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1. Introduction

fields can be prospectively used in mechanical engineering, 
technology, and medicine [1, 2]. Magnetic liquids are solutions 
of ferromagnets in a liquid, and their physical properties in a 
magnetic field cause structural transformations in such liquids.

From the very beginning of the discovery of the special 
properties of magnetic liquids, they began to be studied for 
the creation of many devices: magnetohydrodynamic pumps, 
magnetohydrodynamic electricity generators, handling of 
liquids in melts [3–5]. But, later, serious attention of re-
searchers began to be attracted to the possibility of using 
magnetic and electrically conductive liquids to clean liq-
uids (most often water) from oil stains or spills.

The Deepwater Horizon oil rig accident in the Gulf of 
Mexico in 2010 forced scientists to look for new ways to com-

bat oil pollution. According to the works [6, 7], this way is the 
use of ferromagnetic nanoparticles that exhibit the properties 
of magnetic liquids. Particles of the liquid have a positive 
charge, which allows them to stick to molecules and macro-
volumes of oil. Under the influence of a magnetic field, they 
can move in the direction specified by the cleaning operator.

Therefore, studying the behavior of magnetic liquids in a 
magnetic field and using them to clean water from oil or oil 
residues is an urgent task, the solution of which will lead to 
the development of an effective cleaning technology.

2. Literature review and problem statement

For the first time, the influence of the magnetic field 
on the hydrodynamic features of the flow of electrically 
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The unique properties of liquids that can 
interact with electric and magnetic fields are 
used in mechanical engineering, technology and 
medicine. The possibility of the influence of the 
magnetic field on the solid particles of the liquid in 
the pipeline allows cleaning of the solid walls of the 
pipeline, which is the object of the study. Magnetic 
liquids are solutions of ferromagnets in a liquid, 
and their physical properties in a magnetic field 
cause structural transformations in such liquids.

The treatment of electrically conductive liquids 
in a magnetic field and their use for cleaning 
water from oil or oil residues are considered. On 
the basis of numerical modeling, the movement of 
solid particles of magnetite, which is part of an 
electrically conductive liquid, was investigated 
by jointly solving the equations of Reynolds, 
Maxwell, non-discontinuity and the turbulence 
model. The physical phenomena of the movement 
of solid particles of magnetite-based conductive 
liquid in various elements of the pipeline were 
determined, which improved the parameters of 
cleaning liquids contaminated with oil and oil. The 
magnetic particles of the electrically conductive 
liquid quite nicely fill the boundaries of the 
intersection if there is a flow reversal, as it happens 
in radiators. An increase in the intensity of the 
magnetic field leads to a change in the velocity 
profile of the conductive liquid, which prevents 
magnetite particles from penetrating close to the 
wall. An increase in the power of the magnetic field 
makes it possible to detach the contamination from 
the walls of the pipeline together with the solid 
particle of magnetite. A 73 % increase in wear in 
certain sections of the pipeline is due to the effect of 
the centrifugal force acting on the particle during 
rotation.

The sudden expansion of the flow makes it 
difficult for particles to reach the pipe surfaces, 
which worsens the cleaning conditions. The number 
of particles on the surface is 82 % less compared to 
the absence of sudden expansion
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make it possible to determine and improve the parameters of 
cleaning pipeline elements with the help of conductive liquid.

To achieve the aim, the following objectives were set:
– improve the mathematical modeling of the movement 

of magnetite particles contained in the conductive liquid and 
the flow of the liquid itself by adding a model for calculating 
pipeline wear;

– verify the calculation of the conductive liquid in the 
software complex of numerical calculations;

– calculate the wear of the pipeline by magnetite 
particles;

– determine the influence of local resistances on the 
movement of magnetite particles.

4. Materials and methods of the study

The object of the study is a pipeline contaminated with 
deposits of oil and petroleum.

The research hypothesis is that the influence of a mag-
netic field on an electrically conductive liquid allows abra-
sive particles of magnetite to penetrate into the contact zone 
of oil pollution and pipeline walls and detach the pollution 
from them.

The accepted assumptions are that the wear of the 
pipeline walls by particles of conductive liquid indicates 
the presence of liquid particles near the walls and the basic 
cleaning of the pipeline. The shape of the magnetite particles 
is assumed to be spherical, and it is believed that the shape 
of the particles does not fundamentally affect the cleaning 
process, but it can affect the determination of the speed of 
the particles [23]

Adopted simplifications: the solid particle was assumed 
to be spherical. The conductive liquid was considered New-
tonian, which is dependent on its composition and the time 
that has passed since its preparation [7, 10]. The conductive 
liquid was considered to be homogeneous, which is difficult 
to achieve under experimental conditions and is possible 
only in the first hours after preparation [3, 4, 11].

Numerical modeling of the movement of an electrically 
conductive liquid using the Ansys CFX software package 
with a student license was used to determine the movement 
parameters, which allows calculations for a grid division not 
exceeding 500,000 elements. Considering the fact that the 
study was carried out for individual local resistances, such a 
restriction on the grid is quite acceptable and does not affect 
the quality of the calculations. A mathematical model con-
sisting of the Reynolds-averaged Navier-Stokes equations, 
Maxwell’s equations, the continuity equation for an incom-
pressible liquid and SST (Shear Stress Transport) equations 
of the turbulence model was used for the calculations.

The mathematical model of the movement of an electri-
cally conductive liquid is generally accepted and described 
in studies [5, 13, 16, 20]. Adding the turbulence SST model 
to the calculation is a generally accepted universal approach 
that requires further confirmation of adequacy and veri-
fication regarding the determination of calculation error 
values [15, 22].

The Lagrangian approach was used to model the motion 
of solid particles. To calculate the flow of solid particles, it 
is possible to use two approaches, Lagrange and Euler. The 
Lagrange approach has certain advantages that are import-
ant for this study: the behavior of individual solid particles; 
much easier to model for particles of different sizes, resulting 

conductive liquids was discovered using the example of the 
movement of mercury [8], but the analytical calculation of 
the flow characteristics of such liquids remains complicated. 
Since then, magnetic and electrically conductive liquids 
have attracted the attention of many researchers [9, 10], 
which increases the scope of their application. Due to the 
complexity of the processes that occur during the movement 
of a conductive liquid in magnetic and electric fields, most of 
the research was experimental. It was found that such liquids 
exhibit anomalous properties with respect to energy and 
pressure losses that do not correspond to the well-known 
classical Bernoulli equations. This happens as a result of the 
transformation of the velocity plot in the cross section and 
the change of the Coriolis coefficient. In addition, it was 
found that the transition from laminar to turbulent flow 
also occurs at critical Reynolds numbers that do not corre-
spond to classical liquids [8, 11]. But at that time there were 
objective difficulties regarding the analytical or numerical 
calculation of the current. Attempts to solve the equations of 
motion of the flow of an electrically conductive liquid by an-
alytical methods [12, 13] with the help of the Navier-Stokes 
equations were not successful for three-dimensional formu-
lations. The main difficulty in solving the system of equa-
tions is the use of partial derivatives, equations with which 
can be solved only by numerical methods today [14, 15].

Numerical methods of solving the equations of motion of 
any liquids have developed in recent years, including for mag-
netohydrodynamics. This allows the use of CFD (Computa-
tional Fluid Dynamics) calculations for an adequate descrip-
tion of the behavior of magnetic liquids while simultaneously 
solving the averaged Navier-Stokes equations and Maxwell’s 
equations [16, 17]. However, studies of the movement of mag�-
netite particles have not yet been conducted. In addition, the 
calculation of wear and tear of the pipeline was not carried out 
due to the lack of purpose of using such liquids for cleaning.

Optimizing the characteristics and parameters of cleaning 
liquids from oil and oil stains is most often done empirically and 
experimentally. Magnetohydrodynamic liquids are quite ex-
pensive liquids, which means that experimental studies of their 
behavior also become very expensive [18, 19]. Mathematical 
modeling is used for detailed analysis of velocity and pressure 
distributions during liquid movement under the influence of a 
magnetic field and without the influence of a magnetic field. 
To reveal the physics of the occurring phenomenon, to analyze 
the movement of solid particles, if the liquid consists of them, 
is possible on the basis of the simultaneous solution of systems 
of equations. These systems should consist of the Reynolds 
equations, Maxwell’s equations, liquid continuity equation, 
and solid particle dynamics equations [20, 21]. The solution is 
possible using modern software packages, such as the Ansys 
CFX software package [22]. This approach was used in many 
works [22] regarding numerical calculations, but they did not 
determine the wear of the pipeline by magnetic particles.

Thus, in order to improve the parameters of cleaning 
pipelines contaminated with oil and oil deposits, it is neces-
sary to determine the physical phenomena of the movement 
of solid particles of an electrically conductive liquid based on 
magnetite in various elements of the pipeline.

3. The aim and objectives of the study

The aim of the study is to determine the patterns of flow 
of conductive liquid through local resistances. This will 
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in different particle velocities. Using Euler’s approach for a 
large number of particles makes it impossible to track indi-
vidual particles [24].

When applying the Lagrangian approach, individual 
particles are tracked from the point of their entry into the 
computational domain to the boundary condition of exiting 
the domain or until some criterion for limiting the integra-
tion of the equations is met [25]. This integration limit can 
be entered into the calculation by the user. Two types of 
calculation are possible: when particles affect the movement 
of the main phase of a liquid or gas, and when particles do not 
affect the main phase. It is obvious that the calculation of the 
effect of solid particles on the main phase is much faster, but 
the accuracy of the calculation deteriorates. The influence of 
solid particles on the main phase is implemented due to an 
additional term in the equations for calculating the main liq-
uid. Since each particle is tracked from the point of its intro-
duction to the final boundary, the procedure for analyzing 
the trajectories of solid particles is based and applied only to 
the steady-state calculation of the main liquid.

After calculating the liquid flow, the calculation was veri-
fied by comparing the velocity distributions in the experiment 
and the calculation. In addition, the adequacy of calculations 
was established by comparing pressure losses in local supports.

Calculations of the wear of the pipeline with different 
local hydraulic resistances by magnetite particles were made 
on the basis of the Phinney erosion wear model.

5. Results of studies of the movement of conductive 
liquid in the pipeline

5. 1. Mathematical model of the movement of particles 
of an electrically conductive liquid

The change in the coordinate of the location of a solid 
particle in space with Cartesian coordinates pd x takes place 
taking into account the speed of the particle ( /p pV d x dt= ) 
and the time step δt [26]:

0 0
,

n
p p px x V t= + δ  				     (1)

where the indices n and 0 refer to the old and new values, 
respectively, 

0
pV  – the initial velocity of the solid particle. 

During direct integration, the particle velocity calculated 
at the beginning of the time step is assumed to be dominant 
throughout the time step. At the end of the time step, the 
new particle velocity is calculated using the analytical solu-
tion of the particle dynamics equation:

,p

p

dV
m F

dt
= ∑  

				    (2)

where F∑  – sum of all forces acting on the particle, mp – mass  
of the solid particle.

This equation is an example of a general transport equation:

( )
,

f ppd
R

dt

φ − φφ
= +

τ
 
				    (3)

where ϕ – general transport variable, the index ƒ indicates 
the value of the variable in the liquid surrounding the parti-
cle, τ – linearization coefficient; R – nonlinear source term. 
The analytical solution of the general transport equation can 
be written as follows [24]:

( )0 1 .
t t

p f p f e R e
δ δ− −
τ τ

 
φ = φ + φ − φ + τ −   

	  (4)

To determine the value of the general variable property 
of the liquid, it is taken from the previous time step.

To determine the values of τ and R, it is necessary to 
take into account many parameters of the liquid: density, 
viscosity, and velocity. These values are calculated for each 
finite volume.

For a more accurate calculation of the behavior of solid 
particles in a liquid, it is necessary to take into account not 
only the effect of the liquid on the particle, but also the effect 
of solid particles on the flow parameters. This is the so-called 
two-way coupling.

Mathematical modeling of the movement of an electri-
cally conductive liquid was carried out on the basis of the 
solution of the Reynolds-averaged Navier-Stokes equations 
with the equation of the SST turbulence model, the conti-
nuity equation and Maxwell’s equations for the flow of an 
incompressible liquid [13, 15, 16]:

[ ] ,

i i
j

j

i
T i

i j j

u u
u

t x

up
f

x x x

∂ ∂ρ + ρ =
∂ ∂

 ∂∂ ∂= − + µ + µ +  ∂ ∂ ∂ 
			   (5)

0,i

i

u
x

∂ =
∂

				    (6)

,f j B = ×  				    (7)

( ) ,u B ∇ σ∇Φ = ∇⋅ σ ×  			   (8)

2 ,u B ∇ Φ = ∇⋅ ×  				    (9)

( ) ( )

[ ] * ,

j
j

T k
j j

k
u k

t x

k
P k

x x

∂ ρ ∂+ ρ =
∂ ∂

 ∂ ∂= µ + µ + −β ρ ω  ∂ ∂ 
		 (10)

( ) ( )

[ ] 2 ,

j
j

T k
j j t

u
t x

Cd P
x x ω

∂ ρω ∂+ ρ ω =
∂ ∂

 ∂ ∂ω ρ= µ + µ − ρβω + + α  ∂ ∂ µ 
		  (11)

where r – density; xj – Cartesian coordinates; uj – velocity 
projections in the Cartesian coordinate system; t – time; 
p – hydrodynamic pressure; fi – projections of the vector of 
mass forces on the coordinate axis (in our case – the Lorentz 
force); μ – dynamic (molecular) viscosity; μT – turbulent 
dynamic viscosity; j  – density of the electric current aris-
ing in the electrically conductive liquid, which moves at a 
speed u due to the local electric field; B  – magnetic induc-
tion vector; Φ – scalar electrostatic potential; σ – electrical 
conductivity; k – kinetic energy of turbulent pulsations; 
Pk – generation term; Cdw – cross term; a, b, b* – empirical 
constants of the SST model; w – frequency of turbulent pul-
sations. Values of constants, generation and cross terms can 
be found in works [15, 23, 24].

Failure to take into account the influence of solid parti-
cles on the main flow is possible only if the concentration of 
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particles is small and it can be considered that their influence 
on the main phase is such that it can be neglected. This cal-
culation is simpler, because it is possible to first calculate the 
flow of the liquid, and then, based on the already calculated 
parameters, determine the main parameters of the movement 
of a solid particle (the so-called superposition method).

Among the forces acting on a solid particle, the aerody-
namic drag force is taken into account, which is the force that 
most affects the trajectory of the solid phase [23, 25, 30]. The 
aerodynamic drag force is proportional to the shear rate, i. e. the 
difference in speed between the liquid FU  and the particle :PV

( )1
,

2
D F FP PD FF C A U V U V= ρ − −  	  (12)

where CD – the drag coefficient; AF – the effective cross-sec-
tional area of the particle. The drag coefficient is introduced 
to take into account the experimental results regarding the 
viscous drag of a solid sphere. This study used the determi-
nation of the resistance coefficient according to the Schil-
ler-Neumann model [27]:

( )0.68724
1 0.15Re ,

ReDC = + 	   		  (13)

where Re – Reynolds number.
The Finney model [24, 25] was used to calculate the 

wear of the pipeline walls. Pipeline wall wear due to the ero-
sive effect of solid particles is a complex function of particle 
impact and particle and wall properties. It was found that 
for almost all metals, erosion varies depending on the impact 
angle and speed according to the ratio [28]:

( ),n
pE kV f= γ 					      (14)

where E – dimensionless mass; k – coefficient of the model; 
ƒ(γ) – dimensionless function of the impact angle γ (collision). 
The collision angle is calculated in radians and is determined 
between the tangent to the trajectory of the particle and the 
wall. The value of n for metals is in the range of 2...2.5.

Finney’s model of erosive wear [29] relates the rate of 
wear to the rate of kinetic energy of particles hitting the 
surface using n=2 [24]:

( )2 ,pE kV f= γ  				    (15)

where

( ) 21
cos ,

3
f γ = γ  if tg 1/ 3,γ >

( ) ( ) 2sin 2 3sin ,f γ = γ − γ  if tg 1/ 3.γ ≤

In the Ansys CFX program, the need to adjust the co-
efficient k to obtain a dimensionless erosion coefficient is 
overcome by using the dependence:

( )
0

,
n

pV
E f

V

 
= γ 

 
				    (16)

where 
0

1
n

V
k

=  [30]. 

Equations (5)–(16) are a mathematical model that con-
sists of the averaged Reynolds equations, Maxwell’s equa-

tions, the continuity equation, the SST equations of the 
turbulence model, and the erosion wear model equations. 
Of course, each model individually is generally accepted 
and the adequacy of calculations based on them has been 
checked many times. But, taking into account the possible 
errors of numerical methods, the possibility of using these 
models together for calculations of the flow of an electrically 
conductive liquid requires additional verification.

5. 2. Sensitivity analysis of the numerical solution of 
the problem and its verification

To analyze the influence of the number of control vol-
umes on the calculation results, a comparison of the results 
for five grids with and without the action of a magnetic 
field was carried out. The results are given in the Table 1. 
The influence of the grid division is determined based on a 
comparison of the results of the pressure calculation at the 
entrance to the pipeline element. This is an important value 
that affects the choice of a pump and hydraulic machines for 
pumping [31, 32]. Pumping of electromagnetic liquids can be 
implemented by classic hydraulic machines or jet pumps [33] 
by mixing the droplet phase and solid particles. Pump sta-
tions can control mixing in a jet pump based on a hydraulic 
drive [34, 35].

To compare the influence of the magnetic field on the liq-
uid flow, the Hartmann criterion number ( )/ ,Ha BR= σ ρν  
B –magnetic induction was chosen, R – pipe radius; σ – elec-
trical conductivity of the liquid, ρ – liquid density, ν – kine-
matic density of the liquid.

Table 1

Pressure at the entrance to the pipeline element

The number of grid 
elements, million

Pressure, Pa Hartmann number

0.1 2,320 0

0.2 1,590 0

0.3 1,890 0

0.4 1,805 0

0.5 1,845 0

0.1 11,500 50

0.2 12,100 50

0.3 10,900 50

0.4 11,250 50

0.5 11,300 50

0.1 41,500 100

0.2 40,000 100

0.3 39,500 100

0.4 39,900 100

0.5 40,000 100

The use of grids with the number of elements close to 
500,000 is quite acceptable for the following studies. This 
can be assumed because the result of the calculation for grids 
with the number of elements more than 300,000 changes by 
no more than 3.6 %.

In this study, the verification of the mathematical model 
was performed on the basis of a comparison of the sum of the 
root mean square deviations of the speed values in compar-
ison with the experimental data [36]. The sum of deviations 
using different turbulence models was compared. Thus, for 
the k-ɛ model, the sum of root mean square deviations of 
the speed values was equal to 0.057, for SST – 0.047, for 
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BSL (Menter Baseline Two-Equation Model) – 0.053. These 
sums of root mean square deviations were calculated for dif-
ferent values of the magnetic induction acting on the liquid. 
Thus, the comparison was made for Hartmann numbers 
Ha=0; 20 and 50. Then the average value of the sum of root 
mean square deviations was calculated for each turbulence 
model at different values of Hartmann numbers. The largest 
error in calculating the speed at a point for the above 
mathematical model was 12 %. The maximum integral 
error of liquid flow determination was 7 %.

5. 3. Calculation of pipeline wear by abrasive 
particles

Abrasion of the pipeline by abrasive particles of 
magnetite illustrates the possibilities of pipeline clean-
ing. The presence of uniform wear of the pipeline is an 
indication of the penetration of conductive liquid parti-
cles into the walls of the pipeline. This allows to count 
on the detachment of dirt particles from the walls.

Fig. 1 shows the results of calculating the trajecto-
ries of magnetite solid particles.

b                          c 

Fig. 1. Trajectories of magnetite particles in the pipeline: 	
а ‒ Ha=0; b ‒ Ha=50; c ‒ Ha =200

The trajectories of solid particles are colored according 
to their influence on the wear of the pipeline walls. For com-
parison, three pictures of the current at different Hartmann 
numbers are given.

For high-quality cleaning of pipelines, radiators and 
other flowing parts, a high-quality distribution of magnetic 
liquid along the pipeline cross-section is necessary for good 
penetration of magnetic particles into contamination. This 
is necessary so that, under the influence of the magnetic 
field, the elements of contamination are well removed from 
the flow parts together with the magnetic liquid. Having 

analyzed Fig. 1, it is possible to come to the conclusion that 
the magnetic particles of the conductive liquid quite well fill 
the boundaries of the intersection, if there is a flow reversal, 
as it happens in radiators. This can be seen very clearly 
from the results of the calculation of pipeline wear during 
the flow of conductive liquid with and without a magnetic 
field (Fig. 1, 2).

An increase in the intensity of the magnetic field leads to 
a change in the velocity profile [17] of the conductive liquid, 
which prevents magnetite particles from penetrating close to 
the wall, which can be seen in Fig. 2, d, h. On the other hand, 
an increase in the power of the magnetic field can allow the 
contamination to be detached from the walls of the pipeline 
together with a solid particle of magnetite, which can be seen 
in the figures. In addition, mathematical modeling based on 
numerical methods in a three-dimensional setting allows ana-
lyzing the necessary and sufficient parameters of the magnetic 
field for complete cleaning of pipelines from contamination.

 

     

 

     

a

 

    

 

   

          
  

a                                                               b

c                                             d

e         f         g          h 

Fig. 2. Intensity of wear of pipeline surfaces during the flow of 
electromagnetic liquid with different Hartmann numbers: 	
a, e ‒ Ha=0; b, f ‒ Ha=50; c, g ‒ Ha=100; d, h ‒ Ha=200
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5. 4. Influence of local resistances on the movement of 
magnetite particles and pipeline cleaning

The situation in pipelines with sudden expansion is more 
difficult in terms of the possibility of cleaning (Fig. 3). Sol-
id particles, together with the liquid, break away from the 
walls and practically do not enter the wall areas.

The flow of conductive liquid under the influence of 
the magnetic induction vector has a greater opportunity 
to reach the pipeline walls as quickly as possible, that is, if 
there is a magnetic field with a magnetic induction vector 
with a projection in the y direction (Fig. 3, c).

To simulate the flow of conductive liquid in the radiator 
with an assessment of the possibility of cleaning it from 
contamination, a calculation model of several turns of the 
pipeline by 180° was created (Fig. 4).

The real model of the radiator was not used due to 
the large length of straight sections, which would signifi-
cantly complicate the analysis of the calculation results 
and increase the required number of control volumes for a 
high-quality calculation.

The simulation results are shown in Fig. 5.
The magnetic field certainly affects the distribution of 

solid magnetite particles in the pipeline. The increase in 
wear in certain sections of the pipeline is associated with 
the effect of the centrifugal force acting on the particle 
during rotation. The absence of large changes in wear 
parameters in Fig. 5, b–d is explained by the insufficient 
influence of the magnetic field on the conductive liquid, 
which is confirmed by the wear characteristics shown 
in Fig. 5, f.

 

 

Fig. 3. Trajectories of magnetite particles in a pipeline with sudden expansion: а ‒ Ha=0; b ‒ Ha=250 z-direction; 	
c ‒ Ha=250 y-direction; d ‒ Ha=50 x-direction

a b c d

 

   
a                                                b 

Fig. 4. Calculation models for determining the characteristics of the movement of conductive liquid through the radiator: 	
a – solid-state model; b – grid model
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6. Discussion of the results of the study of the movement 
of magnetite particles under the influence of a magnetic 

field in the pipeline

Numerical modeling of the flow of conductive liquid 
and calculation of pipeline wear by magnetite particles is a 
complex calculation that has certain disadvantages related 
to calculation errors. Calculation errors accumulate due to 
the increase in modeled parameters. Even the classical flow 
of an ordinary liquid through local resistances cannot be 

analytically calculated. On the other hand, the 
numerical calculation has errors that can exceed 
20‒30 % due to the occurrence of separation of 
the liquid from the walls and the complexity of 
calculating such flows. Therefore, complicating 
the calculation by adding Maxwell’s equations 
and the wear model can provoke even greater er-
rors. However, the results of the verification of the 
model (5)–(16) showed that the calculation of the 
flow of conductive liquid is adequate not only in 
terms of qualitative indicators, but also in terms 
of quantitative ones. A comparison of the velocity 
distributions in the pipe with the maximum sum 
of squared deviations of the relative velocities of 
0.047 was made, which shows the sufficient qual-
ity and accuracy of the calculated parameters. In 
contrast to works [1, 29], where the simulation 
was carried out in a two-dimensional setting, 
the flow of liquid through local resistances has 
a three-dimensional character of detachments 
from the walls. This allows to assert the need to 
use three-dimensional modeling. This becomes 
possible with the use of modern software, as in 
works [2–7], but the obtained wear character-
istics allow analyzing the possibility of cleaning 
the pipeline. The experimental studies conducted 
in works [18, 28] are valuable, adequate modeling 
of the flow of an electrically conductive liquid 
allows to significantly speed up and reduce the 
cost of scientific studies of such liquids. A similar 
approach to the modeling of abrasive particles 
used in works [12, 25, 26, 30] allows a qualitative 
assessment of wear parameters, but requires con-
sideration of electromagnetic forces.

Modeling the flow through the pipe-
line (Fig. 5), as well as in the case of a smooth 
90° turn (Fig. 1, 2), showed that the wear of the 
pipeline walls decreases with increasing magnetic 
field intensity. The hypothesis is confirmed that 
magnetite particles, which are part of the magnet-
ic liquid, spread through the pipeline and reach 
almost all points of the pipeline without the effect 
of a magnetic field (Fig. 2, 5, e). The inclusion of 
a magnetic field makes it possible to hope that 
the magnetite particles will move at a distance 
from the walls and detach the contamination 
from the walls of the pipeline. It is expected that 
the greatest pollution can be deposited precisely 
in those zones where the maximum wear of the 
pipeline by solid particles occurs due to the action 
of centrifugal force (Fig. 1‒3, 5). Thus, it can be 
assumed that the magnetite particles will spread 
well among the pollution and contribute to the 
cleaning of the walls of the radiator and the pipe-
line from oil and oil pollution.

The situation in pipelines with sudden expansion is more 
difficult in terms of the possibility of cleaning (Fig. 3). Solid 
particles, together with the liquid, break away from the walls 
and practically do not enter the wall areas.

This study was conducted for a certain electromagnetic 
liquid based on kerosene and magnetite particles, as the one 
that is most represented among commercial offers. But the 
flow characteristics and conclusions are made on the basis 
of dimensionless numbers. Therefore, the simulation results 

 

     

  

     

a                                              b

e                                              f

Fig. 5. Intensity of wear of pipeline surfaces during the flow of 
electromagnetic liquid with different Hartmann number through the 

radiator: a, e ‒ Ha=0; b ‒ Ha=100, x-direction; c ‒ Ha=100, y-direction; 
d ‒ Ha=100, z-direction; f ‒ Ha=500, z-direction

c                                              d
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can be transferred to other liquids according to the rules of 
hydrodynamic similarity. The flows were analyzed for Hart-
mann numbers in the range 0...250 and Reynolds numbers 
in the range 5,000...150,000. Thus, the limitations of the 
study are such ratios of flow kinematic parameters, physical 
properties of liquids and electromagnetic fields that satisfy 
the given criterion numbers.

Further development of this research requires conduct-
ing experimental studies of the quality of pipeline surface 
cleaning, which cannot be assessed within the framework of 
mathematical models. This will be the subject of subsequent 
works on this topic.

7. Conclusions

1. The mathematical modeling of the movement of mag�-
netite particles contained in an electrically conductive liquid 
and the flow of liquids has been improved by adding a model 
of erosive wear of the pipeline. Numerical calculation based 
on the mathematical model makes it possible to determine 
the kinematic parameters of the liquid and solid particles.

2. Verification of the model and sensitivity analysis has 
been carried out. The error characterized by the maximum 
sum of squared deviations of the relative velocities was equal 
to 0.047, which shows the sufficient quality and accuracy of 
the calculated parameters.

3. The increase in wear in certain sections of the pipe�-
line by 73 % is associated with the effect of the centrifugal 

force acting on the particle during rotation. An increase in 
the intensity of the magnetic field leads to a change in the 
velocity profile of the conductive liquid, which prevents 
magnetite particles from penetrating close to the wall. On 
the other hand, an increase in the power of the magnetic field 
can allow to detach the contamination from the walls of the 
pipeline along with the solid particle of magnetite.

4. The sudden expansion of the flow makes it difficult 
for particles to reach the pipe surfaces, which worsens the 
cleaning conditions. The number of particles on the surface 
is 82 % less compared to the absence of sudden expansion.
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