odeling
MATHEMATICAL MODELING AND COMPUTING, Vol. 11, No. 3, pp. 631-641 (2024) I\/I @P”ti"g

athematical

Mathematical modeling of impurity diffusion process under given
statistics of a point mass sources system. |l

Pukach P. Y., Chernukha Y. A.

Lviv Polytechnic National University,
12 S. Bandera str., 79013, Lviv, Ukraine

(Received 1 February 2024; Revised 3 July 2024; Accepted 20 August 2024)

Modeling of the impurity diffusion process in a layer under the action of a system of random
point sources is carried out. Mass sources of different power are uniformly distributed in
a certain internal interval, that may also coincide with the entire region of the layer. The
statistics of random sources is given. The solution of the initial-boundary value problem
is found as the sum of the homogeneous problem solution and the convolution of the
Green’s function with the system of the random point sources. Averaging of the solution
is performed on the internal subinterval and in the entire body region. The formulas for
the variance, correlation function of the concentration field and coefficient of correlation
are expressed in terms of the second moment of random mass sources. Software modules
are developed for simulating the behavior of the averaged concentration, variance and
correlation function. Their numerical analysis also is performed. General properties of
the considered function are determined depending on the problem parameters.
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variance; correlation coefficient.
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1. Introduction

In practical applications today, significant emphasis is placed on the challenges of accurately describing
the impact of random point mass sources on the concentration of migrating impurity components in
both homogeneous and heterogeneous media. The insights gained from such research are important,
offering practical applications across a range of scientific disciplines and related industries including
physics, chemistry, ecology and engineering. These studies are instrumental in developing formalized
models that delineate the relationships between individual system components or distinct processes
occurring within them [1]. In this context, examining the second moments of the field is key [2,3], as it
enhances our understanding of the transport and interaction of impurity substances in various media.

A key aspect of this study is its practical contribution towards addressing pressing environmental
pollution issues, particularly those related to pollution and quality control in manufacturing processes.
By analyzing the interactions between random point mass sources and impurity substances, this re-
search promises to enhance the prediction and management of pollution levels. For instance, the
study [4] employs cumulative functions generated in Monte Carlo modeling to monitor the efficiency
of observed welding procedures.

In [5], a statistical mathematical model of radionuclide migration in an underground nuclear waste
repository was developed, based on a linear partial differential equation of the diffusion-convection type.
This partial differential equation has a large number of locally equally spatially distributed sources on
the median plane of the porous area. The model is obtained by extending a model with a deterministic
averaged source. Similarly, in [6], the time dependence of the concentration of a pollutant carried by
diffusion and convection from a large number of similar local sources was studied. A mathematical
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model describing the global evolution of such a system was studied, and numerical modeling was carried
out assuming a random distribution for each local source.

The authors [7,8] constructed and investigated a mathematical model of the mass exchange process
taking into account the local structure of the medium and the cascade decay of impurity particles,
and obtained key systems of model equations for double- and tripple-heterodiffusion. In [9], an exact
solution of the contact initial-boundary value problem for the diffusion of impurity particles in a body
with a two-phase periodic layered structure was constructed, and the regularities of concentration
distribution depending on different values of the substance decay intensity coefficient were analyzed.

Problems with point mass sources can arise in various fields, for example, in analyzing the motion
and stability of systems of point masses, in the presence of radioactive radiation in a body, and when
it is necessary to consider the gravitational interaction of point masses, etc. In this case, the specific
location of the point source may be unknown.

In [10], the mathematical model has been developed for the diffusion of impurity particles in a layer
under the action of a system of randomly located point mass sources within a given internal interval.
The field of migrating particles concentration averaged over uniform distribution has been found and
investigated. This article is a continuation of [10] focused on finding and studying the second moments
of the field within the scope of the same mathematical model, and aimed at development of advanced
mathematical apparatus for describing random transport processes.

2. Mathematical model

The diffusion process of impurity substances in a layer with thickness xy under the action of a system
of randomly located point mass sources w;(d(x — &;)), where w; is the power of the i-th source, and §
represents the Dirac delta function [11], within a certain internal interval, is described by the boundary
problem of mass transfer (1)—(3) in the article [10]. It is assumed, that the points z = Z; of the located
internal mass sources are random and uniformly distributed within the body region, as shown in
Figure 1 of the article [10], and that contribution of each source to the system is equally probable. The
statistics of the random sources are also defined, where N is the number of point sources included in
the system.

The solution to the stochastic diffusion problem with the first-order initial and boundary conditions
has been found as a sum of the solution to the homogeneous boundary problem solution and the
convolution of the Green’s function with the system of random point sources. Following the formal
averaging procedure, the concentration function takes the form

N T2 t xo
=tz wj Z; Axa)o(a! — &) da’dt' diy,
(et = hier) + 3 / /0/0 @) Gt x,2) 6o — 27) dadi'd 1)

where ¢”(t,z) is the solution of the homogeneous problem, G(t,#', z,z') is the Green’s function and
f(&;) is the density of the distribution function of the location of the i-th source.

Based on the obtained formulas for the averaged field of the concentration of impurity particles
diffusing in a layer under the action of the point mass sources system within the internal interval [Z1, Z2],
we search for the second moments of the field, namely the variance and the correlation function of the
field, as well as the correlation coefficient.

3. The second moments of the random concentration field

Let us find the variance o2(t,z) of the impurity concentration field and the correlation function (auto-
correlation) under the action of a system of random point mass sources. By definition, the variance of
the field o2(t, x) is [12,13]

oo (t,x) = ((t,x)) — (e(t,2))*.
For the average of the product of concentration fields, the following relation holds [13]

(c(tr, m1)c(te, w2)) = (c(t1, x1))(c(te, 22)) + Pe(tr, 215 t2, ¥2), (2)
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where . (t1,x1;t2,x2) is correlation (auto-correlation) function of the concentration field ¢(t,z) at
points (t1,z1) and (t2,x2).
From this, we obtain the correlation function of the field ¥.(t, z;t,z) at the point (¢, x)

ve(t, it ) = (¢*(t,2)) — {e(t, 2)){e(t, ). 3)

Then, the average of the square of the field can be expressed as the sum of the products of the averages
and the corresponding correlation function,

<02(t7 z)) = <C(t7 ‘T)C(tv z)) = <C(t7 x)> <C(t7 x)> + 1/fc(t= z;t,z).
Let us substitute the expressions for ¢(t, z) (4) and (c(t,z)) (15) in [10] into the formula (3). Firstly,
we find (c?(t,z)),

N t x0
(A(t,2)) = (ch(t,x))2 +2c(t, x) <Z w,-/ /0 G(t,t,x,2") (2" — 3;) dx’dt’>
+ ZZ&)Z wk/ / / / Gt z,2")G(t, t" z,2")(0(x — ;) (2" — o)) da’dt' dz" dt".  (4)

i=1 k=1
Taking into account (4), correlation function of the field . (¢, z; ¢, x) in the point (¢, x), i.e. variance of
the field, is expressed as

N t xo
Ye(t,xt,z) = (ch(t,:n))2 + 2¢M(t, ) <Z wi/ / Gt z,2")6(x" — 2;) d$'dt’>
= Jo Jo
N N t x0 t x0
+ Z Zwi wk/ / / / Gt t' o, 2" Gt t" o, 2"V (0(x — 2;) §(2" — ) da’ dt’ dx”" dt”
o Jo Jo Jo

i=1 k=1
- (c(t,x)>2, (5)

where the square of the averaged concentration field is found in the form

2 40 = —dy2t/p\ o
(e(t,z))? = (ch(t,a:)) + ch(t,a:)m nZ::l Sia(yn)(1—e d /”) sin(ynx)

2
492 > —dy2t/p .
+ d?2iN2(zy — 71)? (; Slz(y")(l € ) sin(ypz) | . (6)

Let us consider the second term of relation (5). We denote the double integral in this term as
I(t,z). Taking into account formulas (15) and (16) in [10], we obtain

20 Z Sia(yn) (1 — € dy"t/p) sin(y,x).

Ii(t,z) = 2ch(t,x)—dx0N($2 )

Now let us find the third term in the relation (5), denotmg it as Io(t, ). Allowing for the assumption
that the system of N random point mass sources has the uniform distribution over the interval [Z, Z5]

we deduce
1

<5(g;’_:£~i)5(:13 —ﬂik)> m

Thus, after averaging, we obtain

L(t,z) = L L /t /xo /t /xo Gt z,2")G(t,t", x,2") da'dt' d=" dt" .
) N2(.i'2 _ fi’l)z 0 0 0 0 9 ) ) ) ) )

In the case when the random point mass sources are of equal power, we get

o w? bopro oo / / " " P oapl 3 0 3l
L(t,z) = ——— Gt t ,x, ") G(t, t", x,x") dx'dt' dz" dt".
(@2 —=21)% Jo Jo Jo Jo
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Taking into account, that ¢/, ' and t”, 2 are independent variables, we obtain

Q2 t o 2
_ ! ! ! g4/
Lt z) = R CREAT (/0 /0 Gt ¢, z,2") dx dt> . (7)

After substituting the Green’s function (12) in [10] into relation (7) I2(¢, x) is

2
4Q 1-(=1" -
I(t,x) = NP2 235 — 71 [Z sin ynaj (1 dynt/p)] )

Y

In the case when sources are of equal power w, we get

2
1 n
It z) = m [Z sin yn:n — (=D )(1 — e—dyit/p)] .

U
Consequently, the variance takes the form
2
402 2. sin(y, ) a2 n _ _
o) = GG, [Z L) (1= ) (1 (1) = cos(an) + cos(yuan)) |- (8)

Let us find the correlation function of a random field of the impurity substance concentration under
the action of the system of random point mass sources. From formula (2) we get

Ye(ts, w1;5t2, x2) = (c(t1, 71) c(t2, x2)) — (c(t1, 71)){c(t2, T2)).
Let us determine the product of the averaged concentration fields at points (¢1,x1) and (t2,x2)

<c(t1,$1)><c(t2,x2)> = ch(tl,l’l) ch(tg,l’g) + W&z—fl) Z Slg(yn)
n=1

X {ch(tl, a:l)(l — e_dy’%tQ/”) sin(ypx2) + ch(tg, xg)(l — e_dy’%tl/p) sin(yna:l)]

402
d2 2N2(l’2 — :E1

n=1

E Z Sia(yn) (1 —e dy"tl/p) sin(ynx1)

X Z S12(ym) (1 — e_dy’z"tz/p) Sin(Ymx2), (9)

m=1
where y,,, = mm/x.
Then the averaging of the product of the concentration field at points (¢1,z1) and (t2,x2) is the
next:

o b 20 -
(c(tr, z1) clta, w2)) = (b1, 21) ¢ (b2, 72) + d2oN (T2 —71) 7;512(%)

X [ch(tl, z1)(1— e_dy%tQ/p) sin(ynxa) + " (ta, z2)(1 — e_dy%tl/p) sin(ynznl)]

40?2 1—(=1)" oy
1 — e~ Wt /P) gin(y,z
T B 2N2(332—ZE1 2; i ( ) sin(ynz1)
1—(—
X Z e_dygntQ/p) Sin(Ymx2). (10)
m=1

Taking into account expressions (9) and (10), we obtain the correlation function of the impurity
concentration field, which diffuses in the layer under the action of the system of random point sources,
in the form

sin(ynx1) sin(yma2) —dy2t,/ —dy2 s/
t , L ,t , T 1 — e Wnl1/P) (1 — ¢ WYmt2/P
Ve(lr, 21, t2,22) = o 2N2x2—:1312§ E VB ( )( )

X [(1=(=D)™)1 = (=1)™) = (cos(ynZ1) — cos(ynZ2)) (cos(ymT1) — cos(ymT2))]. (11)

n=1m=1
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If the powers of the sources are equal, then formula (11) can be reduced to

sin(yn1) sin(ym2) —dy2tr/ 2t/
Ve(lr, 21, t2,22) = e 2—951222 ) (1 — e~ Wnl1/P)(1 — e~ Wmt2/r)
x [(1=(=1)")(1 = (=1)™) = (cos(yn@1) — cos(ynZ2)) ( cos(ymZ1) — cos(ymT2))] -
It should be noted that the correlation function .(t1,x1;t2,x2) is directly proportional to the

square of the total power of the point sources included in the system and inversely proportional to the
square of the number of sources.

n=1m=1

4. Numerical analysis of the variance and correlation function

In Figures 1 and 2 the characteristic distributions of the variance of field of the impurity concentration
in the layer under the action of the point source system are illustrated. Calculations have been carried
out in the dimensionless variables (19) in [10] for the same basic values of the problem parameters.
Figure 1 demonstrates the distribution of variance at different moments of dimensionless time 7 =
0.01,0.02,0.05,0.1,0.5,1 (curves 1-6) for the following intervals of action of point sources [£1,&s] =
[0.4,0.6] (Figure 1a) and [£1, &) = [0,&] (Figure 1b).

In Figure 2 the variance of the impurity concentration field in the presence of one source with a
power significantly different from the other sources in the system is shown. Figure 2a is created for
[€1,&2) = [0.4,0.6], and Figure 2b is built for [£1,&] = [0,£]. Curve 1 corresponds to the system
{1,1,1,1,50}, curve 2 corresponds to the system {1,1,1,1,40}, curve 3 corresponds to the system
{1,1,1,1,20}, curve 4 corresponds to the system {1,1,1,1,10}, curve 5 corresponds to the system
{1,1,1,1,1}, curve 6 corresponds to the system {1,1,1,1,0.1}.

(I(Z (1.€)/co U(z (1,.€)/co
15
6 0.01 6
5 b}
1 / \
4
4 0.005 /aN LA\
05 \_/ 3
; 1 A\\}!
N/ e . ~—_ 7
4 0
0 025 05 0.75 £ 0 025 0.5 075 e
a b

Fig.1. The variance of the concentration field at different moments of dimensionless time for [¢1,&] =

[0.4,0.6] (a) and [&, &) = [0,&] (b).

U‘(Z:(T‘ §)/co UEO(.T &)/co
! ' 0.04 /\ /\
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/ S T \/\ / 16 , \
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==\ —
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Fig. 2. The variance of the concentration field in the presence of a dominant source with varying power in the
system for [€1,&2] = [0.4,0.6] (@) and [&1, &2] = [0, &o] (b).
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Note that the function o2(7,¢) is symmetric within the body region (Figures 1 and 2). From the
beginning of the diffusion process in the layer in which the system of point sources acts, the variance
starts to increase in the neighborhoods of points & = 0.2 and ¢ = 0.8 for [£;, &) = [0.4,0.6] and € = 1.5
for ¢ = 8.5 when [¢1,&] = [0,&0]. At the same time, there is a local minimum of the function o2
at the point iy = 0.5 (Figure 1). Over time, the variance increases, its local maxima shift into the
body middle, they are leveled off. Eventually, in the vicinity of the steady-state regime (curves 5 and
6 in Figure 1) the point & = 0.5 evolves into the maximum point of variance for [¢1, &3] = [0.4,0.6]
(Figure 1a) and into the interval [0.25,0.75] of constant maximum values o2 for [¢1,&] = [0.4,0.6]
(Figure 1b).

We also note that for all 7, the longer is the interval of action of the point source system, the
smaller the variance becomes (Figures 1a and 1b). For instance, the difference in the values o2 for
[€1,&] = [0.4,0.6] and for [£1,&] = [0,1] is two orders of magnitude.

Figures 3-10 show the characteristic surfaces formed by the correlation function ¥.(71, &1, 72,£2)
(Figures a) and the corresponding 2D-plots (Figures b) for the basic values of the problem parameters.
For values 71 and 7 of small time interval [0.05,0.06] 3D- and 2D-plots of the correlation function are
demonstrated for the following intervals of action of the point source system: [£1,&] = [0.4,0.6] in
Figure 3, [£1,&] = [0.1,0.3] in Figure 4, [£1, &) = [0.7,0.9] in Figure 5, [£1, &) = [0.2,0.8] in Figure 6.

“ =0.5

0.4

‘ 0.3

. 0.2

; 0.1
0.2 & 0.8

a b

Fig. 3. Correlation function for the interval of action of the point source system [0.4,0.6] at 7 = 0.05 and

JI;DC/CO
0.4

0.2

0

79 = 0.06.
11/"'(:/(:[1
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0.4 ;
0.4
0.2 .
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0.2
: 0.1
0 02 £ 06 1
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Fig.4. Correlation function for the interval of action of the point source system [0.1,0.3] at 71 = 0.05 and
9 = 0.06.
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Fig.5. Correlation function for the interval of action of the point source system [0.7,0.9] at 7, = 0.05 and
Ty = 0.06.
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Fig.6. Correlation function for the interval of action of the point source system [0.2,0.8] at 71 = 0.05 and
Ty = 0.06.

Figures 7-10 illustrate 3D- and 2D-plots of the correlation function .(71,&1,72,&2) for 7 = 0.5

and 5 = 0.06 with [£1,&] = [0.2,0.8] (Figures 7-8), with [¢1, &) = [0.2,0.3] (Figure 9), with [£,&] =
[0.8,0.9] (Figure 10).

ﬁ’c/ffo

0.04 =0.05
0.04

0.02
0.03
0.02
0.01

a b
Fig.7. Correlation function for the interval of action of the point source system [0.2,0.8] at 74 = 0.5 and
9 = 0.06.
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Fig. 8. Correlation function for the interval of action of the point source system [0.2,0.8] at 74 = 0.5 and

Ty = 0.45.
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Fig.9. Correlation function for the interval of action of the point source system [0.2,0.3] at 74 = 0.5 and
T2 = 0.45.

Fig.10. Correlation function for the interval of action of the point source system [0.8,0.9] at 7 = 0.5 and
Ty = 0.45.

Note that the characteristic surfaces formed by the correlation function . (11, &1, 72, &2) are close to
being symmetric ones (Figures 3-10). For small 7y and 75 (Figures 3-6) the function (11, &1, 72, &2)
achieves its highest values in the middle of the layer. The closer the interval of action of the point
source system [£1,&s] is to the surface of the body & = 0 the slower is the decline of the correlation
function (Figures 3-5). At the same time, the maximum values of 1.(71, &1, 72, {2) remain the same. If
the interval expands, the values of the correlation function in the middle of the layer increase and the
its decline at the edges becomes sharper, moreover two maxima appear (Figure 6).

We also note that the longer is the time interval of correlation, the more probable is appearance
of two local maxima of the correlation function (Figures 7 and 8). Shifting of the interval [¢1,&s] to
the boundary of the body £ = 0 or to the boundary £ = £ leads to a more symmetrical shape of the

surface ¥.(71, &1, 72, &2).
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5. Correlation coefficient

The correlation coefficient of the concentration field K.(t1,x1;t2,z2), which determines the numeri-
cal measure of “dependence” of the field values at the points (t1,x1) and (t2,x2), is defined by the
expression [12,13]:
VYe(t1, w15 t2, 22)
\/0'2 tl, 1‘1)0’2(tg, xg)
We substitute the relations for the variance (8) and for the correlation function (11) into (12). We
have

K (t17$17t27$2)

(12)

K (t1, z1;5t0, 22)
K2(t1,z1;5t2, 2)’

Kc(ti,z1;t0,20) = (13)

where

0o o0
Kcl(tl,$1;t2,$2 Z Z sin ynxl) sin(Yma2) (1 _ e—dy%m/p) (1 _ e—dy,zntg/p)
n=1m=1 ynym

x [ = (1)) = (=1)") = (cos(ynT1) — cos(ynT2)) (cos(ymz1) — cos(ym2))] . (14)

0o 00
Kcz(tl,lﬂl;tQ,lL'g) _ Z Z sin yn(L'; ;ln yme) (1 _ e—dy%m/p) (1 _ e—dyfntg/p)
ndm

X [(1 = (=1)" = cos(yn@1) + cos(ynZ2)) (1 — (—1)™ — cos(ymZ1) + cos(ymT2))] . (15)
It follows from the obtained formulas (13)—(15) that the correlation coefficient does not depend on
the power of point sources and their number.

The values of the correlation coefficient of the concentration field at different points (¢1,x1) and
(t2,x2) are presented in the Table 1.

Table 1. Values of the correlation coefficient for [¢;, &) = [0.4,0.6] and [¢;, &) = [0, 1].

n=1m=1

G | & | 1| n | K(r&im &) G | & | n | n | K(n,&imé)
€1, &2] = [0.4,0.6] [£1,62] = [ 1]
0.5054 | 0.5044 | 0.5 | 0.45 0.9524 0.5133 | 0.5044 | 0.5 | 0.45 0.9520
0.1416 | 0.0620 | 0.5 | 0.45 0.5866 0.0353 | 0.0442 | 0.5 | 0.45 0.2181
0.1416 | 0.4956 | 0.5 | 0.45 0.8311 0.0265 | 0.5044 | 0.5 | 0.45 0.6194
0.0177 | 0.5044 | 0.5 | 0.45 0.8790 0.53097 | 0.0531 | 0.5 | 0.45 0.3407
0.5133 | 0.5221 | 0.05 | 0.06 0.9557 0.5309 | 0.4778 | 0.05 | 0.06 0.9363
0.1681 | 0.1062 | 0.05 | 0.06 0.3311 0.0354 | 0.0442 | 0.05 | 0.06 0.0557
0.1504 | 0.5044 | 0.05 | 0.06 0.7156 0.062 0.5044 | 0.05 | 0.06 0.4669
0.0880 | 0.4956 | 0.05 | 0.06 0.8112 0.5044 | 0.0619 | 0.05 | 0.06 0.1232

Note that the correlation coefficient achieves its highest values when points & and & are located
in the middle of the layer both for [£1,&] = [0.4,0.6] and for [£1,&] = [0,1] (Table 1), i.e. here the
relationship between the concentration field at points £ = & and & = & is the strongest one. The
greater is the distance between the points £ = & and £ = &, or the closer these points occur to the
boundaries of the layer, the smaller values the correlation coefficient takes on.

6. Conclusion

Thus, for description of the stochastic processes of impurity diffusion caused by the presence of ran-
domly located point mass sources the initial-boundary value problem is formulated under given statis-
tics of random sources and solved in the case of uniformly distributed mass sources of different power
acting within a certain internal interval. The random point mass sources are assembled into a system
of sources, and the contribution of each source to the system is assumed to be equally probable. The
solution to the problem is constructed in the form of the sum of the solution of the homogeneous
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problem and the convolution of the Green’s function with the system of the point sources. Such rep-
resentation of the solutions allows not only to carry out a quantitative and qualitative analysis of the
averaged concentration of migrating impurities, but also to find its variance, correlation function of
the concentration field as well as the correlation coefficient. The formulas for the second moments of
the field of the concentration of the migrating substance are obtained, they are expressed in terms of
the second moment of random mass sources. Based on the obtained formulas, software modules have
been developed for simulating the behavior of the averaged concentration, variance and correlation
function for different lengths of intervals of action of the system of point sources and their locations in
the body region, for different number of sources in the system, at the presence or absence of a source
with prevailing power.

The symmetry of the field variance is shown as well as the closeness of the surfaces formed by
the concentration field’s correlation function to being symmetric. It is established that the variance
increases with time until it reaches the steady-state regime. Particularly, growth begins in the vicinity
of two different spatial points, then these maxima are leveled off and one maximum is formed in the
middle of the layer. We also show that the correlation function achieves the largest values in the middle
of the layer and the interval location of the point source action system near the boundaries of the body
affects only the rate of the correlation function decline.

Future research could study the diffusion processes under the action of randomly located point
sources of mass, when the location of each source in the body region is an independent random
variable.
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MaTtemaTnyHe mopgentoBaHHa npouecy andysili JOMIlLKKW 3@ 3agaHOT
CTaTUCTUKN CUCTEMU TOYKOBUX aykepent macu. |l

ITykau I1. 4., Yepuyxa FO. A.

Hauionarvrut ynisepcumem “/Ivsiscora nosimexnira”,
eyn. C. Bandepu, 12, 79013, Jlveis, Yrpaina

IIpoBeieno MozemoBants mporecy audy3il JoMimKu B mapi 3a il cucTeMu BUIMAIKOBUX
TOYKOBUX JIzKepeJI. /IxKepesa Mac pi3HOI MOTY2KHOCT1 pO3MO/IijIeH] PIBHOMIPHO HA TIEBHOMY
BHYTPINTHROMY IHTEpBaJI, SKUl KUl MOXKE CIIBIAJATH 3 yCi€ 00/acTo mapy. 3ajaHa
CTATUCTUKA BUITAIKOBUX JKepesi. Po3B 130K KpailoBoi 3a/1at1i 3HANRIEHO K CyMy PO3B’sI3KY
ofHOPiAHOT 3a7ad4i i 3ropTku GyHKIIT I'piHa i3 cucTemMor0 BUMTAIKOBUX TOUKOBUX J2KEpPe.
VcepeaHeHHs: PO3B’ 3Ky MPOBEIEHO Ha, BHYTPINTHBOMY MigiHTEpBaJi i B ycix obaacTi Tira.
Orpumano popMyIu JJist JUCIepCil, (DyHKINT KopeJisIiil moJisi KOHIeHTparllil i KoedirieHTa
KOPEJISATl, Ki BUPAXKAIOTHCs JPYTi MOMEHTH BUIAIKOBUX TOYKOBUX JizKepes. Po3pobiie-
HO TPOTPaMHI MOIYJI IS CHMYJIAII MOBEJIIHKHA ycepeHeHOl KOHIEHTpAaIlil, aucrepcii i
bYHKIHT KOpeJIsIril.

Keywords: mamemamuune modeatosanms; oudysia; unadkose moukose 0rncepeno; Imo-
BIPHICHUL PO3N0JiA; GYHKUIA Kopessyil; ducnepcis; Koediyiernm Kopeasuit.

Mathematical Modeling and Computing, Vol.11, No.3, pp.631-641 (2024)



