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The article analyzes the hydrodynamic processes associated with underground min-
ing, in particular, the acid extraction of precious metals from ore deposits. In order to
comprehensively study, monitor and predict the behavior of the object, a mathematical
model (MM) based on the filtration-convection and diffusion processes characteristic of
underground fluid filtration was developed. This model includes the influence of various
hydrodynamic parameters, in particular, the filtration coefficient and average porosity,
which are functions of the pressure level and process kinetics. Analysis of the problem
statement shows that the change in pressure in the ore deposit resulting from the pouring
and extraction of the solution directly affects the permeability and porosity coefficients
of the layer. The experimental results showed that the change in hydrodynamic param-
eters was proportional to the change in pressure, with an exponential behavior observed
under high pressure and a linear behavior under low pressure. It should be noted that
in the process of in-situ leaching (ISL), a chemical reaction occurred as a result of the
reagent’s effect on the ore deposits, and the substance passed from one phase to another,
as a result of which the hydrodynamic parameters of the pore medium (filtration and
porosity coefficients) and pressure changes in the ore reservoir were observed.
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1 Introduction

The discovery, development and effective use of valuable geological reinjection wells
remains an important priority for all societies. The technological progress of our time
requires the extraction and use of underground mineral reinjection wells . Therefore, the
study of effective methodologies for the extraction of minerals is of great importance. The
acceptance of ISL as an advanced technique is gaining momentum, therefore, the study,
prediction and decision-making of the processes of underground filtration of liquids and
gases requires the development of mathematical support that adequately reflects them
and the conduct of computational experiments.

Scientific research has been conducted on the MM and study of ISL processes, and
significant fundamental and practical results have been achieved.

[1] article was dedicated to the research, development and implementation of algo-
rithms for solving MMs and filtration-diffusion problems, which were an important factor
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for conducting comprehensive research and making management decisions in order to in-
crease the efficiency of groundwater protection during the development of mineral deposits
and acid treatment.

The main focus of 2] scientific research was on expanding the use of the ISL method
and identifying effective strategies and tools for its use in the mineral deposits. In addi-
tion, monitoring the groundwater level in ISL areas is very important for hydrogeological
studies. This monitoring helps to assess filtration processes, evaluate the performance
of the technological solution, identify potential solution leaks, understand the hydraulic
connections between productive geological structures, and determine the stability of the
hydrodynamic regime in the area of interest.

In articles [3-5], MM and digital algorithm were given for liquid within the pore
medium filtering three dimensional hydrodynamic process of ISL solution of problem De-
veloped mathematical methods ore layers mastery parameters every side by side learning,
injection and dig to take wells optimal placement choose, their stream speed assessment
of groundwater pollution from injection wells protection to do provision factor to account
to take possible gives. Because of the problem is described by a system of quasi-linear
partial differential equations of the multidimensional parabolic type, obtaining an ana-
lytical solution is a difficult task. For digital integration task components according to
division and the currents management from the methods used in case limited differences
to the scheme based algorithm built. The proposed mathematical model can be used as a
tool for analyzing and predicting the parameters of ore deposits and mineral extraction.

[6-8] mainly include the initial stage of leaching, a kinetically controlled process,
a liquid-solid reaction in which the particle in question was transferred to the nucleus.
Minerals in soluble acids are mainly dependent on the binding of the hydrogen ion to the
anion, however, the overall dissolution rate was not related to the rate of this reaction,
since such reactions were almost instantaneous.

Research [9-12] proposed to solve these problems by proposing a training data gen-
eration methodology adapted to the most reinjection well-intensive computational fluid
dynamics problems encountered in the modeling of fluid flow in porous media. Traditional
digital modeling from the methods entrance and suitable coming expected exit information
included training information collection creation for used, in which well networks various
to the forms separately attention given. Next actions taken data into neural networks
suitable to format to convert directed. Data neural network in architecture applicable ac-
tivation in functions in view caught information to the range adaptation for normalized.
This initial processing to give phase of the neuron model created from the data effective to
study provides , this and ISL processes exactly to predict makes it easier. Offer reaching
of the equipment the advantage is on the ISL site currently active or expected technologi-
cal modes based on hydrodynamic properties prophecy to do neural network for teaching
for big, reliable information collection present from reaching consists of of this approach
main meaning current in time in mining areas applicable expenses determination simula-
tion aside past, future prophecy to do or in the layer the current hydrodynamic regime
determination for in advance trained artificial intelligence technologies in use lies down.
Thus, the innovative approach presented in these articles serves to overcome the compu-
tational barriers associated with traditional methods and optimize prediction, enabling
faster and more efficient decision-making in reinjection well extraction operations.

In subsequent studies [13,14], complex, closely interconnected technical systems (for
example, sequential wells - pumping stations - reagent concentrators, etc.) were studied
in the technological processes of mixing. It was shown that all of these subsystems are
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interconnected and that a disruption in the technological regime of even one subsystem
can lead to a complete shutdown of the entire work cycle. Therefore, the present in
time many component systems work exit progressive to the methods big attention is
being given, from them one is in-situ washing method. Compared to other methods, this
method is considered the most economical and environmentally friendly approach, as its
use does not lead to environmental degradation. This method is also widely used in the
uranium mining industry, which is of great economic importance. The demand for energy
from uranium, which is its main injection well, is constantly increasing. This observation
emphasizes the importance of scientific research on effective methods of extraction of
precious metals, in particular, the application of self-leaching process.

[15-18| scientific studies have investigated the processes of working with the ISL
method in uranium deposits located in the Republic of Kazakhstan. Among the 15 active
mining sites in Kazakhstan, SL offers a secure, dependable, and relatively cost-effective
method for metal extraction. A significant challenge encountered during mining opera-
tions stems from the subterranean nature of the solution’s interaction, as subsequent pro-
cesses are concealed beneath the surface, thereby impeding effective decision-making | [15].
Geological modeling involves delineating the ore body and characterizing the lithological
and filtration properties of the formation [16]. Reference [12] underscores the application
of mathematical modeling to develop a geological and technological model for uranium
In-Situ Leaching (ISL), as well as its utility in addressing geotechnical and environmental
challenges. Reference [13] offers comprehensive details on the implementation of a 3D
reactive transport approach, utilizing the Hytec code, at an operational scale in Kaza-
khstan. The Hytec technology employs computational clusters to resolve mass transport
issues, specifically to solve chemical equations for a broad spectrum of geochemical re-
actions, including aqueous complexation, oxidation-reduction, dissolution/precipitation,
and sorption. Furthermore, this technology incorporates a hydrodynamic module that
characterizes the filtration of solutions during ISL.

Current research [4, 5| works practical continuation as three dimensional mathematical
model and numerical from the algorithm used in case, the matter time change according
to solver programs complex and solution method offer is enough This issue the solution
finding process filtration, diffusion and kinetic of processes together movement through
to do is increased. of liquid movement to him impact doer volume or surface forces with
is determined. Movable in liquid of substances to pass two completely other mechanisms
through to the surface will come First, in liquid concentrations difference exists when,
molecular diffusion occurs will be, secondly, in the liquid melted substance movement
during the second one by pushing is taken. The combination of both processes is called
convective diffusion of substances in a liquid. It should be emphasized that during the
ISL process, the main hydrodynamic parameters of the research object change, firstly, as
a result of changes in pressure in the porous environment, and secondly, as a result of the
dissolution of material particles during acid treatment of the ore deposit.

Considering the above, this paper proposes a mathematical model to solve pressure
and kinetic related problems in ore deposit.

2 Problem statement

Mathematical modeling of the ISL process for limited G in the field

G ={(z,y,2,t), 0O<z <L, O<y<L, 0<z<L, 0<t<T}.
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useful concentration function of the component Cs(z,y, z,t) to determine what for equa-
tion of the pressure field propagation elastic filtration process:

0H(z,y,z,t) 0

ﬁm($ay>z)h($ay7z)T’ = % |:k‘(.il?,y,2’)h($,y72)

aH(x7y7Z7t) g 8H($7y727t> (1)
————}ﬁ;————] + 3 {k(x,y,Z)h(x,y,Z)————7;;———— +

+F1<3773/727t)_FZ(%Z/?ZJ), [3773/72] EGa

o0H
<x7 y7 Z? t)} _"_
ox

0
_'_a_y k(l‘, Y, Z)h(l‘, Y, Z)

with initial condation:

H(z,y,z,t) = H(z,y,2), t=0, (2)
and boundary conditions:
OH(z,y, z,t
k(mayﬂz)% = _alf(H - H0)7 (3)
=0
OH(x,y,z,t
k(z,y,z) % = a1 {(H — Hy), (4)
=L,
OH (x,y, z,t
k(l’,y, 2)% = _052§<H - HO)? (5)
OH (x,y,z,t
k’([L‘,y7 Z) % = OQ&(H - HO)a (6)
y y=L,
OH (z,y,z,t)
— | =0 (7)
0z 0
OH (x,y,z,t
k(z,y,z) % = az§(H — Hy). (8)
z=L,

Here: H(z,y,z,t) — pressure value, (m); H°(x,y, z) — initial pressure value, (m); m —
porosity coefficient value; k(z, vy, z) — filter efficiency, (m/day); t — time (day); h(z,y, z) —
thickness of the ore horizon (m); 3 — coefficient of elastic capacity, (m?/kg); a1, g, a3 —
constants that take the values 0 or 1; L, — length of medium by Oz axis (m); L, — length
of medium by Oy axis (m); L, — length of medium by Oz axis (m); £ — equation scaling
factor (1/day);

Fi(x,y,z,t) = Z q.i(t)0(x — x5,y — i j, 2 — zi;) — power of the well;
zg 1

Fy(z,y,z,t) = Z Q. ( )0(x — x4,y — Vi, 2 — 2ij) — power of the production well;

1,j=1
¢;,j(t)-the power of the well; Ny, N, respectively, the number of the production and
L 2 =i, y=Yij, 2= 2ij
0, other all condations
using the finite difference method, we introduce the following dimensionless variables:

injection wells; §; ; = — Dirac is a delta function . (1)—(8)

H x Y z k: h %Ot 5
* ql ) %0 HO * €L

i F* = Z L Y T Y e T <), H™ = 7 =
q, soHohy' 1 § q, T Y = Yir 2 — i) i, § 0
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* QQ,] *0 HO * éL*
e 9257 T T U — Uiz — ). H¥O = _ >
QZ,] %OHOhO Z(h] 'rj7y y],Z ZJ)? HO’ 5 0
these substitutions into equatlons (1)-(8), we get:
GH* t
OH* t
[ x,y,2)h*(z,y, z )—(x’%Z’ )] +
ox
8H*($,y,z,t) (9)
E*( _—
OH* t
[k* z,y, z2)h* (z,y, ) (x’?j’z’ )} -
0z
+F1 (fC,y,Z,t)—FQ (x,y,z,t), [337972] GGa
with initial condation:
H*(z,y,2,t) = H (z,y,2), t=0, (10)
and boundary conditions:
* 8H* ZE’ 7Z7t * * *
k ('r?yaz)% = _0415 (H _HO )7 (11)
z =0
OH*(xz,y, z,t P X
k($7y7z)% = 1§ (H — Hy )7 (12)
€z =L,
* aH* x? 7Z7t * * *
k (l’,y,Z)% = —Oé2§ (H — Hy )7 (13)
Y 40
* aH* x? 7Z7t * * *
k (xaya Z)% = 0425 (H _HO )7 (14)
y y:Ly
OH* t
($7 y? Z7 ) — 0’ (15)
0z* 0
. OH*(x,y, z,t . .
by ) EEEBED] e ), (16)
z z=L,
nkn

Later, to simplify the problem, we drop the sign in the variable and express the

equations (9) — (16) as follows:

OH(x,y,2,t) 0 0H(x,y,z,t)
T = % [k’(xay,z)h(%y, Z)T

9 OH(v,y,2,t)] 0 OH(z,y,2,1) (17)
e T R L L el B

dy
+F1($ay7z7t)_FQ(x7yazvt)a [337?/,2] EGv

pm(x,y, z)h(x,y, 2)

with initial condation:

H(z,y,z,t) = H(z,y,2), t=0, (18)
and boundary conditions:
OH (x,y,z,t
bay, ) EVED e — ), (19)
=0
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8H Y ) ’t
ko, 2) EEL2D i — ), (20)
Z =L,
aH ) at
ko, ) HEVED] e — ), 1)
y y=0
8H Y ) 7t
k(x,y,2) % = ax€(H — Ho), (22)
Yy y=Ly
OH (x,y, z,t
OH(z,y,2t) 5 |- (23)
2=0
aH ) Y 7t
UL L Rl ) (24)
z z=L,

The convective-diffusion equation of the spread of injected acid in the area with injec-
tion wells:

00 (2, y,2,t) 0 0C (x,y, z,t)

0C(x,y, z,t) 0C(x,y, z,t)
+ Dyy(,y, 2) o + D,.(x,y, 2) P +
o0C(x,y, z,t 86’ 0C(w,y,2,t)

0
+= Dyy@ Yo 2)———F + Dya
o0 (z,vy, z, t } [ 301@ Y, 2, t)+ (25)

y
+ Dy (2, y, 2) ———"— P (2, y, 2 P
oC (z,y, z,t) oC (z,y, z,t)
8(V$<x7y7 Z7t)01(x7yaz>t)) . a(‘/;/(xay7zat)cl(xay7Zat))_
Ox dy
OV, (z,y,z,t)Ci(x,y, z,1))

- 8,2 9 [:Evya Z] € G

+DZZ(‘/I;7 y’ z)

with initial condation:
Ci(x,y,2,t) =0, t=0, (26)

boundary condation:
Ol(xuywzat) :07 (.’E7y72) eGku (27)

and wells inside conditions with :

Cl(wa:%Z?t) = C?n'a (xaya Z) € GOa (28>

2 2 2
aCl(x7yazvt) + aCl(x>y7zut> + 8Cl(x,y,z,t) — O7 (m,y,z) c Gu (29)
ox dy 0z

The desired concentration distribution of the mixture is determined by solving the
following equation:
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0Cy(x,y,z,t)  ON

Me — =
ot ot
0 0Cy(x,y, 2, t) 0Cy(x,y, 2, t)
-~ D bt Gtk ARSI 5\ T2\ 9 %0
% [ v (T, Y, 2) pe + Dyy(z,y, 2) a9y +
oC, (z,y, z,t) 0 0Cy(z,y, 2,t)
+sz(x>y7z)lT:| +a_y [Dyy@’y, z)2a—y +
0Cy(z,y, 2,t) 0Cy(z,y, 2,t)
+Dym<x7y7z)T+Dyz(x7yaz) T + (30)
) 0Cy(x,y, z,1) 0Cs(x,y, 2, 1)
802<:U7y727t) 8(Vx(x,y,2,t)02(:v,y, Z7t))
+Dzy<m7y7 Z) ay 81}
_a(‘/’y(za Y, z, t)CQ(x> Y, z, t)) _ a(‘/z<x> Y, z, t)02<l', Y, z, t))
oy 0z ’
[z,y,2] € G,
with initial condation:
Co(z,y,2,t) =C3, t=0, (31)
boundary conditions:
0Cy(z,y, 2,t) R 0
| = -Se-a, (32)
0Cy(x,y, 2, t) o 0
| =T, (33)
aCQ(J],y,Z7t) (&%) 0
_— = ——(C, - C
ay - . ( 2 2)7 (34)
802(557%2’7” - (8% 0
o e (Co — (), (35)
oC: t
2(%972, ) :O, (36)
0z 0
802(x7y727t) _ a3 0
| =), (37
and as well as wells inside conditions:
Co(z,y,2,t) = Cy, (z,y,2) € G, (38)
2 2 2
802@77?/7 Z,t) + 802(-73797Zat) + 6Cg(x,y,z,t) :O7 (m,y,z) c Gu (39)
ox dy 0z

As dimensionless variables are introduced to solve problems (1)—(8) numerically, we
reduce equations (25)—(39) to dimensionless variables using the finite difference method,
and for simplicity, we omit this process.

The substance one out of phase to the second passage speed defining mass exchange
kinetics equation following to appear has:

ON(z,y,t)

g =7(C1)f(Cy, N, 1), (40)
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N(z,y,t) = N%z,y), t=0, [z,y]€Gq. (41)

where: ('] — the concentration of the fuel liquid, C5 — the concentration of the resulting
mixture, Dy, Dy, Doz, Dyzy, Dy, Dy, Doy, Dy, D, — filtration coeflicients corresponding
to x,y,2, (m?/day), N — process kinetics, v — mass density of the solution, (kg/m?);
— coefficient of equalization of dimensions of equations, (m); V,,V,, V. — filtration rates
respectively by Oz, Oy and Oz axes (m/day), and filtration rates are determined by
Darcy’s law:

vx(xvyaz7t) - _k(‘rawa)W? (42)
OH (x,y, z,t

‘/y(xayazut) = _k(xvyv 2)%7 (43>
OH(x,y,z,t

Vz(%% Zat) = —kf(l‘,yv’/&’)% (44)

3 Algorithm of problem solving

Because of complexity of given problem, it is difficult to find analytical solution. here-
fore, we exchange continuous area of problem to grid area as following:

Quy> = {(z; = 1Az, y; = jAy, 2, =kAz,);i=1,N; j=1,M, k=1,L,}

and to transfer equation (1) to a finite-difference problem, an algorithmic concept of a
variable-direction uncertainty scheme (longitudinal-conduit scheme) is used. The tran-
sition from the n — th time layer to the n 4+ 1 — th layer is performed in three stages
with a step of 1/3. This as a result three finite difference equations system step-by -step
solution is taken . These solutions for n+1/3 — in the layer first limited different equation
following the form will take.

Approximation of the equation in the n+1/3 layer with respect to the axis Ox:

) o n+1/3 n
Bmz,j,khw»k(Hi,j,k _Hi,j,lc) _
AT/3
n+1/3 n+1/3 n+1/3
%ifo.s,j,khi7045,j,kH¢,1,]/~,k_(%i—O.S,j,khi—O.S,j,k+’{i+045,j,khi+045,j,k)Hid"k/ +%i+0.5,j,khi+0.5,j,kHi+1’]/~JC+
- Ax?
#i,5—0.5kRi—0.5,kH} ;1 1= (5 j—0.5,khi,j—0.5,k 5, j40.5, ki, j+0.5, k) H]; 1+ jr0.5,kR0 0.5k HY +
Ay?
%i,j,k—o.shi,j,k—o.sHlijk,l—(%i,j,k—o.shi,j,k—045+%i,j,k+o.5hi,j,k+o.5)sz,k+%i,j,k+o.5hi,j,k+o.5H{fj7k+1+
Az2
+F1,z',j,lc _ Bk
3 3

via grouping similar elements, we get a system of tridiagonal algebraic equations:

n+1/3 n+1/3 n+1/3
ai,j,kH‘—Lj,k - bi7j7kHi,j,k + Ci,j,kHz‘+1,j,k = —fijks (45)
. _ #%-0.5,5,kPi—0.5,5,k _ Bmyikhi ik #-0.5,5,kPi—0.5,5,k T%i+0.5,5,ki+0.5,5.&
here: a; j, = ==L 7725, bijk = A T A2 ;
c . %i+0.5,j,khi+0.5,j,k
1,9,k — )
J Ax?
ok o5k ] — (54 5—0.5kRij—0.5,kF 5, j0.5,kR 0.5,k HY A5 40,5 kR 0.5, 0 H] g g
figk = Ap? +
i, k—0.5Mi,5,k—0.5 7 1 1= (¢ 5 k—0.5Ri5,k—0.51 5, k0.5 j,k+0.5)H]' ;145 . k+0.5R0,5,k+0.5 ] 11 i
Az2
+Bmi,j,khi,j7kafj,k + Fiije  Foijk
Ar/3 3 3
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(19) boundary condition Oz axis according to approximation as follows we get:

1/3 1/3 1/3
—3Hy T Ay -y
»J» QAI 17]7k
) ) 1/3 )
From three diagonal equations system (38) we find H. ;.rk/ at i = 1:
n+1/3 n+1/3 n+1/3
argrHojx " = bieHy "+ gty = =ik
n+1/3 A1,5.k rn+1/3 bl,j,k n+1/3 fl,j,k
H2jk == HOjk + Hljk - . (47)
w Clrjk 7 Clrjk Cljk

We find H ﬁ/ ? by substituting Hy ;r,i/ % in (47) into (46):

nt1/3 _ gkbign — 42 5kC1in — 208815k paviys | 2082801k Ho — s n 1k
0k T Lk T

K15 k01 Gk — S5 kCLk K15 k01 Gk — S5 kCLk
here oy ; 1,00, coefficients are found by following formula:

14 kb1 gk — 451 jkC1 gk — 20Ax80

20zu&cy jkHo — 20156115k

3 ﬂO,j,k = 3
%17j7ka/17j7k - %17j7kcl7j7k

a07j7k =
21,5,k 01,j k — 31,5,kC1j k

As above, we obtain follows from the approximation of (20) the boundary condition
with respect to Ox:

Hntl/g _4Hn—i;1/$ +3Hn+'1/3 i
v — i ). O

Using sweep method, at N, N — 1 and N — 2, we find H}f,tll/j’k and H]T\L,Jilz/jk
n+1/3 n+1/3
HNtl/’j’k = OéNA,j,kHNE,k/ + Bn-1j ks (49)

ntl1/3 n+1/3 _
Hy g =an—2cHy 5+ B2k =

n+1/3
= an—2 kN1 H N ;" + N2k BN-1k + Bn-2,j -

We find H}f;;lk/g by substituting H]T\L,tll/ jk in (49) and HJT\LEQ/ fk in (50) into (47):

n+1/3
HN7j7k -
o 45N—1,j,k%N,j,k - 2L15A335N—1,j,k + 20 §ArHy — OéN—2,j,k5N—1,j,k%N,j,k - 5N—2,j,k%N,j,k

AN-2jkON-1k¥*Njk + 35Nk — daN—1 kN jk T 205ATQN 1 jk

(51)

)2 SR P & LA H"T3 pressure values are connected to each athers by following:

N_17j7k’ N_27j7k’. o 17.j7k

HYYP =B 4 Bip, i=N—-1,1, j=0,M, k=0, L.

As above, we use the finite-difference method to solve equation (1) on the n+2/3 time
scale, grouping similar terms to obtain a system of tridiagonal algebraic equations with
respect to the required variables:

— n+2/3 n+2/3 | — n+2/3
ai7j7kHi,j—1,k - bi,j,kHz’,j,k + Ci,j,kHi,jH,k = _fi,j,kv (52)
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% 5—0.5,kPi j—0.5,k+% j1+0.5 kP, j10.5k

.= _ Hj-os5khijos5k T _ Bmyjrhi ik ij—0.5,kNq,
here: Q5 5k = Ay2 ’ b i,J,k — AT/3 + Ay2 ;
g = 2 j+0.5 ki j+0.5.k
VI A 2 )
Yy
n+1/3 1/3 n+1/3
7 _ #ios,gkhios,g e G — (05 5,0 05,j,k+%i+0.5,j,khi+0.5,j,k)H1], +5i40.5,5,kRit+0.5,5, 6 H; 7 i
gk T 113 Ax? +1/3 +1/3
n n
#i,5,k—0.504 5, k—0.5H; ;107 (”‘i,j,k70.5hi,j,k70.5+%i,j,k+0.5hi,j,k+0.o)HZJ b +’{i,j,k+0.5hi,j,k+0.5Hi7j7k+1+
DF
n
_i_fgmi,j,khi,j,kHi,j,k + Frije  Foijk
Ar/3 3 3 -

As above, we obtain follows from the approximation of (21) the boundary condition

with respect to Oy:

n+2/3 n+2/3 n+2/3
i1k il - Zl;iy ~ Hi —ané( Z"f;f/g — Hy), (53)
we find H; n+2/ ? via the system of tridiagonal equations (52) at j = 1
Ei,l,kﬂn+2/3 — Ei,l,an+ AN an+2/3 = —Fiim (54)
n+2/3 h’ (55)

nt2/3 itk pmi2/3 , Divk
Hi,2,k - T = Hi,O,k + = H
Cil,k Cilk

in (55) into (53):

i1,k =
Cil,k

we get H, (;Lk/?’ by substituting H + /3 i

2 140i 1k — 4561 1Ci 1k — 2028 AYCi s 208 AyciawHo — 515 i1k
i1k — — :
o i1 ki k — 32,1 kCilk

n+2/3
ik = = =
1 k@i 1k — 3%6,1,kCi 1k

Sweep method coefficients @; o 5, and Bw’k are calculated by the following formula

= 208AyCaHo — ki
) 4,0,k — — — .
71 ki1 k — 3261 kCilk

o kbin g — 4261 kCin g — 2026 AYTi1
0k = — —
1 101k — 3% 1.kCi 1k

As above we obtain follows from the approximation of (22) the boundary condition

with respect to Oy:

n+2/3 n+2/3 n+2/3
L= L 4H2 Ay EIMNL  nem?, — Hy) (56)
Using sweep method, at NN — 1 and N — 2, we find Hnﬁz/fk nd H”;\;Q/;k
l,—_[—n+2/3lc — @in1 an+2/3 I 57,N e (57)
H?;Q/Sk = Qi,N—2 an;\walgk + Bin—ok = (58)

/ +a; N— 2kﬁ1N 1k+BzN 2.k

njt,z/;k in (58) into (56):

= N2k N1k N
We find H"H/3 by substituting Hn+2/3k in (57) and H
n+2/3
Hing =
2L2§A95¢,N—1,k + 20§ Ay Hy — ai,N—Q,kBi,N—l,k%i,N,k - ﬁi,N—2,k%i,NJ€

45i,N—1,k%i,N,k -
40; No1 k7 Nk + 206 AYT; N1k

O N—2 kO N—1 ki Nk + 3% N —




Ravshanov N., Usmonov L.S.

36
o 13 o H nt2/ 13 o HI ,3/ ? pressure values are connected to each athers by following:
+2/3 +2/3 | 3 . = . s —
P =@ H T 4 By, i=0,M, j=N-1,1, k=0, L.

As above, we use the finite-difference method to solve equation (1) on the n + 1 time
scale, grouping similar terms to obtain a system of tridiagonal algebraic equations with

respect to the required variables:

T (59)

ai,ijjk 1 bkaH]k +ClekHz]k+1

#; 5 k—0.5N4 5 k—0.5F% j k+0.5Ri j k+0.5

n+1 —
#ijk—0.5R 5 e—05H L T B khi gk
b - + N2 ;

here : dm-,k = A2 y Vigk = Ar/3

= _ %i,j,k+0.5hi,j,k+0.5
Cz,j,k - AZ2 )

grte/3

n+2/3 n+2/3
#i—0.5,5,kMi—0.5,5,k ;3 5 (%i70.5,j,khi70.5,j,k+%i+0.5,j,khi+0.5,j,k)Hi’j}k +i10.5,5,kPit0.5,5, 8 H; 1 k_'_

fi?jvk +2/3 Ax? + /3 t2/3
n
#ij-0.5,khi,j—0.5, 6 H] 5 11— (7,505 kRi,j-0.5k 5%, 51+0.5, ki 105 k) Hy 1 5105 k01050 HY g
+ Ny +
Jend
n+2
+5mi,j,khi,j,kH¢,j,k + Frije  Faijk

AT/3 3 3

As above, we obtain follows from the approximation of (23) the boundary condition

with respect to Oz:

)

—3H['! +4H | — H"f) =0, (60)

we find H'f} via the system of tridiagonal equations (59) at k —1:

= n+1 n+1l __ =
aijaH; g b irj, 1H2] |+ G, 1Hiy = —fi1
aZ b; Jijn
;ﬁ; _ J>1 Hn+1 + ZhgL Hn+1 — LW (61)
J, i,5,0 gl T =
Gi i.4,1 Cij1 Cij,1

we take H"/) by substituting H;'f; in (61) into (60):

n+1 — (4017.77 Ei’j’l) Hn+11 — fi)j,l_ .
WO (3640 — @iga) P (BCiya — i)

Sweep method coefficients Emk and Ei,o,k are calculated by the following formula:

(452',]‘,1 - [_)i,j,l) E o fi,j,l

a', 1,0 — = = 0,7,0 — = = .
I (3Ci,j,1 — a@j’l)’ 43,0 (3Ci7]’71 - ai,j,l)

As above, we obtain follows from the approximation of (24) the boundary condition

with respect to Oz:

Hn+1 _ 4Hn+1 + 3Hn+1
7§ N LN QX;V - EELR —u36(H 7]7 — Hy). (62)

Using sweep method, at N, N —1 and N — 2, we find H”+1 _, and H”j]{, o

(63)

n+1

imwdzaleHaN+5mNh
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n+1 _
ij,N— 2—az,jN QHJN 1+B73N 2 =

(64)
= Qjj N—200 j N— 1H ]N +a az,]N Qﬂ”N 1+ 5 i, N—2"

We find H[y by substituting H'Yy_; in (63) and H]"fy_, in (64) into (62):

n+1 __
©.5,N, T

. 4Bi,j,N71%i7J}N - 2L3€A25i,j,N71 + 213§ AzHy — Ei,j,N—QBi,j,NA%i,N,k

5 ] N 2%17]7]\[
Qi j N—200G j N—1%i N + 3% j N — 40 j N—176 5 N + 203EA20 j v

HY g, HY Ny, HI' pressure values are connected to each athers by following:

H?jk}_ilﬂkHZsz-H—i_Ei,j,m 1=0,L, j=0,M, k=N-—-1, 1

As in the pressure equation, in the first concentration equation, the partial derivatives
for the three layers are solved by the finite difference method, and the system of tridiagonal
equations is solved using the coefficients of the drive. these works are presented in the
article [3]. For convenience, we present calculations for the first layer.

For the n + 1/3 layer, we replace the differential equation with a finite difference
equation and obtain equations (28) for numerical integration.

?T;/:— Tigk _ Diti-o. 5.,kCY 1—1/,33,1@ (D11,i—0.5,5,k+D11,i40. 5,],k)C?Z}’/k +D11,i40.5,5,kC]. H}{?’]k
9 AT/3 T Az? +

+D12,i70.5,j,kcﬁi_17j_17k*D12,i70.5,j,kcﬁi_1,j+1’k*D12,i+0,5,j,koﬁi+1,j_1’k+D12,i+0.5,j,koi’l’i+1’j+1’k i

AzAy
D13,i-0.5,5,6CT 51,5, 5—1P13,i-0.5,5,kCT i1 j k1 ~DP13,i40.5,5,kCT 11 -1 1 D13,i40.5,5,6CTli 41,5 k41
+ D on AzxAz n n +
4 22,,j—-0.5,kCT; ;1 = (D22,i,j—0.5,k+D22,i,j+0.5,k)CT; ;1 +D22,i,j40.5,6CT 4 j 1.5 i

Ay?

- n _ o n _ o n o n
+D2l,l,j70.5,]601,1'_173'_1’]@ D21,z,]70.5,k017i_17j+17k D21,z,j+0A5,kcl,i+l,j—1,k+D21’1;]+0~5;kcl i+1,5+1,k

AzA +
. n _ . n _
4 D23;ZJ*0-5;kcl,i,j—l,k—1 D23,1J*0-5;kcl,i,j—1,k+l

n mn
23,6,540.5,kCT4 j41.6—11TD23,i,40.56CT 5 j 11 k41

AyAz +
+D33,i,j,k7045cﬁ¢,j,k,1_(D33,i,j,k7045+D33 0,3, k+0.5)CT ;4 1+ D33,6,5,k40.5CT ; ky1 i
Az?2
+D31 4,j—0.5,kCT vi—1,7,k—1 —D31,i,j-0.5,kCT yi—1,7,k+1 —D31,i,j+0.5,kCT Jid1,5,k— 11 D31,6,j+0.5,kCT' Jit1,5,k+1 T
AxAz

P n — .. n — L. n L. mn
_'_D32,l7]7k—0~5cl,i,j—1,k—1 D3271’]’k—0~501,i,j—1 k+1 D32,1737k+04501,i,j+1,k—l+D32,1’J7k+0-5Cl,i,j+1,k+1 +
AyAz

_|_V12 05chlz 1,5,k V11+05chlz+1,]k 4 Va,i,— 05kc1”—1k V2m+05ko1z]+1k+
2Ax 2Ay
+Vs,i,j,k705cfi,j,k_1*VS,iJ,kJrOSCﬁi,j,k-s-l
20z )
and after grouping this equation, we get:
/ n+1/3 / n+1/3 / n+1/3 /
ik Crictge = YigrCrign + CinCriviin = —fige (65)
D11 m (D11, 4Dy %) D11 s .
. / _ 11,i—0.5,7,k / _ g 11,:—0.5,7,k 11,:40.5,5,k / _ 11,:40.5,5,k
here : aj ;= =55 Vi jp = 73 + A2 » ik = A

f/ _ D1211*0-57]J€01,i—1,j—l,k D12»’L*0-57]7kcl,i71,j+1 k D1212+0-53J7k01,i+1,j71,k:+D1277«+0-5,J,kcl,i+1,j+1 k
Jk T

=+
AxA
D13,i-0.5,5,6C7;_1 j -1~ D13,i-0.5,5,kCT 5 _1 j py1 — D13 hyLo 5.5.kCT 41,5611 D13,i40.5,5,6CT i 41 j k1
+ " AxAz " " +
+D22,i,j70.5,kclﬂ-,j_17k*(D22,i,j—0.5,k+D22,i,j+0.5,k)Cl’@j,k+D22,i,j+0.5,kclﬁi’j+1’k+
Ay?

P n — .. n — P n L. n
+D21717J*0-5,k01,i71,j71,k DQLZ»J*0-57k01,i71,j+1,k D21,17J+0»57kcl,i+1,j—1,k+D217’Ls1+0-57k01,z‘+1,j+1,k_|_
AzAy
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_|_

+D23,Z»170-5,k 1,4,j—1,k—1 Dasij—0.5,k 1,4,j—1,k+1 D23J»J+0<5vkcl,i,j+1,k71+D23»17J+0-57k 1,4,j+1,k+1
AyAz
D33,17J»k—0~5cl,i,j,k71 (D33,17]7k—0-5+D33,17J»k+0-5)Cl,i,j,k+D33,17]7k+0'5cl,i,j,k+1
+ N +
L. mn _ .. n — .. n .o n
D31Jv]*0<5vkcl,i71,j,k71 D317’h]*0»5vkcl,i—1,j,k+1 D31’1’J+0»5vkcl,i+1,j,k—1+D317ZvJ+0~5»kcl,i+1,j,k+1+

AxAz
Lo n _ L. n — L. n L. mn
D32ﬂ7]7k—0~501,i,j—1,k—1 D32711]1k—0-501,i,j—1,k+1 D32117J7k+0-501,i,j+1,k—1+D32,%J’k+0~5Cl,i,j+1,k+1

+

AyAz

V1,i-0.5,5,kCT i1, V1,i40.5,5,CT i 11 5 k V2,i,—05,6CT 5 516~ V2,6,5405,kCT i 1.k
+ 2Ax + 2Ay +
+V3vi,j,k*05cﬁi,j,kz—l7V37ivjyk+05c?,i,j,k+l T mgCT, ik

2Az AT/3

As above, we obtain follows from the approximation of (30) the boundary condition

with respect to Ox:
n+1/3 n+1/3 n+1/3
-3C +4C1 1y — Cral o, (66)

1?07j7k
2Ax

we find C’?H/IS via the system of tridiagonal equations (52) at i = 1:
n+1/3
3= —f {,j,ka

/ n+1/3 / n+1/3 /
al,j,kCLO,j,k o 17j7k01,17j7k _'_Clvj,kcl,lj,k o
!/ / !/
n+1/3 15k ~n+1/3 b 1,5,k ~n-+1/3 f 1,5,k (67>
c.o . =— Cloi + Cii.n ===
1727]7k / 170]7k / 1717J7k / ’
C1,5,k €15k C1,4k
n+1/3 . . n+1/3 . . .
we get ' /y by substituting C7, ;i in (60) into (59):
f/
17j7k

i3 _ (Uigr —4¢05) ntys
LOGR (@) e — 31 k) VMR (3 1k — a'1jk)

Sweep method coefficients and are calculated by following formula:
J 1k

(B 1jk — a'1jk)

/ _ (bllyjyk — 40/1’]’k) / .
aO,],kz - (a/17j7k _ 36/1,]"]{:)7 BO,],k -

As above, we obtain follows from the approximation of (32) the boundary condition

n+1/3 n+1/3
M aw+ 3TN (68)

with respect to Ox:
+1/3
Cr - 401,N71,j,k

1»N727j7k
2Ax
Using sweep method, at N, N — landN — 2, we find C’Ervl_/i’]k and Cﬁvl_/g’,j,k
+1/3 +1/3
Cf;N_ldvk o a§v_l7]7kCﬁN?J7k + /Bgv_lzjzk, (69)
+1/3 +1/3 .
Cy k= O/N—Q,j,kcﬁNfl,j,k + 5§V—2,j7k = (70)

17N72’ja
N / n+1/3 / / /
o &N—Q,],kQN—l,],k) 17N7j7k + aN_27]7k/8N_17.77k + 5N—27j7k.
n+1/3 . n+1/3 . . ,
in (62) and C| y'5 ;. in (63) into (61):

We find C?jvlj/:; by substituting CT'y"7 ;

45/N71,j,k - a/N—Q,j,kB,Nfl,j,k - 5/N72,j,k

Cn+1/3 -
17N7 ‘7k -
J &' N2k N_1 K — 4 N1k + 3
n+1/3 n+1/3 n+1/3
C 017N_27j7k’ Tt Cl)lujvk

LN—1,5,k>
concentration values are connected to each athers by following:
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Crid =l O+ B i=N-1,1, j=0,M, k=0, L.

Above like concentration of the mixture in the equation also three layer according
to partial derivatives limited difference in the manner is being answered and propulsive
coefficients through three diagonally equations system solved. this works [3| in the article
given. For convenience, we present calculations for the first layer.

n+ 1/3 layer differential equation for finite difference equation with by replacing (33)
equations numerical integration for we get:

n+1/3 - n+1/3 n+1/3 n+1/3

ok ~Coigre  DP11,i-05,,.6C0 ;17 x = (D11,i-0.5,5,k+D11,i40.5,5,k)Co ;') +D11,i40.5,5,6C2 111 5 1
Mg AT/3 - Az? +
D12,i-0.5,5,6C3 ;1 1,5~ D12,i-0.5,5,6C3 ;1 11,6~ D12,i40.5,5,6C3 111 j 1,6t D12,i40.5,5,6C3 111 41k
AxA +
D13,i-0.5,5,6C5 ;1 j—17D13,i-0.5,5,C5; _1 j gy1=D13,640.5,5,6C5 111 j k1T D13,i40.5,5,C3 11 5 kg1
” AxzAz " n +
+D22,i,j70.5,kcg,i,j_17k*(D22,i,j70.5,k+D22,i,j+0.5,k)Cg’iﬂ"k+D22,i,j+0.5,k02’i,j_,_l’k+
Ay?
Da1ij-058C3 1 j_1 5 DP21,6,5-05kC3 ;1 j41,6~DP21,i,40.58C5 ;11 j_1 51 D21,6,540.5,6C5 ;11 41k
AzA +
D23,i,5-0.5kC5 ; j_1 -1 D23,6,5-05kC%; ;1 k17 D23,0,j40.58C5 ; ;11 —11D23,6,540.5kC%; j 11 ki1
AyAz +
1 D33,i,5,k—0.5C5 ; j x—1—(D33,i,5,k—0.5+D33,i,j,k40.5)Cq; i 1+ D33,1,5,k+0.5C3 ; ;41 i
Az?
+D31,i,j7045,kcg’i,1)j}k,1*D31,i,j70.5,kcgi,1’j)k+1*D31,i,j+0.5,kcg’i+1yjyk,1+D31,i,j+0.5,kCgl’iJrl,j’kJrl i
AxAz
D32,i,5,k—0.5C5; ;1 5—1"D32,i,,k—0.5C3 ; ;1 k117 D32,0,5,k+0.5C%; ;11 p—1TD32,0,5,k+0.5C%; ;11 ki1
AyAz +
V1,i-0.5,5,kC% 1,5, V1,i40.5,5,kC3 11 5 k V2,i,-05,6C% 5 516~ V2,6,5405,6C5 i1k
+ 2Ax + 2Ay +
V3,i,5,k—05C3; 7 k17 V3,4,5,k+05C5 ;5 11
+ 2Az ’

and aftert grouping this equation, we get:

~ nt1/3 7 ntl/3 | ~ nt1/3 7
ai,j,kczi—l,j,k - bi:j7k02,z‘,j,k + Ci,j,kc2,i+1,j,k = —fijh (71)
L~ Di11,i—0.5,,k
here : @ = =552,
5o e (D11,i—05,5k + Dit1,i+05,k) s D11itos.5k
i,k — ; P9,k — )
! AT/3 Ax? ” Ax?
_ n+1/3 n+1/3 n+1/3 n+1/3
f' o D12,'L70.5,j,kCg,ifl’jflvk7D12,7270.5,j,kngifl’j;i,l,k7D12,i+045,j,kngH,lYj,1’k+D12,i+0.5,j,kCg’i+11j+1yk+
1,5,k — AzAy
n+1/3 n+1/3 n+1/3 n+1/3
+D13»’i*0-57j7k02,i71,j,k—1_D13ai*0»5vjvk02,i—1,j,k+1_D13ai+0-57j7kCZ,z‘Jrl,j,kfl+D13»i+0-5ajakCQ,i+1,j,k+1+
AzAz
D22,i,j—0.5kC% ; j_1,—(D22,i,5-0.5,k+tD22,4,j40.5,k)C5 ; 5 x+D22,i,5+0.56C% ; i1k
+ A2 +
+D21,i7170-5,kcg,i—1,j—1,k*D21,i,170-5,kC§,i—1,j+1,k*D21,i,j+0»5,kcg,i+1,j—1,k+D21,i,j+0.5,kCg,i-q—l,j-;-l,k+
AzAy
+D23,i,j70~5,kC§,i,j—1,k—1*D23,i»j70.5,kcg,i,j—1,k+1*D23,i,j+0~5,kcg,i,j+1,k—1+D23,i,j+0.5,kC;,i,j+1,k+1+
AyAz
Di33,i,5,k-0.5C5 ; i -1~ (D33,i,5,k—0.5+D33,i,5,k+0.5)Cq ; 5 1 +D33,1,5,k+0.5C5 ; 141
+ N +

D23,w—0-5,1@02,2',]'71,1%1 D23717J—0-5ak02,i,j—1,k+1 D23,w+0»5,kC2,¢,j+1,kf1+D23,m+0.5,kCz,i,j+1,k+1

+ AyAz +

. n — .. L. n . n
D331171ak*0~502,i,j,k—1 (D33»1,],k*0~5+D33;17J,k+0<5)CQ,i,j,k+D33»1131k+0~502,i,j,k+1

+ N +
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D31,7,,j7045,k02’i7]_’j’k71 D31,1,j70.5,kcgyi,1J,k+1 D31 ,1,7+0.5 kCQ Ji+1,5,k ].+D31727]+0~5vk02,i+1,j,k+1 +

+ AxAz
D32,i,j,k—0.5C%; j_15—1"D32,i,,k=0.5C% ; ;_1 k1 D32,i,5,k+0.5C%; ;11 p—1TD32,0,5,k+0.5C%; ;11 ki1
AyAz +
_|_V1 i— 05Jkozz 1,5,k —V1,i+0.5,,kC5 i1,k + Va,i,5-0s, k0213—1 ke V2,i,j+05, kC3, 41, k+
2Ax 2Ay
+V3viaj,k*05cg,i,j,k—l7V3vivjyk+05cg,i,j,k+l X mng gk
2Az AT/3

As above, we obtain follows from the approximation of (35) the boundary condition
with respect to Ox:

205k T 2021 5k 2,25,k 0
2Ax = —u(Co 5k — C3), (72)
we find C";r;/,f via the system of tridiagonal equations (65) at i = 1:
/3 7 /3 1/3 l
al,y,kcgajk b1, kcﬁjk + ¢y, kcgj/k = —fik
n+1/3 _ _al,j,k On+1/3 + bl,JkOn+1/3 B fl,j,k (73>
2727.]7k El’]’k 2’07.77’6 E/ 7j7k 2717‘]7k El’]’k ’
we get C’nari/,f’ by substituting Og;;/,f in (66) into (65):

ek bije — 4G50 — 2ATCjk mi1ys | 20AxC jRCYH — f1,g k

2,05,k — 2,1,j,k

a1k — 3C1k ayjr — 3C1jk

Sweep method coeflicients oy ; yand Bo,j,k are calculated by the following formula:

a . bl,j,k — 4017]'7;9 — QLAZL’CL]"k B’ . ZLAl‘CLchC flJ k
07j7k - -~ g Oyjyk - -~
1,5k — 3C15k 1,4,k — 3C15k

As above, we obtain follows from the approximation of (36) the boundary condition
with respect to Ox:

n+1/3 n+1/3 n+1/3
OZN_ZJ’]C — 402 N1k T 5 Npk —1(CoN—1jk — CO) (74)
2Ax AN =hI 2/

Using sweep method, at NN — 1 and N — 2, we find C’;;rvl/i’] . and C;L;rvl/;] N
C’;Xrl_/im = aN—l,j,kC’?;rvlﬁ + Bn_ 15k (75)
n+1/3 n+1/3 ~

Conlojk = Oziv 12§k0 N /Mk + BN-2,jk = (76)

= AN_2,kON_1,, kC 9.N,jk T AN=2, kBN—1jk + BN=2,jk-

We find C’gjvlﬁ by substituting C";rvl/i’]k in (68) and C";rvl/;’]k in (69) into (67):

_ _ . - ~ _
nt1/3  ABN_1k — 20BN 1k + 208005 — an_ojkBN-1,4k — BN-2jk

Covio =
2,N,j.k ~ ~ ~ ~
! ON—2,jkON-1,jk + 208N 1) — 4ON_1k + 3
n+1/3 n+1/3 n+1/3 .
Conlijkr Conlojgr---+Caqy concentration values are connected to each athers by
following:

Oyt = QiguCoillsy + Bigs  i=N-1,1, j=0,M, k=0, L.
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Thus, a mathematical model and a numerical solution algorithm were developed to
study and predict the underground mining process, make the right decisions, and conduct
computational experiments.

4 Analysis of results

The calculation results were performed using the Python programming language.
When solving the problem, the dimensions of the sphere were taken as follows: 0 <
r < 100(m), 0 < y < 50(m), z — varies depending on the ore reserve. Figures 1-10 show
the distribution of acid on the ore-bearing plain within the mine.
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Figure 1 Pressure distribution in the area at ¢ = 1.6 minutes (a), porosity (b), The velocity
vectors (c) and concentration (d) changes are shown

From the initial calculation experiments that the velocity vectors are very large in the
areas of high porosity of the field and exist only around the wells, in the rest of the field
there is no movement. Fluid is supplied from the center and pumps are drawn from the
production wells. It can be seen that the pressure distribution in the field is high around
the injection well, low around the production wellsand evenly distributed in the rest of
the field. The porosity has not changed from the initial state and the velocity vectors are
large precisely in areas with high porosity. The concentration of the injection well has
changed slightly, in the rest of the places it is evenly distributed and has not reached the
production wells.

In a porous medium, it can be seen that the pressure distribution around the injection
well is significantly increased and the area of low pressure around the production wells
is enlarged. The velocity vectors are slightly normalized. The porosity of the medium
is almost static and changes very little. It was observed that the concentration slowly
spread around the injection well.

At 12 minutes of time, it can be seen that the process has developed dramatically. The
distribution of high pressure in the field is more than 10 m radius from the center and
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Figure 2 Pressure distribution in the area at ¢ = 2.9 minutes (a), porosity (b), the velocity
vectors (c¢) and concentration (d) changes are shown
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Figure 3 Pressure distribution in the area at ¢ = 12 minutes (a), porosity (b), the velocity
vectors (c¢) and concentration (d) changes are shown
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Figure 4 Pressure distribution in the area at ¢ = 1 hour (a), porosity (b), The velocity vectors
(c) and concentration (d) changes are shown
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Figure 5 Pressure distribution in the area at ¢t = 1 hour 20 minutes (a), porosity (b), The
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vectors (c¢) and concentration (d) changes are shown

the production wells low pressure expanded due to the operation of the pumps.

The pressure in the production and injection wells are almost affected. Velocity vectors
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Figure 6 Pressure distribution in the area at t = 2 hours (a), porosity (b), The velocity vectors
(c) and concentration (d) changes are shown
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Figure 7 Pressure distribution in the area at t = 3 hours (a), porosity (b), The velocity vectors
(c) and concentration (d) changes are shown

are much more stagnant and decelerated due to changes in porosity. It can be seen that
the concentration has shifted significantly.
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It can be seen that the pressures of the injection well and production wells have reached
a state of complete equilibrium. It can be seen that the porosity has increased almost
everywhere in the field and the permeability has increased, shifting from anisotropic to
isotropic, as a result of which the velocity vectors of the flow have reached a nearly
stationary state. It is observed that the concentration has reached the production well
and increases around the production wells.

In the field, the pressures of production wells and injection wells are full balanced.
The change of porosity and velocity vectors is almost unchanged from 20 minutes ago.
And the concentration increased significantly around the production wells.

The pressures of the field have reached a state of complete balance. Porosity and
velocity vectors are almost stationary. And the concentration increased and accumulated
around the production well.

It can be seen that the situation at 3 hours after the start of the process is almost the
same as at 2 hours. The porosity is very close to a homogeneous state and the velocity
vectors are evenly distributed throughout the field, i.e. there is a flow throughout the
entire field. The concentration is sufficient around the production well, i.e. the mixture
is sufficiently saturated, which means that it is easier to pump the mixture.

5 Conclusion

This study presented a comprehensive mathematical model, numerical solution al-
gorithm, and software to analyze the hydrodynamic processes involved in ISL in three-
dimensional porous media. The rate of change of these hydrodynamic parameters depends
on the pressure; showing exponential behavior under high pressure and linear behavior
under low pressure conditions.

By incorporating filtration, diffusion, and kinetic factors, the model provides a deeper
understanding of how pressure variations, permeability, and porosity affect the extrac-
tion process. The use of numerical methods to solve complex parabolic-type quasi-linear
eigenvalue equations is shown to be effective in simulating real-world ISL processes. The
rate of change of these hydrodynamic parameters is pressure-dependent; exhibiting expo-
nential behavior at high pressure and linear behavior at low pressure. It should be noted
that in the process of ISL, a chemical reaction occurs as a result of the reagent’s effect on
ore deposits, and the substance passes from one phase to another, as a result of which the
hydrodynamic parameters of the pore medium (filtration and porosity coefficients) and
the pressure in the ore reservoir change.

The main result of this study is the significant effect of pressure variation on hydro-
dynamic parameters, especially on injection and extraction of rhythm. These changes
directly affect the efficiency of mineral processing and possible ecological consequences
such as groundwater contamination. The proposed mathematical model, numerical solu-
tion algorithm , and software allow for improved monitoring, prediction, and optimization
of ISL operations that are both economically feasible and ecologically safe.

Future research will focus on refining this model to include dynamic factors such
as chemical interactions, multiphase flow motion, and integration of real-time field data.
Further advances in computational algorithms and software will also increase the accuracy
and applicability of simulations, leading to more sustainable and efficient mining practices.
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TPEXMEPHAAI MATEMATNYECKAS MOJAEJIb 1
AJITOPUTM YMNCJIEHHOI'O PEINTEHUN A J1JI4
MOHUTOPUHI'A 1N IITPOI'HO3VPOBAHNA ITPOLHECCOB

[IO3EMHOTIO BBIIIIE/IAYUBAHNS B IIOPUCTON
CPE/IE

Paswanos H., * Yemonos JI.C.
*uslochinbek@gmail. com
HayuHo-uccienoBaTeibcKuit HHCTUTYT PA3BUTHS ITUMPOBBIX TEXHOJOTUN M UCKYCCTBEHHOTO
UHTEJJIEKTA,
100125, ¥Y3bekucran, r. Tamkent, Mupso-Yayrbekckuit p-ox, M-B bys-2, x1. 17A.

B crarbe amaimsupyroTcs TEAPOIMHAMIYICCKUE ITPOIECCHI, CBIA3aHHBIE C IIOI3E€MHOI
JOOBIYEll TTOJIE3HBIX UCKOMTAEMBIX, B YACTHOCTH, ¢ KHUCJIOTHOM 9KCTPaKIMell IparomeHHbIX
METAJIJIOB U3 PYAHBIX MECTOpPOXKJieHuil. J[JIT KOMIIIEKCHOIO M3ydYeHUsl, MOHUTOPUHTA U
[IPOTHO3UPOBAHUs [OBeJIeHNs 0O'beKTa pazpaborana MaremMaTudeckas Mojeab (MM), oc-
HOBaHHAs Ha (QUIBTPAIMOHHO-KOHBEKTUBHBIX U AU(PDY3UOHHBIX MPOIECCAX, XapaKTep-
HBIX i1 (PUIBTPAIME TIOA3EMHBIX (DJIFOUI0B. IDTa MOJIETh YyIUTHIBAET BJIMSIHAE Pas-
JIMIHBIX TUAPOIUHAMUYIECKAX MMAPAMETPOB, B YaCTHOCTH, KodddunmenTta (uibTpannm
U CpejHeil MOPUCTOCTH, KOTOPbIE ABJSIOTCA (DYHKIMSMU YPOBHS JABJICHUS M KUHETHUKU
nporecca. AHaJIM3 MOCTAHOBKHU 3aJ1a4d MTOKA3bIBAET, YTO M3MEHEHUE JABJICHUSA B PYIHOI
3aJeK1 B PE3YJIbTaTe 3aJIUBKU U U3BJIEUEHUSI PACTBOPA HAIPAMYIO BJIHSET Ha KO3 hu-
[IMEHTHI ITPOHUIIAEMOCTH ¥ IMOPUCTOCTH IIJacTa. Pe3y/ibTaThl 9KCIIEPUMEHTOB ITOKA3aJIu,
9TO W3MEHEHWE TUAPOANHAMUIECKNX MapaMeTPOB ITPOMOPIINOHAJIHLHO N3MEHEHUIO JTaBJIe-
HUs, TIPA 9TOM HaAOJIIOIAETCS SKCIOHEHIINAIbHAS 3aBUCUMOCTD IIPH BHICOKOM JABIEHUN U
JIMHEeHAs 3aBUCUMOCTD IIPU HU3KOM JaBjeHnn. CjielyeT OTMETHTh, 9TO B IIPOIECCE O/~
3eMHOro BhimenaunBanus (I1B) B pesyibrare Bo3ielicTBIs peareHTa Ha PY/IHBIE 3aJI€KU
[IPOUCXOIUIA XUMUIECKasl PEaKIns U BEIIeCTBO IEPEXOIUJIo U3 OJHON (das3bl B APYryIo,
B pe3y/bTaTe dero HabJII0JaIuCh U3MEHEHUsT THIPOIUHAMUIECKAX [TapaMeTPOB IOPOBOIt
cpenpl (koadbdurmenToB GUABTPAIUNE ¥ TOPUCTOCTH) U JIABJICHHS B PY/THOM ILIACTE.

KirroueBbie ci1oBa: 110/[3eMHOE BBIIIEIadMBAHIE, MATEMATHIECKOE MOJICIIMPOBAHHIE, YNC-
JIEHHBI!l &JITOPUTM, MUHEPaAJIBI, DuabTpalus u nuddy3us KUIKOCTeH, KHHETUKA ITPOIIEC-
ca.
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