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The response of a poroelastic ice plate to an external pressure

Kristina N. Zavyalova*

Institute of Mathematics and Information Technologies,
Altai state university,

Lenina avenue 61, Barnaul, 656049,

Russia

Konstantin A. Shishmarev'

Institute of Mathematics and Information Technologies,
Altai state university,

Lenina avenue 61, Barnaul, 656049,

Russia

Alexander A. Korobkin?

School of mathematics,
University of East Anglia,
Norwich Research Park, Norwich, NR4 7TJ,

United Kingdom

Received 10.05.2009, received in revised form 10.06.2009, accepted 20.06.2009

The response of a poroelastic ice cover to an external load is considered. The ice cover is modeled by a

thin poroelastic floating plate within the linear theory of hydroelasticity. The porosity parameter is defined
as the coefficient of proportionality of the velocity of liquid penetration into the plate and hydrodynamic
pressure. The fluid under the plate is inviscid and incompressible. The flow caused by the ice deflection is
potential. The external load is modeled by a localized smooth pressure. The two-dimensional problem of
waves caused by a periodic external pressure on a floating porous-elastic plate is considered. The profiles
of the generated waves are calculated for a given oscillation frequency of the amplitude of the external
pressure. It was found that taking porosity into account leads to damping of oscillations in a distance

from the external load.

Keywords: poroelastic ice plate, ideal fluid, external load, potential flow.

Introduction

The interaction of gravitational waves with thin porous structures is of considerable interest
[1], [2]. Such structures used as models for a wide range of physical problems, which include
wave interactions with floating flexible breakwaters, large floating structures and thin ice sheets.
At the moment, a lot of research has been done on the oscillations of floating structures and thin
plates immersed in liquid [3], [4], [5]. In the study of dynamics of an ice cover, the most studied
problem is determining of deflections of an elastic ice plate [6], [7], [8], [9]. The problems were
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solved within the linear theory of hydroelasticity. Porosity of ice was not taken into account
in these studies. A poroelastic ice plate model based on the Biot [10] theory of a poroelastic
material is investigated in [11]. Dispersion relations of flexural gravity waves were investigated
in [12] for one particular model of a poroelastic ice cover.

The focus of this article is on nonstationary oscillations of a poroelastic ice cover caused by
an applied periodic pressure. The poroelastic ice cover is modeled by an elastic ice sheet with
nonzero constant parameter of the porosity. The formulation of the problem is given in section
1. The porosity of the ice is modeled through the kinematic condition at the ice-liquid interface
using a term proportional to the fluid pressure [3]. Method of the solution is presented in section
2. Numerical results are discussed in section 3. The focus of the study is on the effect of the
porosity on the deflections of the poroelastic ice plate. The main results of the work are presented
in the conclusion and plan of the further work is discussed.

1. Formulation of the problem

Oscillations of a poroelastic ice plate caused by external pressure are considered. The fluid
under the plate is inviscid and incompressible and is of finite depth H, (—H < y < 0). The plate
is infinitely long in the x direction, where (x,y) are Cartesian coordinates. The flow caused by
the plate deflection is potential. The liquid can penetrate the plate on the liquid/plate interface:
the liquid velocity along the normal to the plate (V,,1,) is equal to the normal component of the
plate velocity (V;,s) plus the velocity of the liquid penetrating into the plate along the normal
to it (vy,). The liquid velocity (vy,,) is considered proportional to the liquid pressure on the lower
surface of the plate. If plate deflections y = w(z,t) are small, then the kinematic condition has

the form 5 5
w
87(5 = E""Un; vn:ozp(x,o,t),
where p(z,0,t) is the hydrodynamic pressure, p = —pp; — pgw(x,t), w(z,t) is the vertical

displacement (deflection) of the plate from the rest position, ¢(x,y,t) is the potential of the fluid
flow velocity, « describes the porosity of the plate, p is the fluid density, g is the acceleration of
gravity and the hydrodynamic pressure above the plate is assumed to be zero. In a more general
case, v, = a(p— — p4), where p_ is the hydrodynamic pressure on the lower surface of the plate,
p+ is the hydrodynamic pressure above the fluid that has penetrated into the plate (arises in the
case of the plate immersed in the fluid), v,, > 0 if the liquid enters the plate from below. The
assumption that the normal velocity of the penetrating fluid is proportional to the hydrodynamic
pressure was used in many works, for example, in [3], [13], [14]. A similar model obtained using
Darcy’s Law is used in [5].

A periodic external load modeled by a pressure with an amplitude oscillating in time is
considered. External pressure is applied to the upper surface of the plate and its position does
not change over time. The problem is solved within the linear theory of hydroelasticity [6]. In
this case the governing equations describing the problem are

Muwy + EJwgger = p(x,0,t) — Pege(x) cos(wt), (1)
Yaz +0yy =0 (—H <y <0), (2)

py=0 (y=-H), py=w+ap (y=0), (3)
p=—pp: —pgw (y=0), (4)
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where M = p;h; is the mass of the ice per unit area, p; is the ice density, h; is the plate thickness,
P..+(z) is the function describing the shape of the external load, EJ = Eh3/(12(1 — v?)) is the
flexural rigidity, F is the Young’s modulus, v is the Poisson’s ratio, wyzee = 0*w /04, w is the
frequency of the load’s amplitude oscillations.

In general the equations (1) — (4) should be supplemented by the initial conditions and the
condition for x — oo, as it was done, for example, in [8] for the problem of the large time
response of an ice cover to a load moving along a channel. We shall study a stationary problem:
the system (1) — (4) using the representation for unknown functions introduced below is reduced
to a system of stationary equations, which is closed by the boundary condition for z — co. As a
consequence, the problem does not need initial conditions and their definition is not discussed in
this article. The external load has a given form and periodic amplitude with a given frequency
w. It is convenient to seek the functions w(z,t), ¢(z,y,t) and p(z,y,t) in the form

w(z,t) = Re[W(x)e™"], (5)
o(z,y,t) = Re[iwd(z,y)e™"], (6)
p(z,0,t) = Re[P(z)e™?]. (7)

Seeking the solution in the form (5) — (7) is a common method in problems of oscillations of
a thin plate with a load with a given constant frequency of the oscillating amplitude (see, for
example, the method of the solution in [15]). Substitution of the functions (5) — (7) to the system
(1) = (4) provides

~w? MW + EJWaaew = P(x) = Peat(), 8)
P(x) = p®®(z,0) — pgW (z), (9)

O, (2,0) = W(z) + %P(az), (10)
Vid=0 (-H<y<0), ®,(z,—H)=0. (11)

The system of equations (8) — (11) is supplemented by the damping conditions of the ice deflec-
tions and fluid disturbances far away from the load

W—0, ®—0 (x — 00). (12)

The solution to the problem (8) — (12) depends on the shape of the external pressure Pe,:(z),
frequency w, fluid parameters p, H, parameters of the plate M, EJ and parameter of the
porosity a. We shall find the function W(x) and use it to determine the deflections w(z,t) of
the poroelastic ice plate for some given parameters of the problem. The study in this article is
focused on the effect of the parameter of the porosity a on the behavior of the poroelastic ice
plate under the applied external periodic pressure. The correctness of the described problem
is not considered in this article. In [16] the uniqueness of the classical solution of the problem
of oscillations of a thin elastic plate in a channel for an arbitrary external load is proved and
a review of the results on the correctness of the initial-boundary value problems of the joint
dynamics of fluid and elastic ice cover is given. It is noted that the correctness of problems
of the dynamics of a thin plate or fluid is well studied separately by many authors, when the
problems of joint dynamics get much less attention. More results were obtained in the study of
fluid filtration in porous ice cover based on Biot’s theory. See, for example, articles [17], [18]. In
this article the process of fluid filtration in the ice plate is not taken into account.
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2. Method of the solution

The problem (8) — (11) is solved using the Fourier transform along the plate

The Fourier transform applied to the system of equations (8) — (11) provides the equation for
the plate
(pg — P M)W (&) + BEJEWT(€) = pw?®T(€,0) — P, (€). (13)

The Fourier image of the fluid velocity potential ®'(¢,y) satisfies boundary problem
oF —oF =0 (-H<y<0),
' (€,0)=W" + %(W@F — pgW"), (14)
o (¢, —H)=0.

y
The solution for ®¥(¢,y) is

07 (¢,y) = @7(€,0) coshlé(y + H)]/ cosh(€H), @y (€,0) = & tanh(EH) DT (€,0).

Substitution of ®/'(¢,0) to the transformed kinematic condition (14) gives

(e «
tanh(¢H) — —pw| ®F(€,0) = (1 — —pg ) WF
gtanh(£H) — < pw] ©F(€,0) = (1 - pg) W),
and ®F'(¢,0) can be written in the form

1+ [opg/w]i

F
Etanh(EH) + apwi W)

eF(€,0) =

Substituting ®¥(£,0) to the equation (13) we obtain the equation for determining W (¢)

1+ [apg/w)i PL(&)
EJE + pg — w M — pw? o (CHT) 1 opa W (&) =—PL (&), W) = g) :

where

o2 SEmh(EH) + a2’ — apwi + Eanh(EH) (apg /)i
€2 tanh® (€H) + (apw)?

Q&) = BJE + pg — w’M —

The function Q(€) is symmetric, Q(—¢) = Q(£). Note that the functions Q(¢), W (¢) and PL,
are dimensional. For convenience and analysis of the convergence of the numerical solution we
introduce the following parameters and dimensionless variables: 5 =¢H, @ = apwH is the dy-
namic porosity, Q = w?H/g, L. = (EJ/(pg))'/* is the characteristic length [6]. In dimensionless

variables Q(&) reads

Etanh(§) + a2p2gH — apwHi+ & tanhf(ong/w)

- 2 2
Q) = EJ 16+ pg = WM — pu?H [€2 tanh? € + (apwH 2]

M Q(€ tanh(€) + a2/Q + i[€ tanh(€)a/Q — a])
pH €2 tanh?(&) + a2

= Qr(§) +iQr(§),
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where

s oo (LN sy 0 oM & +Qtanh(§) -~ 60— G€tanh(f)
QR(@_(H) &l QpH (Etanh?(€) +a2)’ ' (tanh(€) +a2)

The function W (z) is defined using the inverse Fourier transform applied to W¥'(¢)

oo

. ) o ,pgt(g)ei& B 7i . e~ WEwo+ilw e
W= ] el T 27r_£ Frrlno) | gy =
= *% Pemt(xO)K(x - xo)dl'o,
o) =2 [ S g gy o [ G 2y,
) Q) ) HpglQr +1iQ1] PQH

where K (x) is a dimensional function, Kr(x/H) and K(z/H) are dimensionless functions cal-
culated by the equations

OOQ ) cos fx/H) ~ OOQ N ) cos 5:10/H)
nle/H) = / 2+ Q7 “ / %+ QF
0 0

Note that

Qr=0("), Qr=0(1/§) &— o,
so we can expect that the integrals Kr(z/H) and K(xz/H) will quickly converge in the numerical
solution. The final equation for determining W (x) is

-ty (5o

The equation (15) is written in dimensional variables. Rewriting the equation for W(z) in
trigonometric form we get

Y] dry = W)+ i) (19

W(z) = |[W(z)|e®®.

Accordingly, the deflections of the poroelastic ice plate under the action of periodic pressure are
determined from the equation

w(z,t) = Re[W(z)e™!] = |W (z)| cos[O(z) + wt], (16)
where
Re[W (2)¢!] = Re[(Wr(x) + iW; (x))e™] = Wr(x) cos(wt) — Wi («) sin(wt)
and the function ©(z) is defined by
cos(0(x)) = Wa(2)/|W(@)|, sin(©(x)) = Wi(a)/|W(@)|, W) = (Wal@)? + (Wi(2)?.

It is expected that the parameter ©(x) will be related to the wave number of waves propagating

from the load in the poroelastic plate.
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3. Numerical results

Calculations of the deflections of the poroelastic ice plate under the action of the external
pressure were made for following parameters of the problem: H = 2m, E = 4.2-10° Pa, v = 0.3,
hi = 0.1 m, p = 1024 kg/m?3, p; = 917 kg/m?, g = 9.8 m/s?, w = 1 s~!. The shape of the
external load P.,:(x) in our calculations is given in the form

P(l’) = P()Pl(x),
Pi(z) = (cos(wcw) + 1)/2 (cJz| < 1), Pi(x)=0 (cz| > 1),

where ¢ = 1, Py = 1000 Pa.

The function W (z) is calculated using the equation (16). In calculating the integrals for
the poroelastic plate we need to investigate the functions under the integrals and choose the
integration step carefully. The integrands in (16) have no singularities due to the term with
the porosity, but as the parameter « decreases these functions tend to singular functions with a
singularity at some point in &. For example, let us consider the function Qp/ (Q%{ + Q?), which
appears in the integral Wg(z). This function is shown in Figure 1 a for a = 0.1, in Figure 1 b
for a = 0.01 and in Figure 1 ¢ for @ = 0.0001. The distance between the negative and positive
peaks of this function decreases for large (> 0.1) and small (< 0.0001) values of the parameter «.
In all presented cases this function quickly damped. To accurately calculate W(x) the function
Qr/(Q% + Q3) was calculated for cases (a) and (c) with 2 - 10° number of steps on the interval
from 0 to 1 in £. In (b) case the number of steps can be reduced without the loss of accuracy.

100
50

0 012 04‘4 é Oi(v 04‘8 1 0 0.2 0:4 E ()j(‘: 0.‘3 1 0 0.2 0:4 é 0.6 0:8
Figure 1: Function Qr/(Q% + Q3) for a = 0.1 (a), for a = 0.01 (b) and for o = 0.0001 (c).

In all following presented results we use the following parameters of the integration: the
integrals over é on the interval from 0 to 1 are calculated with 2-10° number of steps, then from
1 to 10 with 10* number of steps. All integrals were calculated using the trapezoidal rule with
appropriate steps on the intervals from 0 to 1 and from 1 to 10. In Section 2 it is noted that the
calculated integrals will decay quickly due to the properties of the functions Qp and Q; when
€ tends to infinity. A series of calculations with different upper limits (10, 20, 30) showed that
for the considered values of the parameter of the porosity increasing the value of the upper limit
more than 10 does not lead to noticeable changes in the ice deflections W (z). This is confirmed
by the estimates of these integrals. For example, in the integral Kp for §~ > 1 one can use the
estimate W < 1/€*. The ice deflections w(z,t) calculated by the equation (16) for
t =0s are shgwn Iin Figure 2. The solid line shows the case with o = 1078, the dotted line
shows the case with & = 1076, The horizontal lines show the amplitude level of the generated
waves. Note that in the presence of porosity, waves in the ice sheet will propagate from the
load due to the presence of an imaginary part in determining W (z). For the interval in  under
consideration, in accordance with Figure 2, we can assume that for finite x the solution converges

as the value of o decreases. Ice deflections for & = 1078 can be interpreted as an approximation
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of the ice deflections of an elastic plate with zero porosity for similar parameters of the problem.
For a complete analysis, it is necessary to solve the problem (8) - (12) with o = 0 separately.

-3
5 ><10‘ ;
E
S 0f .
R
S
100 .50 0 50 100

X (m)

Figure 2: The deflections of the poroelastic ice plate for & = 10~% (solid line) and for a = 10~
(dotted line), t =0 s.

To study the effect of porosity on the deflections of the poroelastic ice plate some calculations
were carried out with different numbers of a. The choice of the value of « is not obvious. In
[5] the porosity parameter is denoted as P, P = wK p/(vh;), where K is the permeability of the
ice and v is the dynamic viscosity of the fluid. Matching the parameter P with the parameter
a considered in this article by converting the kinematic condition to one form (equation 2a
in [5]), we obtain the relation P = awp. In the work [5], the calculations were made for the
values PH = 0,0.5 and 1. For the model considered in this article, these values correspond to
a =0, a ~ 0.00025 and 0.0005, respectively. The results of the calculations of the deflections
are shown in Figure 3 for o = 1078, 0.00005, 0.0001 and 0.00025. It was found that the increase
in the parameter of the porosity increases the amplitude of the deflections in the load area, but
decreases the amplitude at a distance from the load. With the increase in the parameter of the
porosity the width of disturbed area of the ice cover decreases as well as the length and rate
of decaying of the hydroelastic waves propagating from the load. The calculated ice deflections
w(z,t) for any nonzero value of the parameter of the porosity tend to 0 when z — oo, which
means that the condition (12) with the nonzero parameter of the porosity is natural.

As shown in Figure 3, the deflections of the poroelastic ice plate have a wave structure.
Moreover, the length of these waves differs for different values of the parameter of the porosity. To
determine the length of the generated waves on the considered fixed segment in z, the following
algorithm is proposed. The wavelength depends on the function ©(x). This function is the
solution of the equations cos(©(x)) = |W(z)|/Wr(z), sin(©(z)) = |W(z)|/W;(z). The functions
cos(O(z)) and sin(O(z)) are shown in Figure 4 for = 0.0001. The function ©(x) is calculated
as a periodic function with values from 0 to 27 using the mentioned equations. This function is
even, O(z) = O(—z). Consider O(x) for positive values of z, > 0. We introduce the function
O(z) = O(x) + 2r(m — 1), where m corresponds to the m-th periodic part of the function
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0.01

0.005

w(x,0) (m)

-0.005

-0.01

-100 -50 0 50 100

Figure 3: The deflections of the poroelastic ice plate for ¢ = 0 s. Black line shows the case with
a = 1078, green line — ac = 0.00005, red line — o = 0.0001 and blue line — o = 0.00025.

0.227 ' ‘ ‘ ' )
~ 02
g
~20.18
0.16}
0.5 1 1.5 2 25 3
a x107

Figure 4: Functions cos(©(x)) and sin(©(z)) for a = 0.0001 (a). The wave number k as a
function of a (b).
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O(z) in positive 2 direction, starting from = = 0. The function ©(z) satisfies the equations
cos(O(x)) = |[W(z)|/Wr(z), sin(6(z)) = |W (z)|/Wg(z) and can be approximated by the linear
function kx + b, where the parameter k is the wavenumber of the considered wave. These wave
numbers k are shown in Figure 3 b as a function of the parameter of the porosity «. For the
presented wave numbers we used the approximation of the function ©(z) on the interval [0, 120].
The approximated function (:)(x) for positive z for different values of o are shown in Figure 5.

The deflections of the poroelastic ice plate w(z,t) at t € [0,6] are shown in Figure 6 in the

35
30
25¢

320*

0 20 40 60 80 100 120
X (m)

Figure 5: Approximated function ©(z) for positive z with a = 0.001 (black line), a = 0.0005
(red line) and a = 0.0001 (blue line).

w(x,t) (m)
w(x,t) (m)

-100 -50 0t 0
o . 100 -100 -50 0 50 100 t(c)
x (m) X (m)

Figure 6: The deflections of the poroelastic ice plate w(x,t) in the form of the surfaces in (x,t)
domain for w = 157! (a) and for w =2 s~ (b), t € [0, 6].

form of the surfaces in (z,t) domain with different values of w for o = 0.0001. The case for
w = 157! is shown in Figure 6 a, the case for w = 2 s~! is shown in Figure 6 b. The period of
the oscillations of w(z,t) in ¢ for w = 1 571 is 2 (Figure 6 a), and for w = 2 s71 is equal to 7
(Figure 6 b). The increase in the frequency decreases the disturbed area of the plate, amplitude
of the ice deflections and wavelength of the hydroelastic wave in the plate.

This work was carried out according to project MK-204.2020.1 "Initial-boundary value prob-
lems for equations of fluid motion in poroelastic media and their application in the dynamics of
snow-ice cover” with the support of a grant from the President of the Russian Federation.

Conclusion

The non-stationary oscillations of the poroelastic ice cover caused by the external periodic
pressure are considered. The ice cover is modeled by a thin poroelastic floating plate with a given
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parameter of the porosity. The parameter of the ice porosity is defined as the coefficient of pro-
portionality between the velocity of the liquid penetrating into the plate and the hydrodynamic
pressure. The formulation of the problem statement and method of the solution are presented.
The problem is solved using the Fourier transform along the plate. The numerical convergence
of the obtained integrals is investigated.

The effect of the porosity on the deflections of a poroelastic ice plate is investigated. Porosity
leads to damping of oscillations at a distance from the applied pressure. It is shown that the
ice deflections have a wave structure. It was found that the increase in the porosity parameter
increases the deflections of the poroelastic plate near the applied pressure, decreases the ice
deflections at a distance from it, decreases the width of the disturbed area of the plate. We
associate this behavior of the ice cover with the dissipation caused by the porosity. Porosity
increases deflections under the load because of the applied pressure, and reduces deflections away
from the load, where dissipation due to the porosity is important. The porosity also increases
the length of the hydroelastic wave propagating from the applied pressure. The method of
calculating the length of such a wave is proposed, and calculations are performed for different
values of the porosity parameter. To verify this fact, it is necessary to investigate the dispersion
relations of the generated waves, in particular, with zero porosity. It is shown that the increase
in the frequency of oscillations of the applied pressure’s amplitude decreases the ice deflections,
the disturbed area of the plate, and the wavelength. We associate this with the fact that the
dissipation is usually higher for high frequencies. High frequency oscillations decay faster and
the wavelength should decrease with the frequency.

The obtained results make it possible to evaluate the effect of the porosity on the behavior of
the ice cover under the action of the applied external loads. In this work the effect of a periodic
load is investigated, however, the load can move and have a different shape, then in this case the
problem requires additional research. Most of the articles that consider models of the porous
plates similar to one used in this article are devoted to the study of wave scattering and energy
dissipation [5], [19]. The external load is not taken into account in these works. In the work
[19] wave scattering by a poroelastic plate of any shape in a three-dimensional formulation was
investigated and it was found that the increase in the porosity parameter decreases the amplitudes
of the deflections of the poroelastic plate, which is in good agreement with our results for the ice
deflections away from the load. For further comparison of the obtained results, it is necessary to
investigate the considered problem in a three-dimensional formulation taking into account the
ice plate of finite length and different boundary conditions. Also, for a better understanding
of the effect of porosity, it is necessary to investigate the considered problem with the porosity
coefficient equal to zero and compare the results. In this case, the damping conditions is not
guaranteed and the Fourier transform cannot be used. To find a solution in this case, the vertical
mode method can be used [20].
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IloBenenue nmopoynpyroii jiejoBoii IJIACTUHBI MO/, JielicCTBUeM
MMPUJIO2KEHHOTO JIaBJIEHUS

Kpucrnaa H. 3aBbsnoBa, Koracrantun A. IHIunmimapen, Asnekcanap A.
Kopobkun

Pacemampusaromces kKorebaHUuA MOPOYNPY2020 A€008020 NOKPOSA M00 JelTiCMEUeM NPUAOHCEHHOT BHEUL-
Hel Hazpysku. Jled modesupyemcs monkolt nopoynpy2ot NAaBAOWET NAAGCMUKOT 68 PAMKAT AUHETHOT
meopuu 2udpoynpyzocmu. Ilapamemp nopucmocmu onpedeasiemcs Kak Koaphduyuenm nponopuuoHaisHo-
CMU CKROPOCTAU NPOHUKHOBEHUSA HCUIKOCU 68 NAACTUHY U 2UOPOOUHAMUMECK020 dasaenus. 2Kudkocmo
100 NAAGCTMUHOT UOEANDHAA U HECHCUMAEMAA. Teuenue, 8b36aHHOE NPO2UOOM NAACTNUHDL, CHUMAEMCA
NOMEHYUUAALHIM. BHEWHAS HA2PY3Ka MOJCAUPYEMCA NAOKANUSOBAHHBIM 2AQ0KUM NAMHOM 0QBAEHUA.
Pacemompena d8ymepras 360440 0 BOAHAT, BLI3EAHHBIT NEPUOOUHECKUM SHEWHUM OABAECHUEM HA TLAA-
8AIOWLYIO NOPOYNPY2Y10 NAACTUNRY. Buiuucaervr npohuaiu 2eHepUPYEMBIT 604K NPU 300aHHOT 4ACMOMe
OCUUNMAYUT aMNAUMYOd, 8Hewne20 dasaerus. Onpedeseno BAUAHUE NOPUCMOCMU HA NPO2UbOBL NOPO-
Yynpy2020 4006020 Nokposa. Ilosyuero, ¥mo yuem nopucmocmu npusodum K 3aMmyYTaHuo KoiebaHull 6
omaaseruu om 06AACTNU NPUNOHCEHHO20 0ABAEHUA.

Karouesvie crosa: nopoynpyeas aedosas naacmuHa, UIEANOHAA DfCU()KOCm’b, GHEWHAA HA2PY3KA, NOMEH-
YUUANADHOE TMEYEHUE.
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