

1) T is perfect;

2) T has a model companion.

In the article [19] polygons over S was considered, where S is a group. The main result of this article is
obtaining the description of characterization of such polygons with the help of concerning invariants. Under
this restricted consideration (a group is strong particular case of a monoid) was obtained the properties of
perfectness and Jonssoness. By an occasion we paid attention from this work with the following lemma:

Lemma [19]. Let T be an o — Jonsson theory and all the completions of T' admit the elimination of
quantifiers. Then

1) T is perfect;

2) T is 0-Jonsson.

And as a consequences of this lemma for us the point 1 from the following theorem is important.

Theorem 8 [19]. 1) Each a -Jonsson theory of polygons is perfect and it is a Jonsson theory for all «,
0<a<w.

It is not surprised because from the article [20] follows that even for regular polygon there are non model
complete regular polygons. It means that there are sufficient many non saturated semantic models of polygons.

Earlier the first author of this work have got the link between both kind of similarities for existentially
complete and perfect two Jonsson theories:

Theorem 4 [21]. Let Ty and T> be 3 — complete perfect Jonsson theories. Then following conditions are
equivalent:

1) T1 and T, are Jonsson’s syntactically similar;

2) Ty and Ty are syntactically similar (in the sense of [5]).

Essentially that the centers of Jonsson theories are complete theories and we can proceed to transfer the
elementary properties of centers onto Jonsson theories. Eventually it is sufficient to check implementation of
similarity for Jonsson theories over lattices of existentially formulas.

The main result of this article is the following theorem.

Theorem 5. Let T be 3 - complete perfect Jonsson theory 3 - complete perfect then there is 77 - 3 - complete
perfect Jonsson theory of polygons, such that:

Theory T will be J syntactically similar to theory 7".

Proof. For proof, we note the following facts:

1) If Jonsson theory T is perfect, its center T* = Th(C) is Jonsson theory, where C' is a semantic model
of T. The proof can be extracted from the fact that Jonsson theory is perfect if and only if its center 7™ is a
model companion of T

2) If two complete theories T} and T, are syntactically similar to each other in the sense of [5], then they
are semantically similar to each other in the sense of [5]. The proof can be extracted from [5].

3) Semantically similar theories in the sense of [5] are invariant regarding to the first order semantic
properties, which include the formula properties of elements and a subset of models of these theories.

Let us recall the definition of semantic property [5].

Definition 8. A property (or a notion) of theories (or models, or elements of models) is called semantic if
and only if it is invariant relative to semantic similarity.

For example from [5] it is known that:
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Proposition 1 [5]. The following properties and notions are semantic:

(1
(
(
(
(
(
(
(

)
3)
4)
5) Strong type;
6)
7)
8)
4)

) type;

2) forking;

A-stability;
Lascar rank;

Morley sequence;
Orthogonality, regularity of types;
I(X,,T) - the spectrum function.
Being a Jonsson theory is a semantic property. The proof follows from [5, 15].

Since for any complete theory from Theorem 1 there follows the existence of some complete theory of
polygons, we can consider in particular some complete Jonsson theory 77 that satisfies the condition of Theorem
4, i.e T} is the center of some 3 - complete perfect Jonsson theory 77. Then T} is syntactically similar in the
sense of [5] to some complete theory of polygons Ty1. By virtue of the above facts 1-4 and Theorems 1, 4, we
can conclude that 77 is a complete and model complete Jonsson theory. Then there is some Jonsson theory T
that satisfies the condition of Theorem 4 and 77y is the center of the theory T};. Then, by virtue of Theorem 4,
we can conclude that T7; is the desired Jonsson theory of polygons satisfying Theorem 5, q.e.d.

All undetermined concepts in this article can be extracted from [21].
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A.P. Emkeesn, I'A. Ypren

Keiibip 1OHCOHABIK Teopus MOJIMTOHJIapPbIMEH
MOHCOHABIK TEOPUAHBIH, 0ailJIaHbIChI

MakaJtaHbIH, Heri3ri HoTukeci Keiibip HOHCOHABIK TEOPUsl MOJUTOHBIMEH HOHCOHJIBIK, TEOPUSHBIH OaiiIaHbI-
CBIH KOHE MHBAPUAHTTAPFa KATBHICTHI ITOJIMTI'OHIAP/IbIH KOMEriMEeH aJIbIHFAH CHIATTaMaChl KapaCTBIPBIIIbI.
ITexrenren KapacTbIpyga (IPyIIa MOHOUITBIH KATTHL IepOec XKarJailbl GOJIbIN TaObIIaAbl) TEOpHs YIIiH
KEMEeJIILTIK YKoHe HOHCOHIBIK, KacueTTepi aablHAbl. COHBIMEH KaTap 9K3UCTEHIIUAJIIbI TOJIBIK KeMeJ HOHCOH-
JIBIK TEOPHUSICHI YIMH Keibip 9K3MCTEHIMAJIIBI TOJIBIK, KEMeJ MOHCOHIBIK, TEOPUSHBIH, TOJTUTNOHBI TAOBLIbIII,
OCBI €Ki TEOPUSHBIH HOHCOH/IBIK, CHHTAKCUCTIK YKCAC OOJIaThIHBIFBI KOPCETIIII.

Kiam cesdep: HOHCOHMIBIK, TEOPUsl, CEMAHTUKAJIBIK MOJIE/Ib, KEMeJI TeOpHUsl, ITOJUTOH, MOJIE/b/Ii KOMITAaHbOH,
MOHCOH/IBIK, TEOPUSIAP/IBIH, CHHTAKCUCTIK YKOHE CEMAHTHKAJIBIK, YKCACTBLIIBIFBL.

A.P. Emkeesn, I'A. Ypken

CBs13b TOHCOHOBCKOI1 T€OPUMN C HEKOTOPOIi
MOHCOHOBCKOI1I Teopueil NOJIMTOHOB

OCHOBHO#I pe3yJIbTaT JAHHOI CTATbU CBI3aH C HEKOTOPOU HOHCOHOBCKOW TEOpHell MOJIMTOHOB U MOCBSIIIEH
TIOJIy9eHUIO ONMCAHUSA XapPaKTEPUCTUKM TAKUX ITOJUTOHOB C IOMOIIBIO OTHOCSINAXCS K HUM MHBAPHUAHTOB.
IIpu 5TOM OrpaHMYEHHOM PACCMOTPEHHMH (IPYIIa SABJIAETCS CUIBHBIM TaCTHBIM CJIy9IaeM MOHOHIA) ObLin
IOJIYYEHBI JJIsi TAaKOW TEOPUU CBOMCTBA COBEPIIEHHOCTH U HOHCOHOBOCTH. TakmM 0Opa3oM, JJisi HEKOTOPBIX
9K3UCTEHIINAJIBLHO IIOJTHBIX U COBEPIIEHHBIX HOHCOHOBCKHX TEOPHIl CyIIeCTByeT TaKas Ke HOHCOHOBCKAas
TEOPHsl MTOJIUTOHOB, B KOTOPOU JIB€ HOHCOHOBCKME TEOPUU CUHTAKTUIECKU IOI00HBI.

Karouesvie crosa: HOHCOHOBCKASI TEOPHSI, CEMAHTUYIECKAsI MOJIEJIb, COBEPIIIEHHAS T€OPHs], IIOJIUIOH, MO/IEJb-
HBIIl KOMIIAHBOH, CHHTAKCUYECKOE U CEMAHTUYIECKOE MOJ00MUsI HOHCOHOBCKUX TEOPHIiA.
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Bending of the rigidly fixed elastic-plastic plate

The number of plate structures include coatings, as well as box systems, working as a complete spatial
system. The plate structures include systems elements of which are both rods and plates, for example,
frame-panel structures with the bearing capacity of frame-panel buildings when considering the theory of
bending. In the theory of elastic-plastic plates, the algorithm of calculation according to this theory, its basic
formulas, the basic relations of the theory of elasticity are considered. This article discusses the bending of
the rigidly fixed elastic-plastic plate. Calculations were made using the method of separation of variables.
This method was implemented in the program MathCAD. Values of the laws of stress and modulus of
materials, bending functions, shear components, deformation components, bending moment values, torsion
and internal forces, stresses are obtained and plots of distribution functions are plotted. The values of the
distribution functions of the rigidly fixed elastic-plastic plate are determined.

Keywords: plate, elastic, plastic, malleability, bending, deformation, stress.

Introduction

Plates of flagstones are called elastic cylindrical or prismatic bodies thickness of which is small comparing
with two others in the size. Plate is widespread in building: panels, ferro-concrete or slab, the bases of the big
buildings, flagstones, etc. Depending on foundation plates differ: round, pillow-like, triangular, quadrangular
and polygonal. At present, plates are used in many technical branches: in building, in aircraft, in ship building,
at assemblage of cars. Plates are the important designs in different branches of technics and in building.
Therefore plate predesign is very important. To make or use any construction predesign is necessary. As the
plate is the main element of many constructions predesign of bending and bearing ability is the important
problem. To determine regularity of change of internal forces of elastic-plastic plates. In the calculation of the
elastic, plastic, elastic-plastic plates with different bearing on the bending deflections and compare distributed
functions [1, 2].

Main part

Consider a rigid-reinforced elastic-plastic plate of rectangular shape in a Cartesian coordinate system
(I1, l2, h — plate dimensions in the direction of the coordinate axes) (Fig. 1) [3-11].
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i PSS Yy rry, x

7

Figure 1. Rigidly fixed plate

Let it be acted gp on by a uniformly distributed load. The calculation is made using the method of separation
of variables. This method will be implemented in the program MathCAD.
Given:

1 1
h=llb=1a=1b=10a6a=2bh=2h=7, Ey=2-10°, v=7 G =1
The boundary values of the parameters when rigidly fixed form will take the following form:
Qo = 0, 50 =0.

We calculate the dimensionless function of the plate bend:
1
flo, y) =X (@)Y (y) =55 (" = 20°+2%) - (y' = 2" + 7).
Bending parameters are defined as follows:
Iy 1

m l2 , 41 7207 2 07 Jl 7207 J2 O)
1
a=— = 360.
rrJ1 42 I Jy+m? - Iy
Cylindrical plate stiffness:
_ Ey-h* 20000
OT 12 (1= 9
The laws of stress and module functions of materials (Fig. 2):
g _sin(3-¢)
p(€) =sin (G -€), viO) =2
where £ - deformation parameter.
| | | 2 | | | |
0.8~ 7 15F .
0.6~ 7]
¢ (&) v 1
_0 — e —
02k _ 0.5 7
0 | | ] | | | | |
0 02 04 06 08 0 02 04 06 08
g o

Figure 2. The laws of stress and module functions of materials
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The value of the stress change laws and material functions of the module are shown in Table 1.

The value of thestress change laws and functions of materials module

13 0] 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
w(&) | 0]0.156 | 0.309 | 0.454 | 0.588 | 0.707 | 0.809 | 0.891 | 0.951 | 0.988
P(€) | 0] 1.564 | 1.545 | 1.513 | 1.469 | 1.414 | 1.348 | 1.273 | 1.189 | 1.097

Table 1

Using dimensionless function of bending plates, as follows: define the great bend feature W (z, y, &) (Fig. 3):

CreateMesh (W,0,1,0,1,10,10)

1

0

0

02

04 06

CreateMesh (W ,0,1,0,1,10,10)

Figure 3. Bending function

08

Using the components of the shear, determine the strain components and their diagrams at z = 0.5, £ = 0.5

(Fig. 4) [12]:

510°

=510 ‘af¢
b

0

2 b4

0

02 04 06 08

1

CreateMesh (U1,0,1,0,1,10,10)

CreateMesh (U2,0,1,0,1,10,10)

0

02

04

06

08

CreateMesh (U1,0,1,0,1,10,10)

1

0

02

04

06

0s

CreateMesh (U2,0,1,0,1,10,10)

Figure 4. Shear components
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Using shear components, we define the deformation components and their diagrams at z = 0.5 (Fig. 5) [13]:

CreateMesh (el ,0,1,0,1,10,10)

0 02 04 06 08

CreateMesh (€3 ,0,1,0,1,10,10) CreateMesh (y12 ,0,1,0,1,10,10)

Figure 5. Deformation components

We calculate the internal forces (Fig. 6):

20000 -sin ( 5¢ )

— 640000 — 640000 - sin (%)
) | E( B 9.¢ ;

EO 3 ) - 3€

; D(§) =

PU (z, y) =1; q(=, y) = qo - PU (z, y) = 1.

-0.05<]

é

Ot
0 02 04 06 08 1

02 04 06 g

CreateMesh (M1,0,1,0,1,10,10) CreateMesh (M2,0,1,0,1,10,10) CreateMesh (M12,0,1,0,1,10, 10)
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0 02 04 06 08 1

CreateMesh (Q1,0,1,0,1,10,10) CreateMesh (Q2,0,1,0,1,10,10)

Figure 6. Moments of bending, torsion and internal forces

We find the components of stress, using the found internal forces [14-16]. At « = 0.5, y = 0.5 and
= —0.5, y=—0.5 and their diagrams are as follows (Fig. 7):

3 T T T T 3 T T T T
2 - 2r -
cl(x,y,2) 62 (X%,y,Zz)
1 - 1 -
0 | | | | 0 | | | |
0 02 04 06 038 0 02 04 06 08
VA Z
1 T T T T 1 T T T T
0.5 - 0.5 -
112(x,y,2) 0 13(x,y,2) 0
- 0.5 1 - 0.5 -
1 | | L L =1 L L L L
0 02 04 06 038 0 02 04 06 038
Z VA
1 T T T T T T T T
0.5 _ 0.4 1
0.3 -
23(x,y,2) 0 03(x,y,2)
0 - e
- 0.5 a 01k et
_ | | | | 0 | | | |
0 02 04 06 038 0 02 04 06 038
VA Z

Figure 7. Stresses
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Diagrams of the distribution functions (Fig. 8):

T T T T T T T
- 0.8 N
- 0.6 N
o(z)
o 0-4_ -
o] 0-2— —
o ! L L L L L ! ! L
-04-02 0 02 04 -04-02 0 02 04
z 7

Figure 8. Distribution functions

The values of the distribution functions of the rigidly fixed elastic-plastic plate are given in Table 2 [17, 18].

Table 2
Values of distribution functions of the rigidly fixed elastic-plastic plate

Wi, y, &) | Ulw, 4,2, & |e(zr,y,2 | M@,y | Moy | Qilz,y | ol yz)

0 0 0 -0.02 0 0 -0.469
1.0068 - 10~° 0 —1.611-107° | =3.922-1073 0 0.09 -0.094
3.1820-107° 0 —5.091-10"° 0.015 0 0.12 0.365
5.4815-107° 0 —8.77-107° 0.033 0 0.105 0.783
7.1595 - 107 0 —1.146- 10 % 0.045 0 0.06 1.07
7.7685 - 10~° 0 —1.243-107% 0.049 0 0 1.172
7.1595-107° 0 —1.146 - 107 % 0.045 0 -0.06 1.07
5.4815-107° 0 —8.77-107° 0.033 0 -0.105 0.783
3.1820-107° 0 —5.091-107° 0.015 0 -0.12 0.365
1.0068 - 107° 0 —1.611-107° | —3.922-1073 0 -0.09 -0.094

0 0 0 -0.02 0 0 -0.469

Conclusions

Thus, this calculation was performed using elastic-plastic theory. The influence of the plate bending function
in the form of polynomials in the elastic-plastic state is taken as a parameter. It is obtained analytically by
applying the bending function of the beam taking into account the deformation. The law of change, which
corresponds to the elastic-plastic material of stress, is used. In General, the calculation of the bending of a
rigidly fixed elastic-plastic plate is shown.

It was found that many problems of the technique can be solved by the method of separating variables.
Using this method simultaneously with the calculation of the plate bending, it is possible to solve the problem
of free oscillations and other problems.
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JI.C. Ocerosa, b.M. Hypmranosa, .A. CamoiiioBa

2KakTapbl KaTThl OEKITiJIreH cepmiMai-uiJIiMal IJIacTUHAHBIH, UiJTyi

IInacTuHANBIK, KOHCTPYKIUSIAD KaTapbhiHa 2KabyIap, COHBIMEH KaTap TYTaC KEHICTIKTIK Kyiie peTiHe XKy-
MBIC icTelTiH Kopam Topizzec Kyiesep karajpl. llmacTuHaIbIK, KOHCTPYKIINAAIAD KATAPbIHA ©3€KTEp 1€,
IUTACTUHAJIAP Ja JIEeMEHTTep OOJIbIN TaObLIATHIH KyHeaep Kipei, MBICAJbI, KapKaCThI-TAHEbIIK FIMa-
paTTapabiH KeTepyri Kabimeri 6ap Gemmik korcTpykimsiiap. Cepmimai-uimiMal mIaCTHHAHBIH, Wiy TEOpU-
sICBIH KaPaCTBIPFAH/IA OChbl T€OPHUsi DOMBIHIINA eCelrTey aJI'OPUTMIi, OHBIH Hei3ri dpopmysiaiapbl, cepHiMIiIiK
TEOPUSTHBIH, HETI3T1 KATBICTAPBI KAPACTHIPLLIALI. Makasaga KakTapbl KATThl GEKITIITEH CepItiMIi-uiTiMIi
IUTACTUHAHBIH Uiyl 3eprresai. Ecenrey altnpiMasbLiapasl 6ty 9miciniy kemerimen xkyprisinren. By omic
MathCAD 6armapaamacs! 60ABIHIIA Ky3€re achIPbLIALI. KepHey MeH MaTepuasl MOLYJIHIH (DyHKINSICHIHBIH
©3Tepy 3aHIaPBbIHBIH MOHJIEP], MANBICY (DYHKIMSICHI, XKBLIXKYJIAp KOMIIOHEHTTEPI, AedopMalius KOMIIOHEHT-
Tepi, niny, 6ypaay MOMEHTTEPI KoHe IIMKi KYIITep, KEPHEYJIEP/IiH MOH/IEP] aJIbIH/IBI YXKOHE YIeCTipiM QyHK-
[USITIAPBIHBIH, SIOPAJIapbl CAJIBIHILI. 2KaKTapbl KATTBI OEKITiAreH cepriMai-uiiM/Il IacTUHAHBIH, TapaJIy
DYHKIUSITAPBIHBIH, MOHAEP] aHBIKTAJIIHI.

Kiam cesdep: miacTuHa, cepmiMIi, HKeM/Ii, HiIIiM/Il, uity, gedopMalms, KepHeY.

JI.C. Acerosa, B.M. Hypnanosa, I.A. CamoiiioBa

N3rub kecTko 3aKperieHHON yHnpyro-mjiacTuYecKoil MjIacTUHbI

K umcny mmacTHHHBIX KOHCTPYKIMIT OTHOCSTCS TTOKPBITHSI, & TaKKe KOpoOdaThle CHCTEMBI, PabOTAoIne
KaK I[eJI0OCTHAs IPOCTPAHCTBEHHAsI CUCTeMa. B cocTaB IJIACTUHHBIX KOHCTPYKIU BXOIAT CHCTEMBI, SJIEMEH-
TaMU KOTODPBIX SIBJISIIOTCSI KaK CTEP:KHU, TaK U TJIACTHHBI, HAIIPUMED, P PACCMOTPEHUN TEOPHUU MU3ruda
9TO KapKaCHO-TIAHE/IbHbIE KOHCTPYKITUU C HECYIIEH CIIOCOOHOCTHIO KAapKAaCHO-TIAHEJIbHBIX 37aHuil. B Teo-
pUH YIPYTO-IUIACTUYECKOTO M3Truba MJIACTHH PACCMOTPEHBI aJrOPUTM pAacydeTa, €ro OCHOBHBbIE (DOPMYJIBI,
OCHOBHBIE COOTHOIIIEHUsI T€OPUU yHPYrocTH. B crarhe paccyuTaH M3rub >KECTKO 3aKPEIJIEHHON yIPYro-
IUTACTUYECKOM MIACTUHBI. PacdeThl TPOM3BOAMINCH C TIOMOIBIO METO/A PA3e/ICeHUs TIePEMEHHBIX, Peasir-
30BaHHOIO C Ucnoiab3oBanueM nporpammbl MathCAD. ABropamu moJrydYeHbl 3HaY€HUsT 32KOHOB U3MEHEHUsT
HaIpPsKEHNH ¥ (DYyHKIINA MOJLYJ/Isl MATEPUAJIOB, (DyHKIIMKA U3rnba, KOMIOHEHTOB CIIBUTA U JepOpMaIii, 3HA-
YeHnsT MOMEHTOB M3rnba, KpyJeHnsl ¥ BHYTPEHHUX CUJI, HanpsizkeHuil. [locTpoens! smopsr byHKIHI pacnpe-
nesienusi. Onpejiesienbl 3HadeHnsi (DYHKIUN PaCIpPeIeIeHrs] KeCTKO 3aKPEIJIEHHOH YIIPYTro-IIacTUYeCKO
NJTACTUHBI.

Kmouesvie caosa: miacTuHa, yIpyTHii, IACTUYIECKH, TOAATINBOCTD, U3rU0, TedOopMaIinsi, HAIPSIXKEHNUE.
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Modified epoxy matrix with improved properties
for protection of transport vehicles

It is substantiated that for improving the performance characteristics of vehicle parts, including their
corrosion and wear resistance, it is advisable to use protective polymeric composite coatings. It is shown
that in order to increase the indexes of physical and mechanical and thermophysical properties in the
epoxy binder, it is necessary to introduce additives: modifiers, plasticizers, dispersed and fiber fillers. The
introduction of modifiers into the epoxy binder is relevant, and effectively use them in the complex. The
influence of modifier and hardener on the adhesion strength and destructive stresses during bending of the
developed epoxy composite has been analyzed. The critical content of the components: the MBMA modifier
is 0.25...0.50 pts.wt., hardener PEPA — 8...10 wt. per 100 pts.wt. of epoxy oligomer ED-20 was found
by the method of mathematical planning of the experiment. The introduction of such ingredients into the
epoxy binder increases the adhesion strength of matrix to o, = 28.9...31.3 MPa and the fracture stresses
during the flexion to o5 = 51.2...54.4 MPa. The obtained results allow to create materials with improved
physical and mechanical properties in the complex.

Keywords: composite, epoxy matrix, method of mathematical planning of the experiment, regression
equation.

Introduction

The authors [1-6] have shown the expediency of using composite coatings on a polymeric basis to improve the
performance of parts of transport. In this case, not only the choice of a polymer matrix, but also its modification
by catalysts, plasticizers and other kinds of additives is of great importance. In this regard, the choice of the
widely distributed epoxy resin ED-20 as a basis for the polymer binder is relevant. Coating on the basis of such
epoxy oligomer is characterized by increased adhesion, physico-mechanical and thermophysical properties. This
leads to an increase in the lifetime of the protective coatings of parts of transport equipment.

In the works [7—12] shown, that in order to improve the properties of coatings in the complex, which operate
under conditions of aggressive media and temperature changes, it is advisable to introduce modifiers at the
critical content. In this case, it is necessary to introduce active modifiers in the polymer, but also the hardener
at the optimal content. This approach allows you to get a material with a homogeneous structure. It ensures
maximum increase in the indexes of characteristics.

In this context, in order to reduce the number of experimental studies, it is proposed to conduct mathematical
planning of the experiment. On the previous stage, the influence of the number of ingredients on the basic
properties of epoxy CM was investigated. The critical content of the 2,4-diaminoazobenzene - 4’-carboxylic acid
(MBMA) modifier, and a polyethylene polyamine hardener (PEPA) in the polymer matrix was established.
However, from a practical standpoint, it is important to form composites with these components at different
content in the epoxy resin. In this context, it is expedient and necessary to use the method of mathematical
planning of the experiment. It allows to reduce the number of conducted studies and optimize the contents of
the ingredients to obtain a matrix with the maximal values of the selected characteristics. Aim of work is to
optimize the content of modifier and hardener for the protective coatings of the transport equipment by the
method of mathematical planning of the experiment.

Results and discussion

The adhesive strength at normal break and fracture stresses during the flexion of epoxy composites at
the different content of modifier and hardener (2,4-diaminoazobenzene - 4’-carboxylic acid and polyethylene
polyamine respectively) was investigated. For standardization, as well as for simplification of calculations, each
component (filler) is encoded by conditional units taking into account variations (Table 1).
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Table 1

Levels of variables on conditional and natural scale

. Values of variables (pts. wt.),
Average level, | Variation step, . s .
Components Factor corresponding to conditional units
q, pts. wt. Agq, pts. wt. T 0 1
Modifier MBMA 1 0.50 0.25 0.25 0.50 0.75
Hardener PEPA To 10 2 8 10 12

According to the experiment planning scheme 9 experiments (N = 9) were conducted, each of which was
repeated three times (p = 3) in order to exclude system errors (Table 2). In order that planning matrix to be
orthogonal [13-15], the corrected values of 2’ level were entered, which were calculated by the formula:

N o

’ 2 Zufl Liu
() - ol 1
x; = (x;) N (1)

The expanded matrix of planning of complete factor experiment (CFE) and its results are shown in Table 3.

Table 2
Scheme of experiment planning
Ne of experiment (u) | xg | 1 | @2 | 23 =23 —d | x4 =23 —d | 7129
1 1 -1 ] -1 0.33 0.33 +1
2 1 | +1] -1 0.33 0.33 -1
3 1 -1 | +1 0.33 0.33 -1
4 1 | +1 1] +1 0.33 0.33 +1
5 1 0 0 -0.67 -0.67 0
6 1 1 +11] 0 0.33 -0.67 0
7 1 -1 0 0.33 -0.67 0
8 1 0 | +1 -0.67 0.33 0
9 1 -1 -0.67 0.33 0
2571 9512u 9 6 6 2 2 4
Table 3
Results of study of adhesive strength at break and fracture stresses
during the flexion of the epoxy matrix
Ne Content of components, | Adhesive strength | Fracture stresses during
of expe;iment q, pts. wt. at break, o,, MPa | the flexion, oy, MPa
T T2 hn Y2
1 0.25 8 28.2 48.4
2 0.75 8 26.6 50.0
3 0.25 12 27.8 51.0
4 0.75 12 26.4 49.3
5 0.50 10 28.9 48.8
6 0.75 10 27.9 50.2
7 0.25 10 31.3 51.2
8 0.50 12 27.2 48.6
9 0.50 8 25.5 54.4
The mathematical model y = f (x1,x2) was formed as a regression equation:
Yy = b() + blxl + b2$2 + bll.’E% + b22$% —+ b12$1$2. (2)
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The regression coefficients were determined by the formula:
N
by = L=t Bl (3)
u—1"iu
Received coefficients of regression equation are given in Table 4.
Table 4

The coefficients of regression equation

bo bl b2 bll b22 b12
28.81 | -1.07 | 0.18 0.83 -2.42 | 0.05

As a result, in the analysis of the adhesive strength at break, the following regression equation was
determined:

y = 28.81 — 1.072; + 0.18x5 + 0.8327 — 2.422% + 0.052;25.

For the statistical processing of experiment results, a test of reproducibility of experiments by the Cochran
test was conducted:

S2
G = —8MaX < (T o5 (4)
N = Y7(0,05; f1;f2)>
> u=154
where: S2, — dispersion of experiment results on combinations of few factor levels for m = 3; m — number of
parallel experiments; S2, . — the highest dispersion in design line;

Dispersions of adequacy were determined by the formula:

2
ur m — 1 )
where: y;,,, — value, received from each parallel experiment; 7; — average value y, received in parallel experiments.
Mean square error was determined by formula:

N=9 21
o’ {y} = W ©)
where o2 {y}, = 22213(% —7)% 9 2
o {Yau} = #,OTS?O = % @)

Dispersion values are shown in Table 5.

Table 5

Values of dispersions of adequacy (S;;) and mean square error (o> {y},)

N The dispersions of adequacy The mean square error
conditional designation | value | conditional designation | value
1 Sz 0.04 o2 {y}h 0.08
2 S2, 0.07 o? {y}, 0.14
3 Sz, 0.09 o2 {y}, 0.18
4 S2, 0.09 o?{y}, 0.18
5 Sz, 0.19 o2 {y}s 0.38
6 52, 0.01 o? {y}g 0.02
7 SZ. 0.09 o2 {y}, 0.18
8 52 0.07 o? {y}q 0.14
9 S2, 0.04 o2 {y}, 0.08
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Moreover:
i, 52 =069
o {y} = 52 =0.077.
Then the calculated value of the Cochran test at the 5 % level of significance:

S2
Gcalc = %; (8)
D i1 S
Geale = 33 = 0.275.
Testing the experiment results by the Cochran test [16] for a fixed probability @ = 0.05 confirmed the
reproducibility of the experiments. Dispersion of experiment results on combinations of few factor levels:
S2 ax = 0.19. Calculated value of Cochran test: Geqe = 0.275.

Table value of Cochran test: Gy, = 0.478.
That is, the condition (7) is fulfilled:

Geaie = 0.275 < Gigp = 0.478.

Subsequently, the coefficients significance of regression equation was determined by analyzing the results
according to the experimental design (Table 6).

Table 6
The experimental results of study of adhesive strength at break of materials
Ne of experiment Adheilve strength a2t break, g, ?1)\/[ Pa Average value, o,, MPa
1 28.0 28.4 28.2 28.2
2 26.5 26.9 26.4 26.6
3 27.8 28.1 27.5 27.8
4 26.4 26.1 26.7 26.4
5 28.7 294 28.6 28.9
6 27.9 27.8 28.0 27.9
7 31.3 31.0 31.6 31.3
8 27.5 27.1 27.0 27.2
9 25.3 25.5 25.7 25.5
Then the dispersions of regression coefficients (Table 7) were determined by the formula:
52
§2 = 0 9
" Z]uv—l x?u ( )

The significance of the regression coefficients was determined by the Student’s test [17, 18]. Here with the
table (t,,) and calculated criterion (fcqi.) of Student’s test (Table 7) were determined.

Depending on freeness: f = N(n — 1) = 9(3 — 1) = 18 the Student’s test value was calculated, which is
tr =2.1.

Calculated values of Student’s test (t.q.) and coefficients significance were determined:
to,t1,t2,t11,t22,t12 > 1.

Moreover:
|bs|
Sh,

i

ty =t (10)
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Table 7

Dispersion of coefficients of regression (S7)
and calculated values of Student’s criterion (tcaic)

N Dispersion of coefficients of regression | Calculated values of Student’s criterion
| conditional designation value conditional designation value
1 SZ 0.009 top 301.09
(1]
2 Sy 0.013 t1p 9.44
3 Sy, 0.013 top 1.62
1 E 0.038 tiip 4.26
5 Si, 0.038 ta2p 12.34
6 B 0.019 tizp 0.4

Calculated values of Student’s criterion tg, t;1, t11, t22 are larger than ¢, so it was considered that by, b1,
b11, boo coefficients of the regression equation are significant. Calculated values to, t12 are lower than tp, so it
was considered that bo, bio coefficients of the regression equation are insignificant. As a result of rejection of
insignificant coefficients, the following regression equation was received:

y = 28.81 — 1.07 1 + 0.83 2% — 2.42 3.
The adequacy of the model was checked by Fisher test [11]:

52
Fc = % S F(0051 fad; f?/)’ (11)
Yy

where S?

u max

= 0.19 — calculated value of dispersion of adequacy (Table 5);

N
52 _ Zi:l Sﬁz .
Y N ?

Ss = 0.077 — mean square error;

So: F, = 2.49.

F(0.05;f,4:4.) — table value of Fisher test in 5 % significance level (fi = N —(k+1) =9 —(4+1) = 4,
fo=N(n-1)=9(3—-1) =18). So: F; =2.93 [19].

Calculated value of Fisher test is less than table one, so the requirement (10) is fulfilled. It is possible to
assume that equation adequately characterizes the composition.

Interpretation process of received mathematical model, as a rule, is not just determination of factors
influence. A simple comparison of absolute value of linear coefficients does not determine the relative degree
factors influence, since there are also quadratic squared terms and paired interactions. In a detailed analysis of
the received adequate model, it is necessary to take into account the fact that for a quadratic model the degree
of factor influence on the change of output value is not constant.

Dependencies that connect normalized and natural values of the variables are as follows:

qi — 4io0
P = 1
T Au (13)

where: ¢; — value of i experiment factor, g;o — value of zero level, Ag; — variation interval.
Substituting these values in accordance with the formula (13) into the regression equation and transforming
it, we receive the following regression equation with the natural values of the variables:

04 = —26.23 +13.28 ¢7 — 0.605 ¢5 — 17.56 q; + 12.1 ¢o.

Given equation in natural values allows only predicting the output value for any point in the middle of
range of factor variations. However, with its help it is possible to construct graphs of dependence of output
value (adhesive strength at break) from any factor (or two factors). Geometric interpretation of the response
surface is shown on Fig. 1-3.
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Figure 1. Standardized Pareto chart (a) and main effects (b)
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Figure 3. Contours of estimated response surface

On the basis of experimental studies, it has been found that both factors are significant. It should be
noted that the effect of the content of the MBMA modifier on the indexes of adhesion strength at break
is higher compared to the PEPA hardener (according to the Pareto chart). It was determined that optimal
indexes of adhesion strength at break have a developed epoxy composite with a modifier and a hardener at the
following contents: the MBMA modifier is 0.25...0.50 parts by mass, PEPA hardener — 10 parts by mass,
(0o = 28.9 ...31.3 MPa) by analyzing the calculated response surface. Similarly, to the above calculations
scheme, the composition formula was optimized according to the fracture stresses during the flexion indexes.
The encoding of natural components values and the experimental design scheme are chosen according to Table 1
and Table 2.

In the process of study results analysis of composites fracture stresses during the flexion, the following values
of the regression coefficients were received (Table 8).
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Table 8
The coefficients of regression equation of fracture stresses during the flexion
bo b1 by b11 ba2 b12
50.46 -0.18 -0.65 -0.58 0.22 -0.83

As a result, the following regression equation was found:
y = 50.46 — 0.18 1 — 0.65 x5 — 0.58 z% — 0.22 23 + 0.83 x125.

For statistical processing of experiment results, a test of experiments reproducibility was conducted according
to the Cochran test [20].
Dispersions values that were calculated by formula (5-7) are shown in Table 9.

Table 9

Values of dispersions of adequacy (SZ;) and mean square error (o {y},)

\e The dispersions of adequacy The mean square errors
conditional designation | value | conditional designation | value
1 SZ 0.13 o’ {y}, 0.26
2 Sz, 0.21 a2 {y}, 0.42
3 S2, 0.13 o? {y}, 0.26
4 Sz, 0.07 o?{y}, 0.14
5 S2. 0.13 o? {y}; 0.26
6 S2. 0.13 o2 {y}s 0.26
7 S2, 0.16 o’ {y}, 0.32
8 SZ 0.07 o2 {y}e 0.14
9 S2, 0.07 a? {y}, 0.14

Moreover:
N
> osr =11
i=1

o? {y} = S§ = 0.122.
Calculated value of the Cochran test at the 5 % significance level was determined by formula (8):

0.21
G, = 11 = 0.191.

Testing the experiment results by the Cochran test [20] for a fixed probability o = 0.05 confirmed the
experiments reproducibility. Dispersion characterizing dispersal of the experiments results in combination of
few factor levels: S2 , = 0.21. Calculated value of Cochran test: Goqi. = 0.191.

Table value of Cochran test: Gy, = 0.478.

So, the requirement is fulfilled:

Geale = 0.191 < Gigp = 0.478.

At the next stage, the coefficients significance of regression equation is determined, analyzing the results
according to the experimental design (Table 10).
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Table 10

The experimental results of study of fracture stresses during the flexion of CM

Ne Fractlllre stresses dL;ring the flexion, gﬂ, MPa Average value, o1, MPa
1 48.0 48.5 48.7 48.4
2 49.6 50.5 49.9 50.0
3 50.7 50.9 514 51.0
4 49.5 49.4 49.0 49.3
5 48.9 48.4 49.1 48.8
6 50.5 50.3 49.8 50.2
7 51.6 50.8 51.2 51.2
8 48.8 48.7 48.3 48.6
9 54.5 54.1 54.6 54.4

Subsequently, dispersion of regression coeflicients is determined by formulas (9-10). The significance of
regression coefficients is determined according to Student’s criterion, which table value is tp = 2.1. Calculated
values of Student’s criterion are shown in Table 11.

Table 11

Dispersion of coefficients of regression (S7)
and calculated values of Student’s criterion (¢,)

N Dispersion of coefficients of regression | Calculated values of Student’s criterion
conditional designation value conditional designation value

1 Sfo 0.014 top 430.81

2 Sy 0.020 tip 1.28

3 sz 0.020 top 4.55

4 Sy, 0.061 tiip 2.36

5 sz 0.061 toop 0.88

6 B 0.031 tizp 4.7

Calculated values of Student’s criterion tg, to, t11, t12, are larger than ¢, so it was considered that by, ba, b11, b12
coefficients of the regression equation are significant. Calculated values tq,t22 are lower than tp, so it was
considered that by, bso coefficients of the regression equation are insignificant. As a result of rejection of
insignificant coefficients, the following regression equation was received:

y = 50.46 — 0.65 25 — 0.58 22 + 0.83 z; .

The adequacy of the model was checked by Fisher’s test.

Calculated value of adequacy dispersion: S2 = 0.21 (Table 9).

The mean square error: Sj =0.122.

So: F' =1.718.

F(0,05;fw:f.) — table value of Fisher’s test in 5 % significance level (F;) = 2.93).

Calculated value of Fisher’s test is smaller than table on, so requirement (11) is fulfilled. Consequently, the
equation adequately shows the composition formula.

After transformations in accordance with formula (13), the following regression equation with the natural
values of variables was received:

o =59.69 —9.28 ¢ + 1.66 q1 g2 — 7.32 q1 — 1.155 ¢o.

Geometric interpretation of response surface is shown on Fig. 4-6.
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Figure 6. Contours of estimated response surface

The obtained results indicate that both factors of the regression equation are significant. It should be noted
that the greatest influence on the output parameters of the composite have a pair interaction and linear and
quadratic dependencies of the first factor. In the course of the analysis it was found that the indexes of fracture
stresses during the flexion have the maximal values at the next content of components: the MBMA modifier is
0.25...0.50 pts. wt., PEPA hardener — 8...10 pts.wt. (o = 51.2...54.4 MPa). With further increase in the
content of additives, a deterioration of the parameters of fracture stresses during the flexion was observed. In our
opinion, this is a consequence of the oversaturation of the ingredients in the polymer matrix, which adversely
affects the physical and mechanical properties of the material.

Conclusions

The critical content of the components: the MBMA modifier is 0.25...0.50 pts.wt., hardener PEPA —
8...10 wt. per 100 pts.wt. of epoxy oligomer ED-20 was found by the method of mathematical planning of
the experiment. The introduction of such ingredients into the epoxy binder increases the adhesion strength of
matrix to o, = 28.9...31.3 MPa and the fracture stresses during the flexion to o5 = 51.2...54.4 MPa. It is
analyzed that with increasing the content of the modifier it is possible to increase the parameters of fracture
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stresses during the flexion. These studies will be presented in the next works. The obtained results allow to
create materials with improved physical and mechanical properties in the complex. The obtained materials
should be used in the form of protective coatings to improve the performance and repair of parts of transport
equipment.
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H.B. Bpamno, O.M. Besbax, B.H. I'yces, C.B. fdkymenko

Keusik KypaJjgapblH KOpPFay VIIiH »KaKCapThLJIFaH KacuerTepi 6ap
Mo pUKAIUAIAHFAH MOKCUATI MaTPUIA

Keunik xypammapsl GerekTepiHis maitiajgany CUIaTTaMAaJIapbIH, OHBIH iITIHIIE 0JIapIbIH KOPPO3UsFa KAapChI
KACHeTTepi MeH TO3yFa TO3IMILTIriH apTTHIPY VIIiH KOPFAHBIIITHIK TOJUMEPJIIK KOMIIO3UTTIK YKaOBIHIAD-
bl TafiaIany OpBIHIBI eKeHiri HeriznmenreH. DU3uKaIbIK-MEXAHUKAJIBIK YKOHE KBLIY-(MOU3UKAJIBIK, KaCH-
eTTepiHiH KOPCETKIMITEPIH apTTHIPy YIIiH SMOKCHATI GallyIaHBICTHIPYINBI KOCHAJAPAbl €HII3y KayKeT: MO-
nuduraTopaap, mIacTuUKATOPIAp, AUCIEPCHUSIBIK, KOHE TAJIIBIKTBI TOJITBIPFBIITAp. Momudurarop-
JIapAbl SMOKCUATI OailJIaHBICTBIPFBINI €Till €Hri3y ©3eKTi OoJiblln TabbLIaJbl KOHE Jie OJIap/bl KeIlleH-
e maiiganany tuiMai. MomudukaTop MeH KATANTKBINITHIH AJre3usijIbIK, OepIKTiKKe »KOHE 93ipJIeHTeH
SMOKCUATI KOMIIO3UTTI MaNBICTBIPY Ke3iHje KepHeydl Oy3aThbliH 9cepi TaJJaHIbl. DKCHEPUMEHTTI MaTe-
MaTHKAJIBIK, YKOCIAPJIay 9/iCiMEH KOMIIOHEHTTEP/IIH, ChIHU KypaMbl aHBIKTas bl Mojudukarop MBMA —
0,25...0,50 macc. car, IIEITA karaiitkpim — 8...10 macc. ¢ 100 mac. car smokcuari omuromep /1-20.
MyHait mHrpegueHTTepAl SMOKCHUATI OGalIaHBICTBHIPFBINI €HTI3y MATPHUIAHBIH, AATre3UsyIbIK OepIiKTIriHig
Kepcerkimrepin o, = 28.9...31,3 Mlla neitin aprThipyra MyMKIiHJIK Oepesi >KoHe OYry KesiHje Kupa-
TyIIbl KepHeyaep oy = 51,2...54,4 MIla neitin. AsblHFaH HOTHKesIep KellleHJle (DU3UMKA-MEXaHUKAJIBIK,
KACHETTEDIHIH KaKCaPTHUIFAH KOPCETKIITEPl 6ap MaTepuaJaapabl 2Kacayra MYMKIHIIK O6ep/Ii.

Kiam ce3dep: KOMIIO3UT, STOKCUITI MATPHUIIA, SKCIIEPUMEHTTI MaTEMATUKAJIBIK, KOCIIAPJIAY dIiCi, perpeccus
TeHeYI.

H.B. Bpauso, O.M. Bezbax, B.H. I'yces, C.B. dAxyenko

MoandnnmpoBaHHasi SMOKCUAHAS MAaTPUIA C yJIydNIeHHbIMHA
CBOMCTBAMM /Jisi 3alllUThl TPAHCIIOPTHBIX CPEJICTB

O6ocHOBaHO, 9TO JIJIsI TIOBBIMIEHUS YKCILIYATAIMOHHBIX XAPAKTEPUCTUK JeTaJiell TPAHCIIOPTHBIX CPEJCTB,
B TOM YHCJIE UX aHTUKOPPO3UUHBIX CBOMCTB M U3HOCOCTONKOCTH, IEJeCO00Pa3HO MCIOIb30BATh 3aIUTHBIE
MOJIMMEPHBIE KOMITO3UTHBIE TIOKPBITUs. [[0Ka3aHO, UTO /s MOBBIIIIEHHUST TOKA3aTe el (DUBNKO-MEXaHUIECKUX
7 Tena0(U3NIECKUX CBOMCTB B IMOKCHUIHOE CBSI3YIONIEe HEOOXOIMMO BBOAWUTDH JIODABKH: MOIU(MDUKATOPHI,
ITACTU(DUKATOPDI, JTUCIIEPCHBIE U BOJOKHUCTHIE HAIIOJHUTEN. AKTYAJIbHBIM sIBJISETCS BBEIEHNE MOIUMU-
KaTOPOB B SIIOKCUJIHOE CBsI3yIOIee, mpudeM 3h(OEKTUBHO WCIOJIb30BaTh UX B KoMILIekce. IIpoanamnsupo-
BAHO BJIMSIHME MOIU(MHUKATOPA M OTBEPIAUTENS HA AT€3MOHHYIO MIPOYHOCTDH U PA3PYIIAIONTNE HAIPSI KEHUST
pu u3rude pa3paboTaHHOI'O SIMOKCUIHONO KOMIIO3uTa. MeTo1oM MaTeMaTu4ecKoro IJIaHUPOBAHUST SKCIIEPH-
MEHTa YCTAHOBJIEHO KPUTHUYIECKOE COJIepKaHre KOMITOHEHTOB: Moaudukarop MBMA — 0,25 ... 0,50 macc.4,
oreepauTenb ITEITA — 8...10 macc.c Ha 100 macc.1 snmokcugaoro omuroMmepa /1-20. Beemenne B smokcn-
HOE CBA3YIOIIEe TAKUX MHI'PEIMEHTOB MO3BOJISIET MTOBLICUTH ITOKA3ATE/H aJIN€3MOHHON TPOYHOCTH MaTPHUIIBI
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1o 0, = 28.9...31,3 Mlla n paspymaromux Haupsi>keHuil npu crubanuu no op = 51,2...54,4 Mlla.
Ilonyuennble pe3yabTaThl MO3BOJSIOT CO3[ATH MaTEPUAJbI C YIYUIIEHHBIMH B KOMILJIEKCE TOKA3ATEISIMU
(U3NKO-MEXaHUIECKUX CBOMCTB.

Kmovesvie cr06a: KOMIIO3UT, SIIOKCUIHAS MATPHULA, METOJ MAaTEMaTHIECKOT'O IIJIAHNPOBAHUS SKCIIEPIMEHTA,
ypaBHEHUE PErPECCUH.
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Initial values of pores’ pressure and stress
in the problems for soil consolidation

According to the basic model of V. Florin a method was developed for determining the initial excess
pore pressure po at all points of the soil mass. Here the sum of the main stresses in the skeleton of the
soil was found. Moreover, the additional pressure due to the application of external load, with an instant
consolidation of the soil goes to zero. As a design scheme, a two-phase soil cylinder compaction with the
radius 7, the height A with a permeable bottom and walls is assumed. A uniformly distributed load with
intensity ¢ is applied on some upper part a < R of the cylinder area. In connection with the symmetry of
the problem under investigation with respect to z axis, it is investigated in the cylindrical coordinates. On
the basis of this result, the solution of the problem for the concentrated force is determined.

Keywords: pore pressure, stress, consolidation, soil, compaction, porosity.

Now the country has ambitious tasks for the development of science and capital construction. The solution
of these tasks requires the most rational use of material and financial resources allocated for this construction.
In this regard, the problem of designing and building high-rise buildings and large hydraulic structures on water-
saturated clay soils poses a number of tasks for its complete solution. Studies of the causes of the deformation
of many buildings and structures built in various regions of Kazakhstan, in particular, the South Kazakhstan
region and beyond, have shown that water saturated soils, formed by the increase in groundwater, often lie at
the base of the structures. At the same time, the deformation of the soil, determined by the influence of external
pressure on it, reached unacceptable values.

The correct approach to solving these issues in all cases can facilitate the construction, speed up the time
frame for its implementation and reduce the cost of the structure itself. However, any errors in this regard can
be fraught with consequences. Here the main thing is to set the task correctly, especially in cases of erection
of large and important structures erected on water-saturated clay soils, taking into account all the necessary
conditions in which they find themselves. To achieve the greatest effect in solving these problems in all cases,
you should strive to assess and predict the rate of sediment of the foundations of structures.

The process of compressing the soil layer usually occurs gradually over time. Therefore, there is a final
sediment and a sediment changing over time. In clay soil, the compression process under static load occurs
mainly due to the displacement of clay particles with partial destruction of the natural structure of the soil and
its connections. The low permeability of the clay soil mainly determines the rate of its compression. At the same
time, the slow destruction of its bonds under load determines the slow change in precipitation over time. At the
same time, the duration of the precipitation of a layer of clay soil depends on the thickness of the compacted
massif and reaches its final value after a long period of time.

For the calculation of the consolidation of heterogeneous soil bases in the device vertical drains need to
know: structural properties of clay soils; basic assumptions for studying soil compaction; arrangements of the
vertical drains in the soil foundations; properties of the heterogeneity of weak soils; equations of the state of
the skeleton of the soil; the basic resolving equations of mechanics of compacted inhomogeneous soils; boundary
conditions of problems; typical settlement schemes. Wherein:

— the excess pore pressure equals zero at t > 0 on the surface of a vertical drain with a radius ro, i.e.

po(r0,0,t) = 0; (1)
— the movement of water does not occur in the zones of influence of a vertical drain with a radius R, i.e.

%:O at r = R; (2)
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— the excess pore pressure is zero on the horizontal surface of the soil mass, i.e.

p(r,0,t) = 0; 3)
— the lower horizontal boundary of the soil mass is impenetrable. Consequently,
% =0 at z=nh. (4)

Expressions (1)—(4) are used as boundary conditions for solving problems of the theory of consolidation of
earth masses. To determine the initial excess pore pressure pg at all points of the soil mass, we use the basic model
of V.A. Florin. At the same time, bearing in mind the unchangeability of the porosity coefficient at the initial
moment of application of an external load, we find that the sum of the main stresses in the soil skeleton #(®) = 0.
In addition, the additional pressure p* due to the application of external load, with the instant consolidation of
the soil goes to zero. Considering all this in accordance with the expression §(°) = §* = n(pp — p*), we get

9*
= —, 5
po=— (5)
where n takes one of the values 1, 2, 3 depending on the dimensionality of the studied problems.

The initial stresses in the soil mass skeleton according to the basic design model are found using the following

formula:

Ug’)) = o;; — dijpo, (6)

where i, j — take values 1,2 for the flat task; i, j - values 1,2,3 for the spatial problem; index (0) means that
the values of these quantities correspond to the moment of instantaneous application of the load; §;; is the
Kronecker symbol.
Moreover, expressions (6) for a two-dimensional problem with regard to dependence (5) can be represented
as follows:
ol = —of) = (01, —03)/2 01y =0l (7)

For a three-dimensional problem, it has the form
o\ = a5 — 8,07 /3. (8)

Here, the additional shear stresses arising at the initial moment of instantaneous load application are equal to
their final values. The corresponding normal stresses are much smaller than the final values, and at each point
of the ground environment, according to expressions (7), are equal in magnitude and inverse in sign.

It should be noted that in the case of a flat problem and a flat boundary surface, the determination of the
above initial stresses in the soil skeleton after finding the values of py is not difficult. Indeed, if the values *
are known, then the calculation of the stresses o, 05, and o}, are easily done using the expressions:

011:<9 +yay>/2; 022:(9 —yay)/2§ 012:—2987/2- (9)
Considering expressions (7) and (9) we find:

0 0 00* 0 00*
‘751) = §2) =Y oy ; ng) =Y o5 (10)

Expressions (5)—(10) applied to the axially symmetric problem are of the form:

=TT ot =0t 0y = oy = ol (11)
0 *

O—z(j) = 03 — 0ijPo; (12)

o) = 0 = (57, — 010)/2 ¥ = 0., (13)

As can be seen from (11)—(13), the determinations of the initial and final stresses depend on the distribution
of the instantaneous pressures in the soil. If the continuous function py(r, z,t) for the axially symmetric problem
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was previously found in some way, then the initial stresses in the soil skeleton in relation to a limited compaction
region can be expressed as

0 0
o0 = o = WA O] (19

where po(r, z,t) is the initial distribution of pore pressure; r is a radius of the soil cylinder; (TZ(;»))

pressures at the studied point.

Thus, in order to calculate the values of pore pressure for any moment of time and coordinates, it is necessary
to know the values of these quantities for the initial po(r, z,0) = p;n; point of time t = 0.

We proceed to the determination of the pressure in the pore fluid for the initial moment of time. To do
this, we consider the compaction of a two-phase soil cylinder of radius r, height h with a permeable bottom and
walls. Let at the same time on some upper part of the area a < R a uniformly distributed load with intensity ¢
is applied.

In view of the symmetry of the problem under study with respect to the z axis, it is convenient to study it
in cylindrical coordinates.

Therefore, in order to determine p;,;, one should solve the equation

0 Opo 1 0 1 0 dpo 0 Opo
;;2 _— - PR — —_— e — —_ - P - p—
Po= 5, (kr or ) r Or (krpo) 2 dp (k &p) Oz (kz 0z ) 0- (15)

If the pressure in the pore fluid does not depend on the angle, then instead of equation (15) we have

?po 10po 8%po
k + - k,
< or? r Or ) 0z2

is the initial

—0. (16)

Here po = pini; kr, k. are the constant filtration coefficients in horizontal and vertical directions.
The solution of equation (16) when k, = k. applied to the problem under consideration should satisfy the
following boundary conditions:
Ipo

o =0 at r=R;
Opo

— =0 1
o 0 at z=0; (17)

Po=¢q—pstr at z=h,r <a;
po=0 at z=h,r >a.

Here pg, is the structural strength of compression.
This solution can be represented as follows:

2 223

po(r,2,0) = (¢ — pstr) (;2 + ;) Z WJ (,Uk;) (18)

where py is the countless positive roots of the transcendental equation of the form Ji(u) = 0;  Jo(p), Ji(p)
are the Bessel functions of the first kind, respectively, of the zero and first orders.
From the expression (18) when z = h we get

qa 2aq J1(uxs r
po(r,h,0) = Z T 5; o (1) - (19)

The sum of the series (19) at » < a is equal to ¢, and at r > a equals zero. Consequently, the obtained
solution (18) fully satisfies all the boundary conditions (17).

The solution of the problem for a concentrated force is obtained from the equation (16) under the following
boundary conditions:

5170
o =0 at r = R;
%:O at z=0; (20)
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po=o0 at z=h, r=0;
po=0 at z=h, r#0.
This solution under the boundary conditions (20) has the form

Jo(pg+ R )chkk B2
po(?”, %5 0) 7TR2 RQ Z J2 ,Uk hukh (21)
The expression (21) can be obtained directly from the solution for a uniformly distributed load (18), assuming
Q = ma%q = const always at value of a that tends to zero.

Consider the more general case, i.e. the distributed external load varies in the time and for the boundary

conditions of the form:
o(00) apo
(9l‘k

Here 809 =0, 4(°9) =0, at 2 =r = Ror z = 0 and a® = 0,74 = g9 at x = r < a,2 — h or
r>a,z — hat al°) =~ = 0. Note that the a(°®), 5(°¢) 4(°) are the boundary condition parameters.
The solution of equation (16) with the boundary conditions (22) can be represented as follows

J() ,uk Ch#k @ r
DPo 7‘, Z R2 Z J2 ,LLkRCh,Hkh / (’I", h‘)‘]o (,ukﬁ) dr. (23)

After finding the change in the instantaneous pressures in the soil, according to formulas (11)—(13), the
initial and final stresses in the soil skeleton can already be determined. At the same time we have

+ BUpo(xr) =4, k=1,2,3. (22)

o'} - " .
o) g0 — 22 ,UkJO(,UkR)Cth/ oY
Opy’ = 02z . y
2R = J2(p)chbsn ), q(r,h) o(ukR>
2 - I’Lk‘]l(/fzkl)chy’iz /a
S Ik h)J d
Orz z .
72 Ruehsh fy WM (mr:)

0 0 5’100
=11 — ol =(1—-2=— o =0 =
O-r7 ( +Zaz> p07 O.ZZ ( Zaz> p07 O.TZ UZT ax

Consider a few special cases related to the loading of the upper surface of a compacted soil cylinder.
Case 1. On a part of the outer area with the radius a < R, a uniformly distributed load with intensity ¢ is
applied. For this case, the expression (23) is reduced to the form:

q pét7 JO Mk Ch“k r
polr,2) = Z T ukR el () 29

Expression (24) makes it possible to determine the distribution of pore pressure in a compacted two-phase
soil cylinder for an initial point in time. Moreover, for a three-phase soil environment, it looks as follows:

pb(r.2) = o, 2)
Wo
Here w, is the number that takes into account the three-phase soil. Using relations (9)(14) we find the initial
and final stresses in the soil skeleton.

Calculation of vertical drains. Existing baseline calculations with vertical drains are also based on the theory
of filtration consolidation. The calculations are to determine the degree of compaction of the soil of the base
under the influence of an external load at any time.

The use of vertical sand drains usually allows to reduce the time for consolidation of soil foundations
composed of weak water-saturated clay soils in the construction of transport, industrial and hydraulic structures.

For the calculation of the vertical sand drains, the soil compaction is considered around a single drain. To
do this, in a soil array with planes that limit the scope of one drain from another, cut a prismatic block of
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water-saturated clay soils that the drains were located along the vertical axis of the block. Then, in order to
calculate the stress-strain state, the prismatic block is replaced by a soil cylinder of the same volume with a
drain along the vertical axis of the cylinder.

In this case, the calculation of vertical drains also reduces to solving the axially symmetric spatial problem
of the theory of the multiphase soils consolidation. In particular, determining the pressures in the pore fluid for
the initial moment of time consists in solving equation (16) under appropriate boundary conditions. Moreover,
in calculating the problems of filtration consolidation for the case of application of vertical drains, the boundary
conditions are taken on the basis of the existing classical calculations of filtration consolidation [1-4].

Therefore, the boundary conditions for solving the problem in the case of application of vertical drains for
the initial moment of time has the form (22). And a(°? = 4(°) = 0 at r = rg, i.e. the excess pore pressure
or pressure function on the surface of a vertical drain of a radius g is equal to 0; a(°®) = 4(°9) =1 at t = 7y,
i.e. at the time of application of the load, the pore pressure on the surface of the soil layer is equal %9* + p*;
Bo) =0, a9 = ~(0) = at r = R, i.e. through the surface of the cylinder of the zone of influence of the
vertical drain with a radius R as a result of symmetry, the flow of water does not occur; 8(°9) = 0,4(°?) =0, at
z =0, i.e. the lower horizontal boundary of the soil mass is impenetrable, and due to the symmetry of the flow
there is no movement of water through the surface.

The solution of the equation (16) under these boundary conditions can be represented as

27 (1 B\ L [V
=T i () I V( ; ) hysi— (25)
polr, 2) = — po 0| Mi—7= | Clpi—7—,
2 L (i ) TR ) — 2\ VR ) R

Vo(uit) = Jo(piro) Yo (™) — Yo(piro) Jo (7).

Using the expression (25), we find the pressure in the pore fluid of the vertical drain for the initial moment of
time.

The solution of the problem for a uniformly distributed force is determined from relation (25). In this case,
n (25), the value ¢(r, h,t) is replaced by ¢ and we perform the integrations. It should be noted that the problems
of soil consolidation were studied in [5-15] with regard to physical nonlinearity and heterogeneity of the earth
masses, respectively.
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A. JTacubekosn, A. A6xanbapos, H.K. Amupbaes, M.T. [Ilomanbaesa

KbICBIMHBIH, KeyeK KYBICHIHJAFbl 0aCTaIIKbl HIAPTHI YKOHE
KepHEeY/IiH, TOIIbIpaK KOHCOJINAAIMSIChIHIAFbI ecedi

TonbipakThiy KbLKY Kacueri B.A.Djiopun 6epreH TypiHje Ka3bLIFaH CEPIIM/IL KbIIZKBIMAJIbl TEOPHUSICHI-
Ha, GOMCBHIHIBIPHIN, KeyeK KYyBICBIHIAFBI GACTAKBI KBICBIMJIBI Po AHBIKTAY 9/icTepi KeaTipiiren. Makamaga
6uikTiri h paamycsl r GOJATBHIH, €IeHI MEH YKaHIAPbI Cy OTKi3eTiH ekidazasabl TONbIpaKTaH TYPATHIH IIH-
JIMH/JIP THIFBI3/IaJ1y bIHBIH aJIFAIIKBI YaKbITTAFbl KepHeyi 3eprresiren. [lumunap korapbl 6erine ayianbl a < R
GeTiHe KAPKBIHIBLIBIFBI ¢ OOJIFaH TEH KaNBIIFaH KYIII KOWBLIFAH. 3ePTTEIN OTHIPFAH €CENTIiH 2 OCiHe CHM-
MeTPHsIIbI 6Oy bIHA GARIAHBICTHI MUIUHAP/IIK KOOPAMHATAIAPIA KApacThIpbliran. OCbIHIal KOWBLILIMbIH-
Jla TOTILIPAKTBIH KeyeriHjeri cyra TyceTiH 6achbIM KYIIIMEH KaTap, OHbIH KaHKACBIHJIAFbI OacTalKbl Ke3/1eri
KEpHEY/Ii AaHBIKTAUTHIH €CenTey OpHEeKTepl TaObIIFaH.

Kiam ce3dep: KeyeK KybBICBIHIAFBI KBICHIM, KEPHEY, KOHCOJIUIAIINS, TOIBIPAK, THIFBI3IBIK, KEYEKTUTIK, I1-
JIMHJIPJIIK KOODJMHATTAP, IIEKAPAJIBbIK, IIapTTap.

A. JTacubekon, A. A6xanbapos, H.K. Amupbaes, M.T. [Ilomanbaesa

HauvanbHbIe 3HaUYEeHUA IIOPOBOI'O JaBJICHUA N HaHpH}KeHI/Iﬁ
B 3aJla9aX KOHCOJINAAIIVA I'PYHTOB

Coruytacao ocuoBHoit Mojen B.A. @jopuna, pazpaboraHa MeTOJMKA OIPEJIEJIEHNs] HA9aIbHOIO U30bITOY-
HOI'O TIOPOBOT'O JABJIEHUS Po BO BCEX TOYKAX IPYHTOBOroO MaccuBa. IIlpm sTom HaiijleHa cymMMa IJIaBHBIX
HaIps?KeHNT B ckejeTe rpyHTa. KpoMe 9TOr0, HOMOTHUTENBHOE AaBJIeHNE, 00YCIOBICHHOE MPUIOKEHUEM
BHEIIIHe}l HArpy3KH, IIPM MI'HOBEHHOW KOHCOJIMJAIMK I'PyHTa oOpalnaeTcss B HyJb. B KadecTBe pacueTHOM
CXEMBI TIPUHSITO YIJOTHEHNE JBYX(A3ZHOTO IPYHTOBOTO IIJIMHIPA PAINyCOM 7', BBICOTOM h ¢ BOJOIIPOHUIIAE-
MBIM JHOM U cTeHKamu. Ha HeKoTOpoil BepxHeil YacTu Iomaan muanaapa a < R npuiokena paBHOMEPHO-
pacupeziesieHHas Harpy3kKa ¢ HHTEHCUBHOCTBIO ¢. B ¢BsA3u ¢ cuMMeTpurell faHHO 3a/1a4U OTHOCUTEJIHHO OCH
Z OHA WCCJIEJIOBAHA B IMJIMHJIPUYIECKUX KOOpJAWHATaX. Ha OCHOBe 3TOro pe3ysibrara ONpEeeHO pelleHue
3aJla9u JJIsl COCPEJOTOYEHHON CUJIBI.

Karuesvie caosa: IIOPOBOE JJaBJIEHHE, HalIPpAXKEHNE, KOHCOJInJallud, 'PYHT, YIIJIOTHEHUE, IIOPUCTOCTD.
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Conveyance of a particle by a vertical screw,
which is limited by a coaxial fixed cylinder

Differential equations of relative particle motion along the periphery of a vertical screw have been deduced
which rotates about its axis and is limited by a coaxial fixed cylinder. The equations have been solved by
applying numerical methods and the trajectories of relative particle helical motion, that is to say, movement
along the edge of a screw, which is common for a screw surface and for a limiting cylinder, have been built.
The force of particle friction on the screw surface and on the surface of a cylindrical cover has been taken
into consideration. The cases, when a helix angle, that is to say, the angle of screw edge inclination, is less
than the angle of particle friction on the surface of a screw, when it is equal to a friction angle and when it
is higher than a friction angle, have been considered. In addition, a specific case, when a screw is fixed and
a particle moves downwards by gravity, which takes place in spiral chutes, has been analyzed. Kinematic
characteristics-time curves have been presented.

Keywords: particle, vertical screw, angular velocity of rotation, cylindrical cover, differential equations,
kinematic parameters.

Introduction

A screw surface is a universal structural element of various machines. The surface of a screw conoid, which is
referred to as a screw, is the most common one. It is widely used in screw conveyers for transporting technological
material. A separate element of the material is a body, movement on a running surface of which is very difficult
to describe, because, in this case, the inertia forces that arise from its rotation must be taken into account. In
some cases, these forces can be neglected or they can be ignored, if the size of a body is small and it is taken as
a material particle [1] or in case of low angular velocities of a body, for example, when handling machinery is
operated [2]. It is essential to study the movement of material particles on the surface of a screw, which rotates
about its axis. Paper [3] considers their movement on a vertical screw beginning from the axis of rotation to the
point when they reach a limiting cylinder. The conveyance of particles upwards takes place after they collide
with a limiting cylindrical cover. The paper investigates the movement of a particle when interacting with two
surfaces: the surface of a running screw and the surface of a fixed cylindrical cover. The nature of material
particles is rather broad. They include not only mechanical particles but fluid or gas particles, which interact
with running surfaces, as well [4]. The movement of mechanical particles on the surface of a running soil tilling
disk is considered in paper [5], its movement on the surface of a cylinder is covered in paper [6] and its motion
on the surface of a cone is investigated in paper [7]. The study of the movement of particles on screw surfaces
is of practical importance because such surfaces are used in screw conveyers [8, 9], in separators [10] and other
in the papers [11-18].

Material and method.
In paper [4] it is stated that, if a particle moves by gravity on the surface of a fixed vertical screw conoid,

it moves away from its axis. It happens because of the fact that a particle moves along a curvilinear trajectory,
which results in the appearance of a centrifugal force that causes particle movement to the periphery. If a screw
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conoid rotates about its axis, a particle performs a compound motion: it slides on the surface of a conoid,
but in absolute motion it rotates about the axis of a conoid as well, which causes particle movement to the
periphery. Thus, it reaches a cylindrical cover. The common line of a conoid and a cover (that is to say, the line
of their intersection) is a screw line. A particle slides along this screw line having simultaneous contact with the
surface of a conoid (a screw) and with the surface of a cylindrical cover. Let us begin the development of the
mathematical model of particle movement by writing the parametric equation of a helical line:

= Rcosa; y = Rsinq; z = —Ratg 3, (1)

where R — the radius of a limiting cylinder — a constant value; 3 — the angle of a helix — a constant value;
« — the rotation angle of the point of a helix about its axis — an independent variable.

Two surfaces pass through a helix (1): a screw conoid (a screw) and a cylinder. When a particle contacts
these two surfaces, reaction forces appear, which are directed normally to them. In order to find the directions
of these normal lines, it is necessary to have surface equations.

The surface of a screw is made up by the plural of rectilinear generators, which are parallel to a horizontal
plane. Their one end passes through a helix (1) and their another end is directed to the axis of a screw (Fig. 1, a).
Based on the screw principle, let us write its parametric equations:

X =(R—wu)cosa;

Y =(R—u)sinag; (2)
7 = —Ratgf,

where u — the length of a rectilinear generator of a screw — the second independent variable of the surface.

Counting the length of a generator begins from a helix. If v = R — r, where r — the radius of a screw
shaft, the surface will be limited by two helixes (Fig. 1, a). At u = 0 the parametric equations of a helix are
obtained (1). In order to differentiate surface equations from line equations, let us write them in lower case for
a line and in upper case for a surface.

A vertical screw rotates about its axis with the angular velocity w. A particle is on a helix (1) and, at the
same time, it contacts a moving part of a screw surface and a fixed surface of a cylindrical cover (Fig. 1, b). The
following forces are exerted on it: weight force mg (m — the mass of a particle, g = 9.81m/s? — the acceleration
of gravity), the reaction N of the conoid surface directed along the normal to its surface, the reaction Ng,
directed along the normal to the surface of a cylinder and the reaction force Fy (Fig. 1, b). Suppose a particle
moves upwards in absolute motion, then the friction force on a screw surface Fy, is directed oppositely to
the direction of sliding, and the one on a cylinder surface Fy. — oppositely to the velocity of absolute motion
(Fig. 1, b). The vectors of these forces will be tangential relative to the trajectory of relative motion (the helix,
along which a particle is sliding) and absolute motion (the cylindrical line on the cover, which is not shown).
They are non-collinear, but act in opposite directions.

7‘;)/

Figure 1. To the conveyance of a particle by a vertical screw:
a) one flight of a screw surface, limited by the outer edge — a helix with the inclination angle 3;
b) the forces exerted upon a particle, with interacts with two surfaces:
the one of a screw and the one of a cylindrical cover
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Let us derive a motion equation in the form of ma = F, where m —particle mass, @ — the vector of absolute
acceleration, F— the resultant vector of the exerted forces listed above. Let us write the vector equation in
projections onto OXYZ coordinates.

If we assume the variable « to be time-dependent ¢ in the equations (1), that is to say, « = «(t), this internal
dependence will define the law of particle sliding along a helix, that is to say, the law of relative motion. Thus,
under this condition, the equations (1) are the equations of relative motion.

A screw rotates about its axis with the angular velocity w. During the time ¢ it rotates by the angle a, = —wt
and moves along a helix for a certain distance, according to the equations (1). The direction of screw rotation
is chosen so that a particle can move upwards in absolute motion, when it slides along a helix. Let us rotate the
helix (1) about OZ axis by the angle o, = —wt, according to the known rotation equations:

xq = Rcosacos (—wt) — Rsinasin (—wt) = Rcos (wt — «);

Ya = Rcosasin (—wt) + Rsin a cos (—wt) = —Rsin (wt — a); (3)
zq = —Ratgf.

The parametric equations (3) take into consideration two rotational motions: by the angle o« = «(t) in
relative motion and by the angle o, = —wt in translational motion, thus, they are the equations of absolute
particle motion.

Let us differentiate the equations (3) with respect to the time ¢ and we obtain the projections of the absolute
velocity vector:

z!, = —R(w — ) sin (wt — );
Y, = —R(w—a') cos (wt — a); (4)
2, = —Ra tgp.

Its value can be found as a geometric sum of the projections (4):

’ ’ ’ R ’
Vazw/$a2+ya2+2a2:COSB\/W(W—QQ/)C0325+C¥2- (5)

Let us find the projections of the unit vector, which sets the direction of particle absolute velocity, by
dividing the equations (4) by the velocity value (5):

(w—a')sin (wt — a)cos

Ta't:* )
Va: i
w — a') cos (wt — ) cos
Tygg = om0t = c0nf 6
o' sin 8
Taz:_ )
v A

where A = \/w (w — 2a’) cos? B + 2.
Having differentiated the equation (4), we obtain the projections of the absolute acceleration w of a particle:

2/ = Ra” sin (wt — a) — R (w — o/)” cos (wt — a);

vl = Ra'" cos (wt — a) + R (w — o) sin (wt — a); @
2l = —Ra" tgp.

In order to break the equation ma = F in projections onto the axes of OXYZ coordinates, it is necessary to
determine the directions of the forces, which are shown in Figure 1, b. In case of one of the forces — the friction
force Fy. — its direction is found in the form of a unit vector (6), here, it is worth taking into account that
the action of the force FY. is directed oppositely to this vector. Let us find the direction of the friction force
Fq, which is directed oppositely to the vector of relative velocity. Let us find the projections of this vector by
differentiating the equations (1):

2’ = —Rd'sin a;
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y' = Ra’ cos a; (8)
' = —Ra' tgB.

Let us find the value of absolute particle motion:

/
VoV r gy = 2 )

cos 3

Let us find the projections of a unit directing vector of relative velocity by dividing the projections (8) of
this velocity by its absolute value (9):

Ty, = —cos Bsina; Ty = cos fcos o Ty, = —sinf. (10)

The vector projections (10) are written without taking into consideration helix rotary motion. All the forces
are projected onto fixed OXYZ coordinates. In order to exert the force Ft, at the point of particle location, it is
necessary to rotate the projections (10) by the angle (—wt) about Oz axis. Afterwards they take the following
form:

{cos B sin (wt — a); cos 3 cos (wt — a); —sin }. (11)

Let us find the direction of the reaction forces of a screw surface and of a cylindrical cover surface.

The direction of a normal to the surface is determined by a vector product of two vectors that pass through
the point on the surface (the point where a particle is located) and the tangents to the coordinate lines, which
pass through this point. Let us find a normal vector to the screw surface. The vectors, which are tangent to the
coordinate lines of the surface, are partial derivatives of the equations (2) of a screw:

0X . 0X
8—a——(R—u)81na, Dy = s
% = (R —u)cos; % = —sina; (12)
0z 0z
22 — _Rte 8 — =0.
da Rtgf: du 0
Let us find a vector product of the vectors (12):
X Y VA
—(R—u)sina (R—u)cosaa —Rtgf | =
—cos —sina 0 (13)
={-Rtgfsina; Rtgfcosa; R —u}.

The normal vector (13) is not a unit vector. Its position on the surface is determined by two internal
coordinates u and «. It is necessary to know the normal to the surface of a screw on a helix at the point of
particle location, that is to say, at u = 0. Let us substitute u = 0 into the vector equation (13) and reduce it to
a unit one:

{—sin B sin o; sin 3 cos o cos B}. (14)

Analogically, the normal to a cylindrical cover can be found. However, its projections can be found much
easier. Figure 1, b shows that a normal to a cylinder is parallel to a horizontal plane and is directed toward its
axis. Let us write the result:

{—cosq; —sin a; 0}. (15)

For the foregoing reasons, let us rotate the unit vectors (14), (15) about the angle (—wt). After this, the
unit normal vector to the surface of a screw at the point of particle location can be written as:

{sin B sin (wt — a); sin 8 cos (wt — a); cos B}. (16)
The unit normal vector to a cylindrical cover at the point of particle location takes the following form:

{—cos (wt — a); sin (wt — a); 0}. (17)
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The defined directions of the exerted forces are the following: for the friction forces Fy. and Fy, — by the
unit vectors (6) and (11) taken opposite in sign; for the surface reactions N of a screw and Ng of a cylindrical
cover — by the unit vectors (16) and (17), respectively. The last force — the force of particle weight mg — is
directed downwards, thus, the unit vector is set by the projections:

{0; 0; —1}. (18)

The value of the friction forces Fy, and Fy. is determined by the value of surface reaction and the
corresponding friction coefficient: Fy, = fN, Fy. = frINgr, where f and fr — the coefficients of particle friction
on the surface of a screw and on the surface of a cylindrical cover, respectively.

Let us break the vector equation ma = F down in projections onto the axes of OXYZ coordinates,
taking into consideration the directions (6), (11), (16), (17) and (18) of the corresponding forces Fy. = frNg,
F¢, = fN,N, Ng and the weight force mg:

(w—a')sin (wt — a) cos B
Vw (w—2a’) cos? B + a2
+ N sin B sin (wt — ) — N cos (wt — a);

(w— ') cos (wt — a) cos B

ma, = frNg — [N cos Bsin (wt — a) +

my! = frN — fN cos Bcos (wt — a) +
Yo = In R\/w(w—Qa’)COSQﬁ—FO/Q f feos( )
+N sin 5 cos (wt — a) + Npg sin (wt — @); (19)
o' sin 3

mzl = frNR + fNsinB + N cos 3 — mg.

Vw (W —2a’) cos? B + a2
Let us substitute the equations of absolute accelerations from (7) into (19) and we obtain the system of

three differential equations with three unknown functions: @ = «(t), N = N(t) and Ng = Ngr(t). Let us solve
the system of the equations for o/, N, Ng:

wcos B (cos B+ fsinf) —a’

" _ geosf . _ VY
o' = "0 (sinfB — fcosB) + fr(w—a') cos B Vol 2o (20)
B  frRBw(w— o)?sin 8
N_mCOSB<g \/w(w—2o/)cos25+a/2>' (21)
Nr=mR(w—a)>. (22)

The differential equation (20) does not depend on (21) and (22), that is why it can be solved separately.
The surface reactions (21) and (22) are found after the equation (20) is solved. In order to solve it, we need to
apply numerical methods.

During its upward movement, a particle can move with various velocities. At the same angular velocity
of screw rotation, the velocity of its upward movement 2/ will depend on the value of a helix angle 3. After
a transient process, that is to say, after the movement is stabilized, this velocity and the angular velocity of
particle sliding o will be steady. Thus, the angular acceleration o/ = 0. The substitution of this value into the
differential equation (20) enables us to find the value of o’ at the preset screw parameters, the angular velocity
of its rotation and friction coefficients.

Results

The investigation has been conducted for the cases of various values of the angle . For example, at
B =10, R=0.1m, w=155"", f = fr = 0.3 we obtain o/ = 2.1s7!. At B = 20" and when other parameters
are constant, we obtain: o/ = —0.5571. Thus, there is a change in the direction of particle sliding. It means that
at 3 = 10° a particle moves upwards (Fig. 2, a) and at 8 = 20° it moves downwards (Fig. 2, b). At o/ =0 a
particle does not slide, that is to say, a particle «sticks» and rotates around a circle in absolute motion. In this
case, it is necessary to find the corresponding helix angle 8. Let us substitute o’ = 0 into the equation (20),
equate it to zero and solve it for the angle 3:

Rfpw?® — fg

b= At f? 4 g

(23)
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Figure 2. Relative and absolute (heavy line) trajectories of particle movement at R = 0.1m, w = 15s',
f = fr = 0.3 built according to the equations (1) and (3), at & = o’ - t over the time t = 3s :
a) B = 10° — a particle moves upwards; b) 8= 20° — a particle moves downwards

According to (23), when R = 0.1m, w = 1557, f = fzr = 0.3, the boundary value of a helix angle is
B = 1780 If B > 17.8°, the upward movement of a particle at the preset parameters is not possible. If the
angular velocity of screw rotation is increased, the boundary value of [ increases as well, but there is a certain
limit. Let us find the boundary, which the expression (23) approaches to, at the unbounded increase of the
angular velocity of rotation w:

2
lim Arcth = Arcctg f. (24)
w00 Rfrfw®+yg

Arctg f is the angle of particle friction on the surface of a screw and, in our case, it is equal to
Arctg 0.3 = 16.7°. According to (24), the boundary value of the helix angle 3 is Arcctg 0.3 = 73.3%, that is to
say, these two angles add up to a right angle. At 8 > 73.3° particle upward movement is not possible for any
angular velocities of screw rotation.

If a certain angular velocity w of screw rotation is set, we can find the boundary value of a helix angle by
the formula (23). In this range (from zero to the boundary value) there is a specific angle 3, which provides
the maximum velocity of particle upward transportation. The task is to determine the peak value of the last
expression in the equations (4) or (8), since the vertical components of relative and absolute velocities are equal.

Since the equation (20) for a stationary process at o’ = 0 must be solved by means of numerical methods
in order to determine the value of the angular velocity o’ of particle sliding, the determination of the optimum
angle 8 will be carried out in two stages. At the first stage, from the equation (20) we evaluate o’ for the preset
angles B from the acceptable range of their values. At the second stage, by substituting the determined values
of o and the corresponding angles § into the last expression in the equations (4) or (8), we determine the
vertical component of the velocity of a particle. According to these data, it is possible to plot a dependency
graph 2z’ = 2/(8), which determines the optimum value of the angle 8. Let us present the simplified variant of
the calculation for w = 155~ (the acceptable range of the values of the angle 3 =0...17.8°):

B8 =5 o' =3.53s571; 2 =0.03m/s;
B8 =10 o' =2.08s1; 2 =0.037m/s;
B =15 o =0.73s71; 2 =0.02m/s.

The obtained results show that the highest velocity of particle upward conveyance is provided by the angle
B = 10°. According to the same method of calculation, let us find the optimum value of the angle § for the
angular velocity w = 2557 1: 8 = 20°. Here, the vertical component of particle velocity is equal to 2’ = 0.29m/s.
If we take into account that the acceptable range of the angle values for the velocity w = 255! is equal to
B =0...45.7°, it may be concluded that the optimum value of the angle 3 is close to the average value of the
acceptable range. Paper [8] presents the formula for the determination of this angle in case when the angular
velocity of screw rotation increases infinitely (w — 00):

B =45 — 0.5arctg f. (25)
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Let us find 8 = 36.65° from (25) for f = 0. This value is exactly two times less than the boundary one
(8 = 73.3%), that is to say, it is precisely in the middle of the acceptable range.

Let us consider how the coefficients of friction f and fr influence the velocity of particle upward movement.
If there is a decrease in the coefficient f, the angular velocity o’ of particle sliding increases, that is to say,
the velocity of its upward movement increases. The maximum value of the upward movement is reached at
f =0, that is to say, when the surface of a screw is absolutely smooth. Figure 3, a presents a dependency graph
o =/ (f) for R=0.1m,w = 25571, fr = 0.3, 3 = 20°.

The decrease of the coefficient fr of particle friction on a cylindrical cover results in the decrease in the
angular velocity o’ of particle sliding (Fig. 3, b). The initial conditions are the same as the ones of the graph
presented in Figure 3, a, except for the fact that the variable is not f but fz. Its decrease leads to the fact that,
at its certain value the inverse process begins and a particle starts downward movement. The boundary limit is
the value fr for o/ = 0. Having solved (23) for fr, we obtain:

g(f +tgb)

"= Rt = rrgh)

(26)

’
g.-q@,c %t s+ g

x’ ) s\ a, s P

A 4
10 F // 4 \ ’ /

f fa R, m
03 025 02 055 01 005 0 03025 02 055 \of 61 015 02 025 03
2! &
a) R=0.1m, fr = 0.3 b) R=0.1m, f = 0.3; &) f =03, frn=03

Figure 3. Graphs of the angular velocity of particle sliding o/ depending on various factors at w = 25571, 8 = 20°

For the preset data from (26), we determine the boundary value of the friction coefficient fr : fr = 0.12.

If the angular velocity of screw rotation is increased, for instance, to 30s~!, particle upward movement is
not possible. The boundary value of the coefficient of friction for this angular velocity is equal to fr = 0.08. If
there is an increase in the angular velocity of screw rotation, the boundary value of the coefficient decreases.
Proceeding to the boundary, we obtain:

o g(f+tegB)
SRR fp) @)

Thus, if the surface of a cylindrical cover is absolutely smooth, particle upward movement is not possible at
any angular velocities of screw rotation.

Figure 3, b presents a dependency graph o/ = o/(R) showing that the increase in the radius R, that is to
say, the increase in the dimensions and the specific amount of metal per structure, results in the increase of the
velocity of upward movement, however, this increase has its limit.

At the negative value of the angle 3, the direction of the coiling of a helix changes. It means that at the
same direction of the angular velocity of screw rotation, a particle slides not upwards but downwards on its
surface. The transportation of a particle downwards has its peculiarities depending on the value of the angle 5.
If the sign is changed before the angle 8 in the equation (20), one of the expressions in the parenthesis will be
written as f cos 8 —sin (. If the angle § is equal to the angle of friction, that is to say, f = tg 3, this expression
becomes zero. In order for the equation (20) to become zero, it is enough to set one more expression in the
parenthesis to zero: w — o’ = 0. It means that the angular velocity of particle sliding is equal in its value to the
angular velocity of screw rotation. Since they are oppositely directed, their sum is equal to zero, that is to say,
a particle does not rotate in absolute motion, it moves downwards along a straight line — a cylinder generator.
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Let us find o and 2z’ for three angles: a small angle, a high angle and the angle that is equal to the friction

angle 3y, the same as we did at particle upward movement for R = 0.1m,w = 1551, f = fg = 0.3.

B < By: B =—10 o =88s7L: 2 = —0.16m/s;
B =Bs: B =—Arctgf = —16.7% o =15s71; 2 = —0.45m/s;
B> B¢ 8= —20° o' =204s71; 2 = —0.74m/s.

Figure 4 presents relative and absolute trajectories of particle movement in these cases. Front projections

are presented in various scales.
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Figure 4. Relative and absolute (heavy line) trajectories of particle downward movement at R = 0.1m,

w= 155" f = fr = 0.3 built according to the equations (1) and (3) over the time ¢ = 1s

The solution of the differential equation (20) applying numerical methods enables us to determine the
kinematic characteristics of particle movement during a transient process. Figure 5 presents the dependency
graphs o = &/(t) and 2’ = 2/(t), which show that the movement of a particle becomes practically steady over
the time of 1.5 s. The angular velocities of particle sliding and the velocities of movement in a vertical direction

reach the values that we have obtained before.

Eventually, the process of bulk material transportation will be different from the conveyance of a single

particle.
0 0.05
8 B=-10" of /s pt0f
6 -0.05
4 -0.1
p=10° 0.15 p=10°
2 f, s
0 Ls 032 05 1 15
0 0.5 . 1 1.5 b

Figure 5. Graphs of the change of the kinematic characteristics of particle movement in
a transient process at R = 0.1m,w = 15m~ !, f = fr = 0.3 and various values of the angle f:
a) the dependency graph o’ = o'(t); b) the dependency graph 2’ = 2/(t)
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However, it can be assumed that the quality pattern of material transportation will be similar to the
conveyance of a single particle. In order to determine quantitative characteristics, which describe the efficiency
of conveyance, separate investigations are required.

Conclusions

A particle, which gets onto the surface of a vertical screw that rotates about its axis, is thrown off to a coaxial
fixed limiting cylinder under the action of centrifugal force. Its further movement takes place along the common
line of these two surfaces — a helix — with its simultaneous sliding on both surfaces. Particle absolute motion
in a vertical direction can be both upward and downward, depending on the helix angle 5 and on the angular
velocity of screw rotation. There is a boundary value of the angle 3, at which particle upward movement is not
possible at any values of the angular velocity of screw rotation. In addition, there is the value of the angle, at
which the velocity of upward movement is the highest.

The decrease in the coefficient of particle friction on the surface of a screw results in the increase of the
velocity of its upward conveyance and the decrease in the coefficient of particle friction on the surface of a limiting
cylinder results in the decrease of this velocity. If the surface of a screw is absolutely smooth, the velocity of
particle upward movement is the highest and, if there is the same surface of a limiting cylinder, particle upward
movement is not possible.

If there is a change in the coiling of a helix, particle conveyance is possible downwards only and the velocity
is significantly higher.
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C.®. Immunaxa, B.H. Heceumomun, H.B. Kienmuii,
N.JI. Porosekmii, T.A. Kpecan, B.I1. Tpoxansk

BesmmnekTepai TiK IIHEKIIEH, OChIIEH Oipre IieKTeJIreH
KO3FaJIMAUTBIH IIUJIMHIPMEH TaChIMAJIJIAY

BemmekTin Tik muekTiH mreTKi GOMBIHINA CATBICTHIPMAJIBI KBIIKYBIHBIH, JuddepeHnnaibl TeHaeyIepi
KYPAaCTBIPBLIIBI, OJI ©3 OCiHIH ajffHAJIAChIHIA allHAJIATHIH KOHE OCBhIIeH Oipre KO3FaJMaiTBhIH IUJIMHIPMEH
meKkTesreH. TeH1ey CaHIBIK OiCTEPMEH eCEIITe/INeH YKOHe ITHEK OeTi MeH MeKTeYII IMUINH/P VIIiH OpTakK,
OOJIBIIT TAOBLIATHIH IITHEK YKUEri — OYpaH a/Ibl ChI3bIK, OOMBIHINA OOJIIIIEKTEPIIH CAJIBICTBIPMAJILI KO3FAJIbI-
CBIHBIH TpaeKTopusaapsl cajbiaras. [1IHek 6eTi MeH MUIMHAPIIIK KallTaMaHBIH OeTi OOMBbIHINIA OOJIIIeKTep-
iH yitkesic Ky 6esiek ecenke asbiaraH. [IIHekTiH G6epinren GYPBIMITHIK KBLIIAMIBIFGL Ke3iHnge Gesrek-
TepiH KOTepiryl MyMKiH OoMaraH Ke3/e OypaHIasIbl JKeJiHl KOTepy OYPBIIMIBIHBIH MIEKTI MOHI TaOBLIIbI.
Yiikesic OYpBIIITAPBIHBIH KOHE MIEKTEYII IUJINHAD PaINyChIHBIH OOJIIIEKTEPIIH KOTEPY KbIJIIaM/IBIFBIHA
ocepi aHBIKTAJIBI. YAKBIT (PYHKIUSICHIHIAFBI KHHEMATUKAJIBIK, CHIIATTAMAJIAPILIH IPaUKTEPl KeJTipiareH.

Kiam cesdep: cajblCTbIpMaJibl KO3FAJIBIC, TiK IIHEK, OOJIIEKTED, OYPBIITHIK AWHAILY KbLIIAMIBIFLI, IIH-
JMHAPJIIK Kanrtay, JuddepeHnnaniblk TeHIeyIep, KNHEMATHKAJBIK IIapaMeTpJIep.

C.®. lunmunaka, B.H. Hecsumomun, H.B. Kiennii,
N.JI. Porosekmii, T.A. Kpecan, B.IA. Tpoxansk

TpaHCHOpTI/IpOBKa JaCTuilbl BEPpTUKAaJIbHbIM INIHEKOM,
OrpaHM4Y€HHbIM COOCHBIM HEIIOJABHU2KHBbIM IMWJIMHIAPOM

Cocrasiensl uddepeHinaibHble YPaBHEHNsI OTHOCUTEJILHOIO [I€PEMEIEeHUsT YACTULIBI 110 iepudepun Bep-
THUKAJbHOI'O ITHEKa, KOTOPBIN BPAIaeTCsl BOKPYT CBOEH OCH M OTPAHUYEH COOCHBIM HENOJIBUXKHBIM ITUJINH-
IpoM. Y paBHEHHE PACCUNTAHO UNCTEHHBIMHU METOJAMU, U TOCTPOECHBI TPACKTOPUN OTHOCUTEIHLHOTO JIBUKE-
HUSI 9aCTULBL 110 BUHTOBOU JINHUM — KPOMKE IITHEKA, KOTOPAasl SABJIAETCA OOIeil I IOBEPXHOCTHU IITHEKA U
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OrPaHUYMBAIONIETO MUINHAPa. OTAEIbHO YITEeHA CHJIa TPEHUs JACTUIIHI IO TIOBEPXHOCTH ITHEKA U TTOBEPX-
HOCTU IMJIMHIPUIECKOTO KoXKyxa. Hail/leHo moporosoe 3nadeHue yrja MoibeMa BUHTOBOW JIMHHUH, KOT/A
MO/IbEM YACTHI[bI CTAHOBUTCSI HEBO3MOXKHBIM ITPU 3aJIAHHON YTIVIOBON CKOPOCTHU BpAIll€HUsI ITHEKa. BbIsB-
JIEHO BJIMSHUWE YIJIOB TPEHUHA W PaIuyca OTPAHMYHMBAIOINIETO IMIWHIPA Ha CKOPOCTH IOAbeMa YaCTHIIHI.
IIpuBenens! rpadukyn KHHEMATUIECKUX XAPAKTEPUCTUK B DYHKIUN BPEMEHH.

Karouesvie cro6a: OTHOCUTEIBHOE JBU2KEHNE, BEDTUKAJIBHBIN IITHEK, YaCTUIIA, YIJIOBas CKOPOCTh BPAIIEHU,
WIMHIPUIECKUN KOXKYX, auddepeHnnaabHble ypaBHEeHNsI, KHHEMATUIeCKAEe TTapaMeTPhI.
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On the calculation of round plates for bending

The article is devoted to the study of bending of round plates, which are the basis for calculating many
problems of mechanics. In the article the structure of this method is presented, its main components are
highlighted; its types are characterized, as well as its classical approaches. In this article the research of
the bending problem for round plates is carried out in particular cases. Methods of bending calculation of
round plates like all analytical methods have a number of advantages, which are also noted in this article.
The article is focused mainly on mechanics, engineers and technical specialists.

Keywords: round plate, plate deflection function, axisymmetric loads, maximum deflection of the round
plate.

Plates are widely used now in various fields of technology: construction, engineering, aviation, shipbuilding,
etc. During operation, the plates are subjected to temperature, chemical, force and other influences. These
effects cause plate deformations. Therefore, the problem of calculating the plates are so diverse and have such
a different character [1-6].

Many structural elements, such as the bottoms of pistons, tanks, apparatus, hatches, various kinds of
covers; flanges; diaphragms, etc. [7], are round plates. The simplest form of deformation for such elements is
their bending [8-12].

We consider the bending of a round plate and several axisymmetric loads: P is the concentrated force at
the center of the plate, T is the ring load, ¢ is the distributed load.

We denote by h the thickness of the plate, which can be constant or variable. The outer radius of the plate
is denoted by R. Vertical linear displacements of the mid-plane points (along the z-axis) are called deflections
and are denoted by the letter W.

For thin plates, the assumptions called Kirchhoff hypotheses are valid [13].

We will distinguish two directions in the plate:

— the radial direction (all parameters of this direction are denoted by the index «r»),

— the circumferential direction (all parameters of this direction will be marked with the index «y»)

According to Kirchhoff’s hypotheses for radial and circumferential deformations, we obtain

dy z

& =2 Ep =

r

Then from Hooke’s law for the plane stress state (o, # 0, 0, # 0, 0, = 0) it is followed

Ez , %) Ez ;P
UT:17u2(¢+V?)’ U“’Zlfﬂ(”“ﬂr?)' (1)

The relationship between the deflection and the angle of rotation is written as

W' = —¢. (3)

Normal stresses o, are grouped in the bending moment M,., and o, are grouped in the bending moment M,
MT=D(<p’+V£), MwZD(w’ﬂLE), (3)
T T

where D is cylindrical rigidity of the plate.
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Tangential stresses from the platform of the unit width form a transverse force @) in the circumferential
section. The normal stresses are easily expressed in terms of bending moments. It is sufficient to substitute
expressions (3) in (1). Then we receive

where J = }f—; is the moment of inertia for a rectangular strip of unit width.

The signs rule of the bending moment for round plates: we assume that the bending moment is positive if
the upper layer of the plate is stretched.

With axisymmetric bending, the problem of calculating a round plate is significantly simplified, since in
all equations and formulas describing the bending of the plate, the derivatives with respect to the angular

coordinate are equal to zero. Therefore, the differential equation of plate bending takes the following form

AW 2dW  1dW | 1dW ¢ @

drt T r a3 2 dr2 3 dr D

The equation (4) is a differential equation of Euler.

In the case of plate equilibrium under the action of efforts M,, M, () and the acting load ¢ on the center
of the plate, it is possible to obtain the differential equation of the problem in a simpler form. Making two
equilibrium equations, we obtain

w”+<ﬂ—%=%- (5)

This is an ordinary second-order linear differential equation of second order with respect to a function for
the angle of rotation, and the resolving equation for axisymmetric bending through the function of deflection is
the equation of the fourth order. The general solution of the equation (5) takes the form

(& R
= — — ds.
. —l—Cgr—i—D/TO " Q(s)ds

¥

The calculation of bending for circular plates with constant thickness

We consider the pure bending of a solid round plate by moments distributed along the hinge-supported
contour. In this case, there is no transverse load. The transverse (cutting) force also equals zero: @ = 0 and we
have M, = M, = m, then the deflection of any point from equation (2) is equal to

m
W=0C-—v-— (r—12).
¢ baT) (r® =)
The constant C' is found from the boundary condition of the contour fixing.

In the case of hinged fastening the contour at r = R we have W = 0. If C equals zero (C = 0) and ro = R,
the condition of the hinged fastening is satisfied. Then the following formula is valid

_ m 2 _ 2
W72D(1—|—1/) (r*—r2).
The greatest deflection (at r = 0) is
mR?

Wmax = 51 N
2D(1+4v)

We consider a round plate under the action of a concentrated force Py at its center. In this case we have

Qs) = 2

T 271s’

(6)
Substituting (6) into the formula of the particular solution (5), we get

Po T 1
— In — — — 2 _ .2
7= gep [T T2 )
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Then the general solution can be written as

C Py r 1
p= f1—|—02 +ﬁ ln——g(ﬂ—rg). (7)

If r = R, ¢ = 0, then from (7) we find Cs

P /1 R
——In—|.
Gz = 47rD< nro)

As a result, the general solution takes the form

_ Byr lni
47D R
We calculate the bending moments
PO r PO r
Mr:74— {1+(1+V)1H§ , MWZ*E [VJr(lJFV)lnE} :

In the center of the plate, if r = 0 then In ; — oo and therefore, the values of bending moments tend to
infinity. On the edge of the plate, if » = R then In 1 = 0, and we have that the abcolute values of bending

moments are equal to

P, P,
M= M=%
7 47

Infinitely large values of bending moments are only a consequence of the extreme schematization for the
mathematical model of the problem (the concentrated force is applied at the point) [13]. In fact, this does
not happen, the load is distributed over a small platform, and in a small neighborhood of the point of force
application we have M, = M, as in all other cases of loading [14].

We consider the general differential equation of plate bending

d*w 243w 1 dPW 1 dW _q @)

drt rdr3 12 dr? 3 dr D

The general solution of the differential equation (8) has the form
W(r)=C1+ Colnr + Csr + Cyrlnr + Wi (r), (8)

where W1 (r) is a partial solution of the equation (4). To find a particular solution, we present equation (4) as

5120 (- %

D/ dg/ ndn/ 7d</ 7)rdr. (10)

For the case when the plate is under the action of a uniformly distributed load ¢ = const, after integration
(10) we have

After integration (9) we obtain

4

Wir) = o5 (11)

Included in (8) constant of integrations Cy, Ca, C3 and Cy are determined from the corresponding boundary
conditions in each specific problem.

122 Bectuuk Kaparanmuickoro yuuBepcurera



On the calculation of round plates for bending

We consider the problem of bending for a round plate, rigidly pinched along the contour. This plate is under
the action of a uniformly distributed load g. The deflection of the plate is determined by the expression (8),
where the particular solution has the form (11).

In accordance with the physical meaning of the problem in the center of the plate at » = 0 deflection and
internal forces must have finite values. To satisfy this condition, it is necessary to remove the partial integrals
containing the natural logarithm in the general solution (8), putting the constant integrations Cy and Cy4 equal
to zero. Thus, we obtain the following expression for the deflection of the plate

W(r) = 64% 4 Oy + Car?

To determine the constants C; and Cs, we use the boundary conditions on the rigidly clamped plate contour

aw
r=R;, W=0, p=—-=0
dr
Using these conditions, we obtain two algebraic equations with respect to C7 and C5. Having solved these
equations, we receive
. R4 - R?
= 1 ) 02 = a
64D

= 32D

The final expression for the deflection is determined by the following formula
q./,’4 qulr-Q q.R4_ q

W=%D " 30 "D oD

(R2 — 7’2)2 .

Then we get the expressions for the internal forces in the plate in the form

MTZ%(RQ(l-i-V)—T‘Q(?)-‘rV)),
M¢:%(R2(1+1/)77"2(1+3u)),
Q=-%.

In the center of the plate, the bending moments are equal to each other, the transverse force is zero, and
the deflection has a maximum value equal to

_ ¢ R
Wnax = "1
If r = R we find the moments on the plate contour
q- R’ q- R’
Mr(r:R) = - S ; Mg@(r:R) = - S
On the center of the plate, where » = 0, we have
q- R’
M,=M,= 1 .
@ 16 (1+v)
The maximum stress on the plate contour is equal to
6M, 3q-R?
Ormax — — = =
h2 4 h2
In accordance with the condition of rigidity [14]
6- Mr max
Ormax — Ta = [U}bend. -5 %’

we make the adjustment of section thickness h.
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The round plate has a supported edge. Uniformly distributed in a circle of radius b the load P acts on the
plate. In this case, the expression for the function W (z,y) has different forms for » > b and r < b

r (3+v)a® — (1 —v)b?

_ P e eyt 22
Wr>b_87rD [(T +b)lna+ 2(1+v)a? (a T)}’

b (3+v)a?—(1—-v)b?
Wr - - 2 b21* 2 _ .2 2_b2.
YY) {(r * ) na+ 2(1 4+ v)a? (a " )+T
For a plate with a pinched edge at the same load P for the function W (z,y), we have [15]
P 9 9 rooa?+b? 9
Wr>b87rD{(r +b)lna+ 5,2 (a —7’) ,
b a®+0b?
_ 2,12 2.2 2 2
Wr<b—8ﬂ_l)|:(r +b)1ng+ 2&2 (a —7')"—7' _b:|

General case for bending of round plates
If the load on the plate or the conditions of its fixation are not axisymmetric, then the plate deflection
depends on variables r, ¢ and must satisfy the differential equation

DAAW = q(z,y). (12)

Obviously, we are looking for a solution for a round plate in polar coordinates. The equation (12) in polar
coordinates has the form

(82 1 9 1 02 ) (82W 1 oW 1 82W) _q(r,p)
D

a2 v o TR a2

or? +r Oor +7"2. 0p?

or in expanded form ) ,
W 2 PW 1 oW 2 PW 2 W
ot r2 0r20p%2  rt 9t r Ord 3 Ordp?
1 0*°W n 4 0PW n L oW q(r,e)
r2 or2 ot 9p2 3 9r D
In the general case of round plates bending to obtain a solution, the deflection of the plate can be represented
as a trigonometric Fourier series with respect to the angular coordinate ¢

(13)

W(r,9) = Wo(r) + 3 [6n(r) cos ng + 1 (r) sinng] (14)

where the functions Wy(r), &, (r) and 0, (r) characterize the change in the plate deflection in the radial direction
and they are to be determined.

An arbitrary load ¢(r, @) causing bending of the plate can also be decomposed into a trigonometric series,
similar to the series (14)

q(r,p) = qo(r) + Z [An(r) cos ng + p, (1) sinne] (15)
n=1
where
1 27 1 27
[%ﬁ%—%rl q(r, )dep, AMﬂ—;-A q(r, p) cos npdp,
1 27
un0ﬂ==4*l/‘ q(r, ) sinnpdp.
™ Jo

Substituting (14), (15) into (13) and comparing the coefficients of linearly independent functions 1, cosnp,
sinny we obtain three equations to determine functions Wy(r), &,(r) u n,(r)

AWy 2d3W, 1. d*W, 1dW, qo

: i o _ % 16
dr4 r drd r2 dr? r3 dr D’ (16)
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(17)

where

W'L’,n = i,n(’r)v Wl,n = fvu WQ,n = Tn,
Gin = Gin(T),  Qn =An, Qo =pn; i=1,2.

In equation (16), which describes the plate deflection, the derivatives with respect to the angular coordinate
vanish, since Wy is a function of r as the coefficient of the Fourier series with respect to . Thus, the function Wy
describes the axisymmetric bending of a round plate. Note that the partial differential equation (16) coincides
with the equation (4).

Equation (17) is an ordinary differential Euler equation. By replacing the variables r = e?, equation (17) is
reduced to a linear differential equation with constant coefficients

X

WY — 4w + 22 — )W/, + 4P*W/,, + n*(n® — YW, ,, =

,m 1
D (18)

where W =Win(t); Gin = Gn(t), i =1, 2. The characteristic equation for (18), obviously, has the form
Tin — AT 422 = )72, + 4’7, + 0P (n® — 4) = 0. (19)

In many cases, when solving the problem of bending for a round plate, the accuracy given by the formula
(14) is sufficient if there is only the first term of the series (14). If n = 1, then the characteristic equation (19)
has roots 7,10 =1, 7,3 = 3, 7,4 = —1. In this case, the general solution of the differential equation (17) takes
the form

Lia
Wi’l(r):Allr—i—Bllrlnr—i—Kﬂr 4+ —= —|—W()( ),
where A; 1, B 1, K; 1, L; 1 are constants of integration, Wi()l) is a partial solution of the equation (17). Constants
of integration A; 1, B; 1, K;1, L;1 are usually determined from the given boundary conditions, and a partial
solution Wl(ll) depends on the type of load applied to the plate.
If n =1 the plate deflection in the general case can be written in the form

L
W{(r,¢) = Wo(r) + {Alylr + Biarlnr+ Ky r + % + Wl(’ll)(r)} cos p+

Lo,
|:A2 1’I"+B2 1T1HT+K2 1r+ — +W2(11)( ):|

It should be noted that almost all the problems related to the study of stresses and strains in a plate are
reduced to solving boundary value problems for one or several differential equations. The exact solution of these
equations does not cause difficulties only in some elementary cases. In more complex cases, finding a solution
in analytical form is associated with great mathematical difficulties.

In such cases, it is recommended to use approximate solution methods: variational methods (Ritz method,
Galerkin method, Treffz method, Kantorovich method, etc.), which give an approximate analytical expression
for the desired function and numerical methods (finite difference method, grid method, variational-difference
method, finite element method, etc.), which determine the numerical values of the function for different values
of the argument.
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['A. Ecenbaena, A.T. Kacumos, B.A. Kacumon

I/Ilﬂy YH_IIH AOHI'eJIEK IIJIaCTHHAJIaApAbl €eCelITey TypaJibl

MakaJjia qeHresek ImjacTHHAJAPILIH HiJIYiH 3€pTTEY MOceseCiHe apHAJFaH, IJIACTUHA MEXaHUKAHBIH KOII-
TereH ecenTeyiH Heri3l 60bin TabblIaabl. ABTOPJIAD OCHI 9JIICTIH KYPBLIBIMBIH OEPreH, OHBIH Heri3ri KoM-
IIOHEHTTEPIH KOPCETKEH, COHMAl-aK OHBIH TYpPJepl MeH KJIACCHUKAJIBIK ToCclimepiH cumarrtaran. Makasama
JKeKe Kapjaiyiapia JeHre/leK MIacTUHAIAPIbIH, Wiy Moceseci OoiibiHIE 3epTTey Kyprisimm. JleHnremex
IUTACTUHAJIAP/IBIH, HiTYiH ecenTey oaicTepi, OApJ/IBbIK, AHATUTUKAJIBIK DJIICTEp CUSKTHI, OipHEIle apThIKINbLIbI-
KTapra ue. Herisinen, makaia MexXaHUKTepre, HHKEHEPJIEPre »KOHE TEXHUKAJIBIK MaMaHIbIKTAPbl MaMaH-
Japra GaFbITTaIFaH.

Kiam cosdep: meHresiek miacTUHA, IJIACTUHAHBIH ULTY (PYHKIHSACHI, OCBCUMMETPUSIIBIK, JKYKTEMEJIED, TOH-
rejieK IJIACTUHAHBIH €H, XKOFaphl UiIyi.
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O pacuere KpyIJIbIX ILIACTUH Ha U3TUO

Crarbst NOCBIIEHa BOIIPOCY MCCIEIOBAHUS U3rnba KPYTJIbIX IJIACTUH, SIBJISIIONIUXCS OCHOBOM pacdeTa MHO-
UX 3aJ[a9 MeXaHUKU. ABTOpaMU MPEJICTABIIEHA CTPYKTYPa JAHHOIO METO/IA, BBIJIEJIEHBI €r0 OCHOBHBIE KOM-
IIOHEHTBI, OXapPaKTEPU30BAHBI BU/IbI, a TAKXKE €ro KJIaCCHYeCKne MOAX0Abl. B cTaThbe IPOBEIEHO UCCIIe 0B~
HEEe 33/1a9u 00 M3rnbe KPYIJIbIX IIACTUH B YACTHBIX Ciaydasx. Merompr pacdera m3rnba KPyIJIbIX IJIACTUH,
KaK M BCe aHAJIMTUYECKNE METOIbI, HIMEIOT PsAJI IPEUMYIIECTB, KOTOPble OTMEYEHBI B CTaThe. [JIaBHBIM 00-
pa3oM, CTaTbsl pacCYMTaHa HAa MEXaHWKOB, WHKEHEPOB U CIEIUAJIICTOB TEXHUYIECKUX CIIEINAJIbHOCTE.

Karouesvie caosa: Kpyriias nacTuHa, OYHKIUA IPOruda MIacTUHBI, OCECUMMETPUYHbIE HATPYy3KH, MaKCH-
MaJIbHBII IpOrn® KPyTJIoi MIaCTUHBL.
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On the finite element method for calculation of rectangular plates

The article is devoted to the study of bending problems for rectangular plates, which are of great applied
importance and are found everywhere in various branches of science and technology. The calculation of
plate bending is performed by the finite element method. In this article the structure of the method for
calculating the deformed and stress state of a rectangular finite element of the plate is described, their main
components are highlighted; the classical approach of calculating rectangular plates is characterized. The
mathematical apparatus of the calculation is presented in the volume necessary for calculating the plates.
This article is focused mainly on mechanics, physicists, engineers and technical specialists.

Keywords: finite element method, bending of a rectangular plate, finite element of a plate, plate deflection
function, coordinate functions.

Plates are rightly considered the most universal and widespread elements in virtually all sectors of the
economy. They are widely used in industry, in construction, in various branches of technology as structural
elements and parts of multifarious devices, numerous mechanisms and machines for diverse purposes.

Among the plates of different shapes, a special place is occupied by a rectangular plate, since the rectangular
plate has a universal shape and is the basis for the calculation of many plate structures [1, 2.

Separate rectangular plates are used in construction in the form of wall panels, wall beams, slabs and
floor panels and coatings, foundation slabs, etc. Connected horizontal and vertical plates form the load-bearing
system, which in relation to the buildings referred to as the wall system. An obliquely positioned plate can
form the span load-bearing structures. The system of rectangular inclined plates, the middle surface of which
is deployed on a plane, is called a fold. Folds are also widely used in construction and engineering.

During operation, the plates and plate structures are exposed to temperature, power, mechanical stress,
wear, etc. All this causes, first of all, the bending of the plate. Therefore, the theory of plate bending is an
important section of the general theory of plates.

To create new plates with specified performance characteristics and strength, it is necessary to investigate
how temperature-time, mechanical (including oscillatory), chemical and other influences can cause destructive
processes in the structure of the material. Therefore, the required qualities of the plates are usually provided
by calculating the effect of such forces on the strength and on the characteristics of the material necessary for
operation [3-6].

When calculating the plate strength for bending, it is necessary to have information about its stress-strain
state. Many various analytical and approximate methods of plate theory are used for this purpose [7-10]. An
exact solution in analytical form for such problems of plate bending is possible only in some particular cases
of the geometrical type of the plate, the load and the conditions for its fixation on the supports; therefore, for
engineering practice, approximate, but sufficiently accurate methods for solving the considered problem are of
special importance.

It should be noted that when calculating the plates by analytical methods in the most general formulation:
with arbitrary boundary conditions (including elastic), different types of load, complex shapes of plates, with
cuts, projections, etc., we have to face with great mathematical difficulties, and in most cases to obtain an
analytical solution is not possible. Such a problem can be solved by applying the very efficient finite element
method, which is a numerical approximate method for plates, but which gives a sufficiently high accuracy of
solutions.

The finite element method [11] is one of the numerical methods for solving the problems of solid deformable
body mechanics. This method is effectively developed in recent years. The name of this method to some extent
predetermines its essence: when using the finite element method, the calculated structure is mentally divided
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into separate elements, the stress-strain state of which is previously studied in detail and can be considered
known. The finite element method is based on two main ideas: discretization of the object under study on a
finite set of elements and piecewise-element approximation of the functions under study.

It is assumed that the elements are connected to each other in a finite number of points, called nodes. At
these points, efforts are determined. These efforts characterize the interaction of individual elements, through
which, ultimately, stresses and displacements of each element are calculated. Thus, the problem is discretized
and reduced to solving a system of algebraic equations with respect to unknown forces or displacements of
nodes.

Depending on which quantities are accepted as unknown, there are three classical approaches used in the
finite element method: the force method, the displacement method, and the mixed method. Note that due to a
number of advantages, the approach based on the idea of the displacement method is the most widespread in
the finite element method.

The type of the finite element is determined depending on the type of the structure under consideration.
So for rod systems, rods with different fastenings at the ends, which are element nodes, can be taken as the
finite element. Thin-walled spatial systems consisting of plates and shells are divided into triangular, rectangular
elements or elements of any other shape with nodes at angular points. Next, we consider a rectangular finite
element of the plate.

The deformed state of the rectangular finite element of the plate is completely determined by the following
parameters [12]

W (x,y) = "TV,

a(z,y) = (@)"V, B,y =(@)"V,
51 (Cﬂ,y) = (Jll)Tva 52 (l’,y) = (622)T‘7a 512 (%y) = (le)TV
r aq aq¢ ?q 0%q 0%q
q1:7q o 0J4q 11 _ 974 12 q 22 07¢ (1)

8.1" q _8y’ q _8372’ q _axayv q _Tyza
where W (x,y) is the deflection function; a(z, y) is an angle of rotation (tilt) along the axis x; 8(x, y) is an angle
of rotation (tilt) along the axis y; & (x,y) is a curvature of the curve along the axis x; &, (z,y) is a curvature of
the curve along the axis y; £12(x,y) is torsion of the curve; ¢ is the vector of plate coordinate functions; Vis
the vector of nodal displacements for the finite element of the plate.

Taking into account the formulas of forces and (1)

2 2 2 2 2
]\41:—D<aI/V‘f‘VaVV>7 M2:—D<8W+V8W), M12:—D(1—I/)6W

0 x? 0 x2 0 x3 0 x? Ox10 s’
0 0 PwW 92w
=D — (VW =D _— (V*W 2W=__ 1+
Q al‘l(v )’ Q2 8IE2(V ) v 358% 8:1:% ’

where © = 71, y = %2, x,y are dimensionless coordinates; the stress state of the finite element of the plate is
determined as
My =-D (& +v&)=—-DATV, A =" +vg*?

My =-D (§2+V§1):—DAT‘7 Ay = +Vq'11
My =—-D(1—v)é,=—-DBTV, B=g§?, (2)
Q,=-D Cl V C, = —»111 + 5122’
Qa=-DCIV, Cy=@"+ 72

On the basis of (1) and (2) it is easy to determine the deformation and force characteristics for the finite
element of the plate at any point with a known vector of nodal displacements V.
Considering values of functions [13]

filz) =223 =322+ 1, fo(zx) = 2 — 22° +
fa(x) = 32 — 223, fy(x) = 2 — 22,
eily) =29 =3y + 1, paly) =y’ — 2y

w3(y) = 3y° = 20°, paly) = — o,
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where fi(z),..., fa(z), €1(y), .-
that the plate coordinate functions are equal to [14]

, pa(y) are coordinate functions for bending beams, and taking into account

a1 (2,y) = f1 (@) Vi(y) + w(@)e1(y) — w(@)Vi(y),
a2 (z,y) = af2 (2) Vi(y), ¢ (z,y) = bui(z)p2(y),
1 (2,y) = f3 () Vi(y) — ua(z)ws(y) + ua(z)Va(y),
a5 (z,y) = afs (z) Vi(y), g6 (z,y) = buz(z)p2(y),
g7 (z,y) = f3 (x) Va(y) + uz(z)@s(y) — uz(x)Va(y),
as (z,y) = afs (2) Va(y), @0 (z,y) = buz (z) pa(y),
Q10 (2, y) = w1 () 3(y) — f3(x)Valy) + ua(2)Va(y),
qu (z,y) = afo () Va(y), @2 (z,y) = bui(z)pa(y),
u(z) =1-z, u(z)=z, Vi(y)=1-y, Valy) =y,

where u1, ug, Vi, Vo are coordinate functions of the rod during torsion, we have values of derivatives from

coordinate functions

A= @Dy, @' = @-20-y, d =0
A= -2 (-y), =@ -0y, @ =0,
d = -2y =@y d =0,

1o = ——5 (1 - 22)y, Qiizg(?mf?)y, 15 = 0.
F=py-D0-a), @=0, @=;6-20-0),
6i* =3 1=z, ¢*=0, q§2=%(3y—2)w
67" =5 (1=2y)z, ¢§* =0, QSQZ%By—l)w
B -2)1-2), @E=0, @E=10-1D0-0),
q%Q——é[(6m2—6x+1)+(6y2—6y)], q%QZ—%(3x2—4x+1),
q§2=—2(3y2—4y+1), in——i[(6x—6x2)—|—(6y—6y2—1)],
qézf—%(3x272z), qé2:2(3y2—4y+1),

@l = b[(6x—6x 1) + (6y — 6y%)] , q§2:%(3m2—2x),
= (- 2). alf =~ (6 - 657 — 1) + 6y~ 642)]
q}?=%(3$2—4x+1)7 q%%——l(i*»y —2y).

Here, the upper indices of ¢ show the order of differentiation with respect to the corresponding coordinate, and
the lower ones show the ordinal number. The functions of the distribution for transverse forces 21 and @2 can

be written as

6
72(22/71)’

~ab

130

c =

6

ct

3 (3y 2),
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Ci‘Z—%( —y) — =5 (1-2y), CfZ%(l—y% C?Z%(?’y—?),
Cf——j; +%(1—2y)7 Cf=%y7 f=%(3y—1),
=Sy (-2, =Ty P =3y,

Ch=(l-2)~ - (Qo-1), G3=-—@3r-2), C§=p(1-u),
Cg—gm—%(l—%‘), 025:—@(?@—1), C’S—b%x,
cr = gm—i—%(l—%s), ng—b(?,m—l), C’S—b%x,

c;oz—g(l—x)—%u—zx), 0211:%(333—2), c§2=b%(1_x).

It is known, stress state is completely determined by internal efforts.
We consider an arbitrary i-th node of the plate. For this node we have three efforts: torsional and bending

moments 2My9;, My;, Mo;.

The vector M of the nodal internal forces for the finite element takes the form

M,
My
My
M,

M=

where
2M9;

Mli )
My;

i, =

B is a matrix of efforts; V is a vector of nodal displacements.

i=1,2, 3,4,

We note that the values of derivatives in the nodes of the finite element were used in the preparation of the

matrix B of efforts (3). The effort matrix B is shown below

M1 1,12
B =
2,1 M12,12
where ;
ma=mN,7="M4,1 = N4,7 = N7,1 = N7,5 = N7,7 = MNo,1 = N10,7 = —%7
t
M,4a = 7MT,10 = N4,4 = N4,10 = N7,4 = 17,10 = 110,4 = 710,10 = %7
t t
M,2 =MN4,5 = N10,2 = *B, 1,11 = M4.8 = 17,8 = 110,11 = 5,
t

M,3 = M4,3 = N7,12 = N10,12 = ——,

a
1 v
M2,1 = 15,4 = Ng,7 = N11,10 = —6 o + 3 ) 1= e

4 4

N2,2 =M1,11 = —— M55 =1"188 = —, 1MN33=T66= "7
a a
4v 4v

N3,2 ="M211=——", MNes5="1N98= " T1T23=T56=—

a a
6
2,4 = 75,1 = 18,10 = Th1,7 = LT
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4
b
4v
B

N,6 = MN4,6 = MN7,9 = 110,9 = Py

1 v

= 19,7 = M12,10 = —6 <b2 + aQ) ;

4
M9,9 = 2,12 = D

4v
78,9 ="M1,12 = ?7

6

50 13,10 = T6,7 = 19,4 = 112,1 = bj,
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6v 6v
N3,4 = Te,1 = 19,10 = MN12,7 = §7 N2,10 = M5,7 = 78,4 = M11,1 = b72’
2 2 2 2
N2,s =Mi8 = —— M52 =17811= —, MN312=1769= —7, 796 =17T23= 7,
a a b b
2v 2v 2v 2v
M35 =Mz = """ T2 ="911 = —» "212=1T759= "7 786 =17113= 7~
a a b b

The remaining elements of the matrix are equal to zero. The elements of this matrix depend on the sizes a and
b of the finite element and also depend on the parameter ¢ (3). The multiplier of this matrix is (—D).
Using the expressions of transverse forces and bending moments

Q1 =-DCTV, Q,=-DCITV, M=-D1+0v)ATV,
we write the vector of transverse forces

T

T . Qli

Q= 2 l=—DoV, T;=| Qu |, i=12 3, 4.
Ty i
Ty !

Here C is the matrix of transverse forces, which is determined by the values of derivatives in the nodes of
the finite element; D is the cylindrical rigidity of the plate; V' is a vector of nodal displacements of the finite
element.

M = M, + M,

is the generalized moment at which the value of the shear deflection V~V(x7y) can be found by the following
well-known formula [12] R R

where GF is shear rigidity. 61, C},ff are vectors of the coordinate functions, respectively Q1, Qo and M; i is
the number of a current node for the finite element. The transverse forces matrix C' is presented below

Y11 .- 1,12
C = . ,
Y12,1 .- V12,12
where
_ _ _ _ 6 [ 2 n 1 _ _ _ _ 6 (2 n 1
V1,4 = V4,4 = V7,7 = Y10,7 = a\a2 ERE V1,1 = V4,1 = 77,10 = 7Y10,10 = a \ g2 p2 )
_ _ _ _ 6 (2 n 1 _ _ _ _ 6 (2 n 1
V2,10 = V5,7 = V8,7 = V11,10 = b\ 32 a2 ) V2,1 = V5,4 = 78,4 = V11,1 = b\ 2 a2 )
1 1
Y31 =Y6,4 ="Y9,7 =210 = 6|5+ 5|,
a b
_ DV __6 e _6
71,10 = V4,10 = V7,1 = V10,1 = b2 V1,7 = V4,7 = V7,4 = 7104 = ab?’
_ _ B _ B _ B _ 6
V2,4 = V5,1 = V8,1 = V11,4 = T2 V2,7 = V5,10 = V8,10 = V11,7 = 20

6
V1,2 = Y1,5 = V3,4 = V4,2 = V4,5 = V6,1 = V7,8 = V7,11 = 79,10 = 7Y10,8 = 710,11 = V12,7 = ?7
V2,3 = Y2,12 = 73,10 = V5,6 = V5,9 = V6,7 = V8,6 = V8,9 = V9,4 = V11,3 = V11,12 = V12,1 = bja
4

V1,6 = V2,11 = V4,6 = V5,5 = V7,12 = 78,5 = V10,12 = V11,11 = *%,

4
71,3 = 72,2 = 74,3 = V5,8 = V7,9 = 78,8 = V10,9 = V11,2 = %7
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2
V1,9 = V2,8 = V4,9 = V5,2 = V7,3 = V8,2 = V10,3 = V11,8 = —%7
2
V1,12 = V2,5 = V4,12 = V5,11 = V7,6 = 78,11 = V10,6 = V11,5 = b’
4 4
Y6,5 = Y9,8 = —» 79,9 = V12,12 = T,
a b
2 2 2
Y35 =712,8 = ——, V6,2 = 7V9,11 = —, V3,12 =76,9 = —73, 79,6 = V12,3 = 7 -
a a b b

The remaining elements of the transverse forces matrix are equal to zero.

Replacement of the original construction with a set of discrete elements allows unifying the calculation of
various building objects: rod systems, thin-walled and massive structures and real structures that combine rods,
plates, shells etc. This circumstance makes the finite element method very universal and explains its increased
popularity.

Today, the finite element method is a powerful tool for engineering analysis and physical research through
the creation of software packages such as ANSYS, MSC.NASTRAN, MSC.MARC, COSMOS, ABAQUS. These
packages of computer programs implement the computational process of the finite element method, and also have
a convenient interface for input of initial data, control of the calculation process and processing of calculation
results [15].

10

11

12
13

References

Basbssios B.H. Ocuossl crponrenbroit Mexanuku wiactud / B.H. Sasbasos, E.A. Maprsinos, B.M. Po-
manoBckmit. — Omck: CubA I, 2012. — 116 c.

Kocaypos A.Il. Anasu3 u 0COGEHHOCTH METOJIOB IIPU pacdere MmIacTuH u 0b6osodek Ha m3rub / A.IL. Ko-
caypos, II.B. Tumodees. — M.: @ony «OcHoBanues, 2013. — 17 c.

Awrejcewicz J. Theory of plates and shells: new trends and applications / J. Awrejcewicz, I.V. Andrianov
// International Journal of Nonlinear Sciences and Numerical Simulation. — 2014. — 5(1). — P. 23-36.
DOL: 10.13140/2.1.2244.5767

Delale F. Stress analysis of multilayered plates around circular holes / F. Delale // International Journal
of Engineering Science. — 1984. — 22(1). — P. 57-75. DOI: 10.1016,/0020-7225(84)90132-0

Voyiadjis G.Z. Elasto-Plastic and Damage Analysis of Plates and Shells / G.Z. Voyiadjis, P. Woelke. —
Springer-Verlag Berlin Heidelberg, 2008. — 208 p. DOI: 10.1007/978-3-540-79351-9-9

Librescu L. A few remarks concerning several refined theories of anisotropic laminated plates / L. Librescu,
J.N. Reddy // International Journal of Engineering Science. — 1989. — 27(5). — P. 515-527. DOI:
10.1016,/0020-7225(89)90004-9

Andrianov I.V. Asymptotic Methods in the Theory of Plates with Mixed Boundary Conditions / I.V. And-
rianov, J. Awrejcewicz, V.V. Danishevs’kyy, A.O. Ivankov. — Wiley, 2014. — 288 p. DOI: 10.1002/9781118
725184

Akhanova A.S. On the calculation of plates by the series representation of the deflection function
/ A.S. Akhanova, G.A. Yessenbayeva, N.K. Tursyngaliyev // Bulletin of the Karaganda University. Mathe-
matics series. — 2016. — Ne 2(82). — P. 15-22.

Yessenbayeva, G.A. On the calculation of rectangular plates by the variation method / G.A. Yessenbayeva,
A A. Smailova // Bulletin of the Karaganda University. Mathematics series. — 2016. — Ne 2(82). — P. 56—
62.

Kusoros A.I. O pacyere IpgMOyroJabHBIX JIACTUH METOAOM TpuroHomerpudeckux panos / A.T. 2Ku-
Boros, I"A. Ecenbaesa // Becru. Kaparana. yu-ta. Cep. Maremaruka. — 2015. — Ne 3(79). — C. 44-49.

Bass J. Adaptive finite element methods for a class of evolution problems in viscoplasticity / J. Bass,
J.T. Oden // International Journal of Engineering Science. — 1987. — 25(6) — P. 623-653. DOI: 10.1016
/0020-7225(87)90053-X

Tumomenko C.II. Teopusi ynpyroctn / C.II. Tumomenko, /Ixx. I'yapep. — M.: Hayka, 1979. — 560 c.
Typcynos K.A. IIpsamoyrosbhbliit Koneunsiii sement wiactuibl / K.A. Typcynos, A.E. Enemosa // Tp.
yu-ta. Pa3. 5: Maremaruka. Mexanuka. — 2000. — Bomr. 1. — C. 61-63.

Cepust «Maremarukas. Ne 3(95)/2019 133



G.A. Yessenbayeva, D.N. Yesbayeva, N.K. Syzdykova

14

15

134

Yessenbayeva G.A. On the calculation of the rectangular finite element of the plate / G.A. Yessenbayeva,
D.N. Yesbayeva, T.Kh. Makazhanova // Bulletin of the Karaganda University. Mathematics series. —
2018. — No. 2(90). — P. 150-156.

Dokun B.I. Meroj KoHEUHBIX 9J1IeMEHTOB B MexaHuKe jedbopmupyemoro reepgoro resa / B.I. ®okun. —
Camapa: Camap. roc. Texu. yu-T, 2010. — 131 c.

["'A. Ecenbaena, /I.H. Ecoaesa, H.K. Coi3pikoBa

TikOypsINOTHI IUIACTUHAJJIAPABI €CenTey YIMiH
COHFBI 3JIEMEHTTEP/IIH, 9/1iC1 TypPaJIbl

MakaJsa TIKOYpPBIIITHI [IACTHHAJIAP/BIH, Uiy MoceJeepin 3eprreyre apHaiaraf. IliacruHanapapiy, yiIkeH
KOJIaHOAJIBI MAHBI3bI Oap 2KOHE FHIJIBIM MEH TeXHUKAHBIH 9PTYPJIl cajaiapbIiHIa op kepae Ke3mecemi. [lma-
CTUHAJIAPBIH UiIyiH €CEnITey COHFBI 3JIEMEHTTED 9/IiCiMEeH OPBIHAAJIbI. ABTOPJIAD IJIACTUHAHBIH TiKOYPBIIII-
THI COHFBI JIEMEHTIHIH JedopMalusiIaHFaH »KoHe KEepHEeyJi KYHiH ecenTey oIiCiHIH KYPBIIBIMBIH OGeprex,
OHBIH, HETi3ri KOMIIOHEHTTEPIH aHbIKTaFaH, TIKOYPBIMITHI IIACTUHAIAP/IBI €CENTEY/IiH KIACCUKABIK, TOCLTiH
curarTaraH. MaTeMaTHKAJIBIK eCenTey anmapaThl IJIaCTHHAIAPIbI €CENITeY YIIiH KayKeTTi KeeM/e YChIHbLI-
ran. Makaja MexaHuKTepre, (PU3UKTEpre, WHXKEHEPJIEpre >KOHE TEXHUKAJBIK MaMaHJIBIKTAP/IbIH, MaMaH-
JapbliHa OAFBITTAJIFAH.

Kiam cesdep: coHrbl ssieMeHTTED 91ici, TIKOYPBIIITHI IJIACTUHAHBIH Uijlyl, IJIACTMHAHBIH, COHFBI SJIEMEHT],
IJTACTUHAHBIH ULy (OYHKIUSICHI, KOOPAUHATTHIK, (DYHKIHLIAP.

["'A. Ecenbaena, /I.H. Ecbaesa, H.K. Cor3ipixoBa

O MeTOo/Je KOHEYHbIX 3JIEMEHTOB IIpH1 pacdeTe
IIpAMOYTOJIBHBIX IIJIACTUH

Crarbsi OCBSIIEHA UCCIEIOBAHUIO 331249 N3rHba IPIMOYTOJIbHBIX IIJIACTUH, KOTOPbIE UMEIOT GOJIBIIIOE IIPH-
KJIQJTHOE 3HAYUEHHE M BCTPEYAIOTCS MOBCEMECTHO B CAMBIX PA3JIMYHBIX OTPAC/IAX HAyKW U TEeXHUKHU. Pacder
n3ruba MJIACTUH BBIIOJHEH METOIOM KOHEYHBIX 3JIEMEHTOB. ABTOpAMH IPEICTABJIEHA CTPYKTypPa METOIA
pacyeTa J1edOPMUPOBAHHOI'O U HAIIPSAZKEHHOTO COCTOSHUS IIPSIMOYTOJILHOIO KOHEYHOI'O 3JIEMEHTA IIJIACTUHBI,
BBIJIEJICHBI €0 OCHOBHBIE KOMIIOHEHTBI, OXapaKTEPU30BaH KJIACCUYECKUH ITOAXOJ PACUETa IMPSIMOYTOJIbHBIX
mwractuH. MaTtemaTrdeckunii anmapaTr pacdera MPEeJIOZKEH B HEOOXOAUMOM JJjis PACUETa IJIACTHH OObeMe.
Crarbsi OpUEHTHPOBAHA HA MEXaHUKOB, (DU3MKOB, WHKEHEPOB U CIIEIUAJIMCTOB TEXHUIECKHUX CHEIMaIbHO-
creil.

Kmouesvie caro6a: MeTON KOHEYHBIX 3JIEMEHTOB, U3rN0 MPSIMOYTOJIbHON IJIACTUHBI, KOHEYHDIN 9JIEMEHT I1J1a-
CTHHBI, QYHKIN IPOruda IJIACTUHBI, KOODAUHATHBIE (DYHKIINN.
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