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Abstract: - The paper explores a mathematical model for the anomalous solute transport within a porous 
medium. This model encompasses the mass balance equation and the kinetic equation. To solve the problem, a 
numerical algorithm for computer experimentation is developed on the basis of the finite difference method. 
Based on numerical results, the main characteristics of solute transport in a porous medium are established. 
Influences of model parameters on the transport and deposition of suspended particles of suspension in porous 
media are analysed. The anomalies of solute transport and the multi-stage nature of deposition kinetics can 
induce effects that differ from those typically observed in the normal solute transport with single-stage particle 
deposition kinetics. 
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1 Introduction 
Understanding the dynamics of solute transport in a 
porous medium is essential for addressing 
environmental concerns and optimizing industrial 
processes, [1]. Modeling and simulation are among 
the most widely used approaches for analyzing such 
problems, [2], [3]. 

The hydrodynamic dispersion theory stands out 
as one of the frequently used frameworks for 
describing the solute transport in porous media, [4]. 
The equation governing the transport of nonreactive 
contaminants, known as the advection-dispersion 
equation, can be formulated as follows, [4]: 

𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷

𝜕𝑐

𝜕𝑥
) − 𝑣

𝜕𝑐

𝜕𝑥
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where 𝑐 is the solute concentration, 𝐷 is the 
hydrodynamic dispersion (diffusion) coefficient, 
and 𝑣 is the average pore velocity of solute 
transport. 

 
Traditional modeling of solute transport in 

porous media is often characterized by Fick’s rule of 
diffusion and the classical advection–dispersion 
equation, [5], [6]. These models presume that solute 
transport adheres to standard diffusion, defined by a 
linear correlation between mean square displacement 
and time. Numerous experimental and field studies 
have shown that solute transport in heterogeneous 
and broken porous media frequently diverges from 
Fickian behavior, [7], [8], [9]. Anomalous transport, 
resulting from pore-scale variability, preferential 
flow channels, and long-tailed residence time 
distributions, cannot be sufficiently represented by 
the advection–dispersion equation. As investigations 
into real-world porous media systems have 
advanced, it has become increasingly evident that 
this classical theories may not adequately describe 
the complexity of transport phenomena, particularly 
in heterogeneous environments, [10]. In the last 
decades, there has been a growing doubt regarding 
the application of the traditional advection-
dispersion equation based on Fickian-type 
dispersion. This has led to the introduction of 
alternative non-Fickian dispersion models. 
Researchers such as [11] proposed that anomalous 
transport in a sand bed can be better explained by the 
continuous time random walk theory. Building on 
Lévy motion theory [12], developed the fractional 
advection-dispersion equation to capture non-Fickian 
transport. Studies as [13] demonstrated that the 
fractional advection-dispersion equation outperforms 
the advection-dispersion equation in modeling 
breakthrough curves, especially in representing the 
long tails. 

Significant results were achieved in the research 
of problems of mathematical modeling of 
anomalous solute transport processes in porous 
media and in solving actual theoretical and practical 
issues. The purpose of the research is to improve 
mathematical models of the process of solute 
transport in porous media, taking into account the 
multi-stage process of deposition formation due to 
different phenomena, and to develop a numerical 
algorithm for solving the problem. 
 

 

2 Problem Formulation 
We consider a finite layer with porosity 𝑚 at the 
initial value of time and filled with a homogeneous 
liquid (that is, a liquid without suspended particles). 

Starting from 𝑡 > 0 at the point 𝑥 = 0, an 
inhomogeneous liquid with concentration 𝑐0 
injected with filtration velocity 𝑣(𝑡) = 𝑣0 = const. 

The model of inhomogeneous liquid filtration in 
a porous medium usually consists of the balance and 
kinetic equations of suspended particles, [14]. 

The balance equation for the one-dimensional 
case is as follows, [14], [15]: 

 

𝑚
𝜕𝑐

𝜕𝑡
+ 𝑣

𝜕𝑐

𝜕𝑥
+

𝜕𝜌

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
                                (1)  

 
where 𝑐 is suspension concentration, 𝑣 is filtration 
velocity, 𝑚 is porosity, 𝜌 is concentration of 
deposition, 𝐷 is diffusion coefficient. 

 
In recent years, the kinetics of multi-stage 

sediment formation have been widely used to fully 
describe these processes, [15], [16]. 
𝜕𝜌

𝜕𝑡
= {

𝑘𝑟𝑣𝑐, 0 < 𝜌 ≤ 𝜌1

𝑘𝑎𝑣𝑐 − 𝑘𝑑𝜌, 𝜌1 < 𝜌 < 𝜌0

0, 𝜌 = 𝜌0

                     (2)  

where 𝜌0 is the total capacity of the filter, 𝜌1 is the 
parameter characterizing the "charging" limit of 
𝜌, 𝑘𝑟 Is the kinetic coefficient related to the 
"charging" effect, 𝑘𝑎 is the coefficient 
characterizing the deposition of solid particles, 𝑘𝑑 Is 
the coefficient characterizing the release of solid 
particles. 

 
Anomalous (or not obeying Fick's law) transport 

is recognized as a common phenomenon in porous 
media, where the extreme complexity of the pore 
space geometry strongly affects the flow and 
migration processes in them. The existence of such 
environments has been confirmed in many field and 
laboratory experiments, [17]. Problems of 
anomalous mass transfer in porous media are of 
great practical importance in many fields of 
engineering and technology. 

The model used here is an improved version of 
the models available in the literature, [11], [16]: 

 

𝑚0

𝜕𝑐

𝜕𝑡
+ 𝑣

𝜕𝑐

𝜕𝑥
+

𝜕𝜌

𝜕𝑡
= 𝐷

𝜕𝛼𝑐

𝜕𝑥𝛼
                                (3)  

 
where 𝛼 is the order of the derivative (1 < 𝛼 ≤ 2). 
 
The initial and boundary conditions are as follows. 

𝑐(0, 𝑡) = 𝑐0 =  const 
𝜕𝑐

𝜕𝑥
= 0, 𝑥 = 𝐿, 𝑡 > 0

𝑐(𝑥, 0) = 0,
𝜌(𝑥, 0) = 0. (4)
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3 Problem Solution 
To solve the problem (2) - (4), we use the finite 
differences method, [18]. In the field 𝐷 = {0 ≤ 𝑥 < 
𝐿, 0 ≤ 𝑡 ≤ 𝑇}, let's enter a net, where 𝑇 is the 
maximal value of time in which the process is 
studied. For this, the interval [0, 𝐿] will be divided 
with step ℎ into 𝑁 pieces and [0, 𝑇] will be divided 
with step 𝜏. As a result, we obtain the following net. 

𝜔ℎ𝜏 ={(𝑥𝑖, 𝑡𝑗), 𝑥𝑖 = 𝑖ℎ, 𝑖 = 0,1, … , 𝑁,

ℎ = 𝐿/𝑁, 𝑡𝑗 = 𝑗𝜏, 𝑗 = 0,1, … , 𝐽, 𝜏 = 𝑇/𝐽}
 

 
Instead of functions 𝑐(𝑡, 𝑥), 𝜌(𝑡, 𝑥) we use net 

functions, which acceptance values 𝑐𝑖
𝑗
, 𝜌𝑖

𝑗 at the 
nodes (𝑥𝑖, 𝑡𝑗). 

We approximate the system (2) - (4) in the net. 
𝜔ℎ𝜏. We use the integral form of the fraction 
derivative in equation (3). While the integral form 
can be discretized as follows: 

𝜕
𝛼

𝑐

𝜕𝑥𝛼
=

1

Γ(3 − 𝛼) ⋅ ℎ𝛼
∙

(∑  

𝑖−1

𝑘=0

 ((𝑐)
𝑖−(𝑘+1)
𝑗

− 2(𝑐)
𝑖−𝑘

𝑗
+ (𝑐)

𝑖−(𝑘−1)
𝑗 ))

((𝑘 + 1)
2−𝛼

− (𝑘)
2−𝛼)

 

 
where Γ(⋅) is the Gamma function. 

𝑚
𝑐𝑖

𝑗+1
− 𝑐𝑖

𝑗

𝜏
+ 𝑣

𝑐𝑖
𝑗+1

− 𝑐𝑖−1
𝑗+1

ℎ
+

𝜌𝑖
𝑗

− 𝜌𝑖
𝑗−1

𝜏
=

1

Γ(3 − 𝛼) ⋅ ℎ𝛼

(∑  

𝑖−1

𝑘=0

  ((𝑐)𝑖−(𝑘+1)
𝑗

− 2(𝑐)𝑖−𝑘
𝑗

+ (𝑐)𝑖−(𝑘−1)
𝑗

))   (6)

 

 

𝜌𝑖
𝑗+1

− 𝜌𝑖
𝑗

𝜏
= {

𝑘𝑟𝑣𝑐𝑖
𝑗
, 0 < 𝜌𝑖

𝑗
≤ 𝜌1

𝑘𝑎𝑣𝑐𝑖
𝑗

− 𝑘𝑑𝜌𝑖
𝑗
, 𝜌1 < 𝜌𝑖

𝑗
< 𝜌0

0, 𝜌𝑖
𝑗

= 𝜌0

  (7)  

 
Initial and boundary conditions (3) are also 

expressed in the net form. 
𝑐𝑖

𝑗
= 0, 𝜌𝑖

𝑗
= 0, 𝑖 = 0, 𝐼, 𝑗 = 0

𝑐𝑖
𝑗

= 𝑐0, 𝑖 = 0, 𝑗 = 0, 𝐽

 𝑐𝑖+1
𝑗

− 𝑐𝑖
𝑗

= 0, 𝑖 = 𝐼, 𝑗 = 0, 𝐽

  (8) 

 
Calculations are carried out in the following 

sequence: from relations (8), the values of 𝑐𝑖
𝑗, and 

𝜌𝑖
𝑗 will be found in the zero layer. Then, from the 

Equation (7), we will find 𝜌𝑖
𝑗 In the next layer. 

Finally we we will find. 𝑐𝑖
𝑗 at the corresponding 

points in the higher layer. 
 
 

4 Results and Discussion 
To solve the problem (2)-(4), using approximations 
and the algorithm given above, a software tool has 
been created in Python. Numerical results obtained 
for different parameter values. Received results 
analysis done, evaluated the effect of the anomaly 
on transport characteristics. During the solving of 
the problem following values of parameters were 
used: 𝜌0 = 0.1, 𝜌1 = 0.005, 𝑐0 = 0,05, 𝑚0 = 
0.3, 𝑣 = 10−4 m/s, 𝐷 = 10−5 m2/s, 𝑘𝑟 = 
32 s−1, 𝑘𝑎 = 42 s−1, 𝑘𝑑 = 0.002 s−1. Values of 
other parameters are given under the graphics. 

Figure 1, Figure 2 and Figure 3 show the 
changing profiles of the relative concentration of 
suspended particles (𝑐/𝑐0) and the deposition 
concentration ( 𝜌 ) over time. 

It can be seen from the graphs that over time, 
both fields move towards the inner part of the 
porous media, and at the same time, their values 
increase at fixed points (Figure 1, Figure 2 and 
Figure 3). 

At 𝛼 = 2 when 𝑡 = 1600 s from the time 
starting only at the point 𝑥 = 0, deposition 
concentration reached its own maximum (Figure 1 
b). At the larger values of time in the point near 𝑥 =
0, deposition concentration also reached its own 
maximum value of achieving as shown (Figure 1b). 

 

 
Fig. 1: Profiles of 𝑐/𝑐0(𝑎), 𝜌(𝑏), at 𝛼 = 2  
Source: Created by the authors  

(5) 
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Fig. 2: Profiles of 𝑐/𝑐0(𝑎), 𝜌(𝑏), at 𝛼 = 1.8  
Source: Created by the authors 

 
At 𝛼 = 2 the concentration of suspended 

particles in the liquid at 𝑡 = 1600 s has reached 
0.25 m of the medium, at 𝑡 = 3200 s, this indicator 
is in 0.35 m, at 𝑡 = 4800 s can be observed that it 
has reached the end of the porous medium (Figure 
1a). 

 

 
Fig. 3: Profiles of 𝑐/𝑐0(𝑎), 𝜌(𝑏), at 𝛼 = 1.6  
Source: Created by the authors 

 
When the order of the fractional derivative in 

equation (3) is reduced to 𝛼 = 1.8, it can be seen 
that the profiles of (𝑐/𝑐0) and (𝜌) are spread wider 
(Figure 2) and their values at fixed points are larger 

than when 𝛼 = 2. This is explained by the fact that 
fast diffusion (superdiffusion) is observed, and 
therefore, the concentration profiles spread more 
widely. 

Decreasing the value of 𝛼 up to 1.6 provides to 
relatively more wider to spread of (𝑐/𝑐0) and (𝜌) 
concentrations than 𝛼 = 1.8 (Figure 3). This is 
especially so for deposition concentration 𝜌 of in 
their profiles 𝑡 = 3200 s and 𝑡 = 4800 s, when it is 
more obvious (Figure 3b). 𝑡 = 3200 s when almost 
𝑥 = 0.035 m to the distance has been pore 
environment in the part sediment concentration his 
own maximum to the value achieved, 𝑡 = 4800 s, 
and - this indicator 0,05 m that it also passed to see 
possible (Figure 3b). 

Figure 4 compares the distribution profiles of 
(𝑐/𝑐0) and (𝜌) concentrations at 𝑡 = 4800 s for 
different values of the fractional derivative 𝛼. It can 
be observed that decreasing the values of 𝛼 leads to 
an increase in the values of both concentrations at 
all points of the layer (Figure 4). It is observed that 
the deposition concentration reaches its maximum 
value at points close to the point 𝑥 = 0 and is 
further shifted towards the inner side of the porous 
medium with increasing value of 𝛼. We can see that 
the occurrence of the fast diffusion phenomenon 
also increases the intensity of sediment formation. 

 

 
Fig. 4: Profiles of 𝑐/𝑐0(𝑎), 𝜌(𝑏), at 𝑡 = 4800𝑠 and 
different values of 𝛼  
Source: Created by the authors 

 
Figure 5 shows the changing dynamics of 

deposition concentration 𝜌 at fixed points at 
different values of 𝛼. Figure 5a shows the results for 
the point 𝑥 = 0.02 m and Figure 5b − for =
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0.04 m. Here, also, it can be observed that at both 
points and at all values of time, decreasing the order 
of the derivative 𝛼 leads to an increase in the value 
of 𝜌. It can be seen from the graphs that at 𝛼 = 2 
even at 𝑡 = 5000 s at the point 𝑥 = 0.02𝑚, the 
deposition concentration has not reached its 
maximum value of 0.01, that is, the depositing 
process is still ongoing (Figure 5a). At 𝛼 = 1.8 
approximately ≈ 3500 s, and at 𝛼 = 1.6 at 𝑡 ≈
3200𝑠 the concentration of deposition reached its 
maximum value at the point 𝑥 = 0.02𝑚 (Figure 5a). 
At the point 𝑥 = 0.4 during the studied time, it can 
be observed that the deposition reaches its 
maximum value, and the formation of deposition 
has stopped only at 𝛼 = 1.6, and at 𝛼 = 1.8 and 
𝛼 = 2, formation of deposition is still ongoing. 

 

 
Fig. 5: The dynamics of change of deposition 
concentration 𝜌 at points 𝑥 = 0.02 (a) and 𝑥 = 0.04 
(b) at 𝑡 = 4800𝑠 and different values of 𝛼  
Source: Created by the authors 

 
Figure 6 shows the changing dynamics of 

deposition concentration 𝑐/𝑐0 at fixed points at 
different values of 𝛼. Figure 6a shows the results for 
the point 𝑥 = 0.02 m and Figure 6b − for =
0.04 m. It can be observed that at both points and 
for all studied times, decreasing the order of the 
derivative α leads to an increase in the 
concentration. Some sharp changes can be observed 
due to the multi-stage characteristics of the 
deposition kinetics. This behavior is observed at the 
early stage of the process, as the 'charging' effect is 
completed very rapidly. 
 

 
 
Fig. 6: The dynamics of change of concentration 
𝑐/𝑐0 at points 𝑥 = 0.02 (a) and 𝑥 = 0.04 (b) at 𝑡 =
4800𝑠 and different values of 𝛼  
Source: Created by the authors 

 
 
5 Conclusion 
This paper is aimed at the improvement of 
mathematical models of the process of anomalous 
solute transport in porous media and their numerical 
solution, taking into account the multi-stage process 
of deposition formation. Mechanisms and kinetics 
of particle deposition on pore walls, including multi-
stage kinetics, were analyzed. Methods of numerical 
implementation of mathematical models of 
anomalous solute transport in porous media were 
analyzed. Unlike the previous scientific works, the 
influence of anomalous diffusion and fractional 
derivative multistage kinetics on the process of 
solute transport was evaluated. The mathematical 
model of the anomalous solute transport process in 
the porous medium was improved based on the 
system of differential equations with fractional 
derivatives in the balance equation. Based on the 
improved model, an effective algorithm was 
developed based on the finite difference method for 
solving problems numerically, and a software tool 
was created for conducting computational 
experiments. It was shown that the decrease of the 
order of the derivative in the diffusion term in the 
balance equation from 2 leads to the acceleration of 
the diffusion of the solute, which, in turn, leads to 
an increase in the intensity of deposition formation. 
Future research may expand the model to 
incorporate heterogeneous porous media with 

WSEAS TRANSACTIONS on FLUID MECHANICS 
DOI: 10.37394/232013.2025.20.16

Bekzodjon Fayziev, Tulkin Begmatov, 
Odil Khaydarov, Shukhrat Gulamov, 

Mahfuza Nurmanova, Shamsiddin Yuldashev

E-ISSN: 2224-347X 166 Volume 20, 2025



spatially variable characteristics and interactions 
among numerous solute species. Additional 
optimization of numerical techniques for accelerated 
and more efficient simulations is also anticipated.  
Furthermore, doing a sensitivity analysis of model 
parameters and systematically comparing them with 
experimental data may yield profound insights into 
the mechanisms underlying anomalous solute 
transport and multi-stage deposition processes. 
 
 
References: 

[1] D.B. Ingham, I. Pop (Eds.), Transport 

Phenomena in Porous Media, Pergamon, 
Oxford, 1998. ISBN: 978-0-08-042843-7. 

[2] M. Alquraish, Modeling and Simulation of 
Manufacturing Processes and Systems: 
Overview of Tools, Challenges, and Future 
Opportunities,” Engineering, Technology & 
Applied Science Research. Vol. 12, no. 6 Dec. 
2022, pp. 9779–9786. 
https://doi.org/10.48084/etasr.5376. 

[3] Khuzhayorov, Bakhtiyor, Bekzodjon Fayziev, 
Otabek Sagdullaev, Jamol Makhmudov, and 
Usmonali Saydullaev. 2025. “A Model of the 
Degrading Solute Transport in Porous Media 
Based on the Multi-Stage Kinetic Equation”. 
Engineering, Technology & Applied Science 

Research 15 (2). pp. 20919-26. 
https://doi.org/10.48084/etasr.8986.  

[4] J.Bear, B.Yehuda. Introduction to Modeling 

of Transport Phenomena in Porous Media, 

Kluwer Academic Publishers, Dordrecht, 
1990. ISBN: 978-0-7923-0557-6. 

[5] J.Bear, Dynamics of Fluids in Porous Media. 
Elsevier,  Amsterdam, 1972. ISBN: 978-0-
4866-5675-5. 

[6] Herzig, J.P.; Leclerc, D.M.; Goff, P. Flow of 
suspensions through porous media—
Application to deep filtration. Ind. Eng. Chem. 
1970, 62, 8–35. 
https://doi.org/10.1021/ie50725a003. 

[7] Berkowitz, B., Cortis, A., Dentz, M., & Scher, 
H. (2006). Modeling non-Fickian transport in 
geological formations as a continuous-time 
random walk. Reviews of Geophysics, 44(2), 
RG2003. 
https://doi.org/10.1029/2005RG000178. 

[8] Zhang, Y., Benson, D. A., & Reeves, D. M. 
(2009). Time and space nonlocalities 
underlying fractional-derivative models: 
Distinction and literature review. Water 

Resources Research, 45(8), W08414. 
https://doi.org/10.1016/j.advwatres.2009.01.0
08. 

[9] Dentz, M., & Castro, A. (2016). Effective 
transport dynamics in porous media with 
heterogeneous flow. Physical Review Letters, 
116(10), 104502. 
https://doi.org/10.1029/2008GL036846. 

[10] Khuzhayorov, B., Usmonov, A., Nik Long, 
N.M.A., Fayziev, B. Anomalous Solute 
Transport in a Cylindrical Two-Zone Medium 
with Fractal Structure. Applied Sciences, Vol. 
10, 2020, 5349. 
https://doi.org/10.3390/app10155349. 

[11] Berkowitz B., Scher H., Silliman S. E. 
Anomalous transport in laboratory-scale, 
heterogeneous porous media, Water 

Resources Research, Vol. 36, No. 1, 2000, pp. 
149-158. 
https://doi.org/10.1029/1999WR900295. 

[12] Benson D.A. The Fractional Advection 

Dispersion Equation: Development and 

Application, PhD dissertation, University of 
Nevada, Reno, USA, 1998. 

[13] Pachepsky Y., Benson D.A., Rawls W. 
Simulating scale-dependent solute transport in 
soils with the fractional advection-dispersive 
equation, Soil Science Society of America 

Journal, Vol 64, 2000, pp. 1234-1243. 
https://doi.org/10.2136/sssaj2000.6441234x. 

[14] Zamani A., Maini B. Flow of dispersed 
particles through porous media - deep bed 
filtration, Journal of Petroleum Science and 

Engineering, Vol. 69, 2009, pp. 71-88. 
https://doi.org/10.1016/j.petrol.2009.06.016. 

[15] V. Gitis, et.al., Deep-bed filtration model with 
multistage deposition kinetics, Chemical 

Engineering Journal, Vol. 163, No 1-2, 2010, 
pp. 7885; 
https://doi.org/10.1016/j.cej.2010.07.044. 

[16] Khuzhayorov, B.K., Makhmudov, J.M., 
Fayziev, B.M., Begmatov, T.I. Some Model 
of a Suspension Filtration in a Porous Media 
That Accounts for the Two-Zone and 
Multistage Character of Deposition Kinetics, 
Journal of Applied and Industrial 

Mathematics, Vol. 14, No.3, 2020, pp .513-
523. 
https://doi.org/10.1134/S1990478920030102. 

[17] Moghadasi, J., H. Muller-Steinhagen, M. 
Jamialahmadi et A. Sharif. Theoretical and 
experimental study of particle movement and 
deposition in porous media during water 
injection, Journal of Petroleum Science and 

Engineering, Vol. 43, No 3-4, 2004, pp. 163-
181. 
https://doi.org/10.1016/j.petrol.2004.01.005. 

WSEAS TRANSACTIONS on FLUID MECHANICS 
DOI: 10.37394/232013.2025.20.16

Bekzodjon Fayziev, Tulkin Begmatov, 
Odil Khaydarov, Shukhrat Gulamov, 

Mahfuza Nurmanova, Shamsiddin Yuldashev

E-ISSN: 2224-347X 167 Volume 20, 2025

https://doi.org/10.48084/etasr.5376
https://doi.org/10.48084/etasr.8986
https://doi.org/10.1021/ie50725a003
https://doi.org/10.1029/2005RG000178
https://doi.org/10.1016/j.advwatres.2009.01.008
https://doi.org/10.1016/j.advwatres.2009.01.008
https://doi.org/10.1029/2008GL036846
https://doi.org/10.3390/app10155349
https://doi.org/10.1029/1999WR900295
https://doi.org/10.2136/sssaj2000.6441234x
https://doi.org/10.1016/j.petrol.2009.06.016
https://doi.org/10.1016/j.cej.2010.07.044
https://doi.org/10.1134/S1990478920030102
https://doi.org/10.1016/j.petrol.2004.01.005


[18] Samarskii, A.A. The Theory of Difference 

Schemes; CRC Press: New York, NY, USA, 
2001. ISBN: 978-0-82-470468-1. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contribution of Individual Authors to the 

Creation of a Scientific Article (Ghostwriting 

Policy) 

The authors equally contributed to the present 
research, at all stages from the formulation of the 
problem to the final findings and solution. 
 
Sources of Funding for Research Presented in a 

Scientific Article or the Scientific Article Itself 

No funding was received for conducting this study. 
 

Conflict of Interest 

The authors have no conflicts of interest to declare 
that are relevant to the content of this article. 
 

Creative Commons Attribution License 4.0 

(Attribution 4.0 International, CC BY 4.0) 

This article is published under the terms of the 
Creative Commons Attribution License 4.0 
https://creativecommons.org/licenses/by/4.0/deed.en
_US 
 

WSEAS TRANSACTIONS on FLUID MECHANICS 
DOI: 10.37394/232013.2025.20.16

Bekzodjon Fayziev, Tulkin Begmatov, 
Odil Khaydarov, Shukhrat Gulamov, 

Mahfuza Nurmanova, Shamsiddin Yuldashev

E-ISSN: 2224-347X 168 Volume 20, 2025

https://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/deed.en_US



