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Physical justification of a hypothesis that liquid metal in a melting bath and in a converter can be mixed 
with external rotational magnetic field is carried out. Numerical solution of the kinetic equations for 
casual collisions with use of free path length and of effective sections of atoms shows that concentration 
of impurities can decrease to a desired level in time interval ranging from units of minutes to several 
seconds. This proves the need forbetter mixing of molten metal with use of magnetic field for increased 
efficiency of production cycle. It is assumed that free atoms of carbon C and oxygen O in liquid metal 
don’t lose kinetic energy as a result of potential interactions with atoms of Fe. Therefore this model 
works approximately. Procedure for exact integration of equation of motion for a Brown particle in 
three-dimensional case is shown.
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Introduction

Development and implementation of new technologies for effective mixing of liquid metal is 
still a vital problem. It is known that duringmixingprocess various ingots are formed with different 
physical and chemical properties. Development of a new theoretical method for calculation of 
chemical reaction rate of various impurities in liquid metal is an important task in metallurgy. 
Various atoms and molecules in liquid metal move on trajectories similar to trajectories of Brown 
particles. Thus when considering motion of atoms and molecules all degrees of freedom need to be 
considered equally.

Liquid metal (molten metal of crude-iron and steel) can have density around 7000 kg/m3 at the 
temperature of about 1600 °C [1 – 3]. Processes of carbon oxidation in liquid metal play very important 
role, С+О = (CO). It is known that carbonization already begins at temperatures of 400 – 600 °C [1-3]. 
As the process of carbonization goes on the temperature of molten metal goes down. The melting 
temperature of iron containing 4.3 % carbon can go down to 1147 °C.Carbon oxide plays an important 
role in reduction reactions of iron [1-3]:
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                                         53740COOFe2COOFe3 24332 −+=+ J/mol, 

                         36680COFeO3COOFe 243 ++=+  J/mol,                                      (1) 
                                              FeO + CO = Fe +CO2 - 16060 J/mol. 
 

Methods and equipment. 
Numerical calculations were carried out on PC using Maple 15 package are used. We expanded an 

analytical (theoretical) solutionof the differential equation for a Brownian particle into general three-
dimensional case. 
 

Results. 
We have received the following new differential model for calculation of interaction rate of С and О 

atoms in liquid metal  
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where oc1,22,1 rrdd +== -effective diameters of interacting atoms, 10
c 1076.0r −⋅= m-radius of a carbon 

atom, 10
o 1058.0r −⋅= m-radius of an oxygen atom, t - time, s.  

Average speed of relative motion is defined byequation 12 vvvrel
rr
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rr
=  - absolute speed of an oxygen atom. 

In molten liquid metal atoms of oxygen and carbon can move freely, so their movements can be 
described as in molecular-kinetic’s theory. If atoms are partially ionized, then oscillating motion within 
one crystal cell will be accompanied by transition of potential energy to kinetic energy and back. 
However, total chaotic movement of atoms will be like movement of a Brownian particle. Average kinetic 
energy of atoms remains constant and is not lost to potential energy of interaction with atoms.Excluding 
moments of time where atoms collide, their motion can be described as in molecular-kinetic's theory.The 
definition equation for relative speed of motion looks like [4]:  
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where oc1,22,1 rrdd +== -effective diameters of interacting atoms, 10
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atom, 10
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=  - absolute speed of an oxygen atom. 

In molten liquid metal atoms of oxygen and carbon can move freely, so their movements can be 
described as in molecular-kinetic’s theory. If atoms are partially ionized, then oscillating motion within 
one crystal cell will be accompanied by transition of potential energy to kinetic energy and back. 
However, total chaotic movement of atoms will be like movement of a Brownian particle. Average kinetic 
energy of atoms remains constant and is not lost to potential energy of interaction with atoms.Excluding 
moments of time where atoms collide, their motion can be described as in molecular-kinetic's theory.The 
definition equation for relative speed of motion looks like [4]:  
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where R =8.31 J / (mol*K) – a universal gas constant; Т – absolute temperature, K; oμ , cμ  - molarmasses 
of atoms, kg/mol. 

The equations (2) and (3) form a nonlinear system of equations, whose analytical solution is: 
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Where o,cn -initial value of concentration of impurity carbon atoms, o,on -initial value of concentration 

of impurity oxygen atoms. 
The system of equations (2) and (3) was solved on Maple 15 package. According to solution drop of 

concentration of carbon and oxygen atoms from level nCO, nOO (100%) to a level of  2% occurs in very 
small time interval t~10-11 -10-10 s, figure 1.  Figure shows change of relative concentration of carbon and 
oxygen atoms as a function of time. Element, which has higher initial concentration than the other, 
decreases more slowly. 

If initial concentration of oxygen atoms is taken very small, so that only one collision (one interaction) 
of С+О is considered at a time, then an estimated time  
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of reduction of carbon concentration can increase up to 1012 s. By performing calculations at various 
initial concentrations no, an estimated time (for reduction of a level of carbon nCO to 0.5 %) equal to 3 
minutes is obtained. Thus it is possible to reduce time of technological processing of liquid metal to level 
of 1-3 minutes.      

Careful attention needs to be paid to the fact that our calculations and results correspond to an ideal 
case: arrangement of impurity atoms is uniform throughout the volume; there are no retarding factors, 
such as the inverse reaction of CO decomposition;there are no convective currents (loss of atoms);absence 
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The system of equations (2) and (3) was solved on Maple 15 package. According to solution drop 
of concentration of carbon and oxygen atoms from level nCO, nOO (100 %) to a level of 2 % occurs in 
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very small time interval t~10-11 -10-10 s, Fig. 1. Fig. shows change of relative concentration of carbon 
and oxygen atoms as a function of time. Element, which has higher initial concentration than the other, 
decreases more slowly.

If initial concentration of oxygen atoms is taken very small, so that only one collision (one 
interaction) of С+О is considered at a time, then an estimated time of reduction of carbon concentration 
can increase up to 1012 s. By performing calculations at various initial concentrations no, an estimated 
time (for reduction of a level of carbon nCO to 0.5 %) equal to 3 minutes is obtained. Thus it is possible 
to reduce time of technological processing of liquid metal to level of 1-3 minutes.

Careful attention needs to be paid to the fact that our calculations and results correspond to an 
ideal case: arrangement of impurity atoms is uniform throughout the volume; there are no retarding 
factors, such as the inverse reaction of CO decomposition;there are no convective currents (loss of 
atoms);absence of stagnation zones in molten metal;impurity atoms have equal initial concentrations 
(nc=no) and so on. In reality not every collision of a carbon atom with an oxygen atom results in 
formation of a CO molecule. 

We have done calculations for 1 m3 of liquid metal with the following initial conditions. 
Liquid metal has three components: 
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We have done calculations for 1 m3 of liquid metal with the following initial conditions. Liquid metal 
has three components: OC nnnn Feob ++= , =ρf 7000 kg/m3, Т=1873 K - density and temperature of 

liquid metal, Cn =0.04* obn  (at 4 %) - mass concentration of carbon, 28
Fe 10467.7N ⋅= , 

2810394.1NN OC ⋅==  - initial total quantity of iron, carbon and oxygen atoms in 1 м3 of liquid metal. 

For a carbon atom we obtain: free path length 11
c 10714.6 −⋅=λ  m; average speed =cv 1810.41 m/s; 

diffusion coefficientDС = 4.051×10-8 m2/s. Similarly, for atom an oxygen atom we receive: 
11

o 10916.7 −⋅=λ ;DО = 4.137·10-8 m2/s; =ov 1567.71 m/s, 82.2395vrel =  m/s.    
Thus the problem of more intensive and uniform mixing of all volume of liquid metal, so that all 

atoms of C and O could enter into reaction simultaneously and in the shortest possible time, is pressing. 
We see the solution of a problem in application of rotating variable magnetic field.  
 

                                              
Figure 2 - Penetration of magnetic field through a piece of a brick. 

 
Figure 2 shows magnetic field penetrating a brick with finite wall width. These bricks are used in 

converter walls or in a melting bath in the metallurgical furnace. Apparently at vertical position of a brick 
the magnetic disk does not fall at all under action of gravity, it is kept with the force of magnetic 
attraction. This means that magnetic field possesses significant penetrating capacity through a brick.  

In figure 3 the scheme of an arrangement of external windings around a case of a melting unit is 
shown. This arrangement of winding generates alternative rotating magnetic field. Thus we suggest a new 
application of rotating magnetic field, which is used widely in three-phase windings of electromagnetic 
motors - [5-7]. The vector of magnetic induction )t(fB =

r
rotates around an axis O with the fixed 

frequencyω .    
Resultant magnetic field is rotating because magnetic field is generated in three windings 1,2,3with 

phase shift of 120o degrees - [5 - 7] 
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where R =8.31 J / (mol*K) – a universal gas constant; Т – absolute temperature, K; oμ , cμ  - molarmasses 
of atoms, kg/mol. 

The equations (2) and (3) form a nonlinear system of equations, whose analytical solution is: 
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Where o,cn -initial value of concentration of impurity carbon atoms, o,on -initial value of concentration 

of impurity oxygen atoms. 
The system of equations (2) and (3) was solved on Maple 15 package. According to solution drop of 

concentration of carbon and oxygen atoms from level nCO, nOO (100%) to a level of  2% occurs in very 
small time interval t~10-11 -10-10 s, figure 1.  Figure shows change of relative concentration of carbon and 
oxygen atoms as a function of time. Element, which has higher initial concentration than the other, 
decreases more slowly. 

If initial concentration of oxygen atoms is taken very small, so that only one collision (one interaction) 
of С+О is considered at a time, then an estimated time  
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of reduction of carbon concentration can increase up to 1012 s. By performing calculations at various 
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minutes is obtained. Thus it is possible to reduce time of technological processing of liquid metal to level 
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                               АБ - winding 1, СД - winding 2, ЕФ - winding 3, 
                               1, 2 - external and internal walls of a melting bath, 
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Figure 3 - Scheme of an arrangement of three-phase winding on external  
side of a case of a melting bath or converter 

 
where mB  - amplitude of a magnetic field vector, T.  

The magnitude of a vector of magnetic induction B does not depend on time and is equal [5-7]  
 

                                                                   
mB

2
3B = .                                            (8)  

    The effect of rotation of )t(B
r

 in space results from 
2
π  phase shift of projections  tsinB

2
3B mx ω= and 

tcosB
2
3B my ω= , so ttg

B
Btg

y
x ω==α .  

Kinematic viscosity of steelmaking slags changes in the range of =ν 3*(10-6÷10-4) m2/s and 
kinematic viscosity of liquid steel changes accordingly in the range of 4·10-7÷8·10-7 m2/s [1-3]. For water 
this parameter is equal to 9·10-7 m2/s. It appears that liquid metal has low viscosity.  

By penetrating into depth of liquid metal periodically rotating magnetic field )t(B
r

will drag behind 
itself and cause to rotate some layer of liquid metal. The given method is good in that the magnetic field 
will rotate layers of liquid metal which adjoin or stick to an internal wall of a converter or a melting bath. 
Thus layers of molten metal, which are the least involved in mixing before, will be mixed the most.   

Figure 4 is the photo of a constant magnet with which we have conducted experiments using thin 
metal grit. Distortion of magnetic field by thin layer of a metal sheet was studied. As experiments have 
shown, flat thin iron sheets do not weakennoticeably magnetic field B

r
. Similar experiments were done 

using the ring magnet in figure 2. Thus thin layered metal sheets on external sides of melting baths and 
converters will not reduce substantially penetration of magnetic field into internal volume of liquid metal.    

АБ – winding 1, СД – winding 2, ЕФ – winding 3, 1, 2 – external and internal walls  
of a melting bath, 3 – molten metal

Fig. 3. Scheme of an arrangement of three-phase winding on external side of a case of a melting bath or con-
verter
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Interaction of an external exciting magnetic field B


 with the magnetic fields of currents I1 and I2 
is shown in Fig. 5. The current I1 is generated when magnetic flux Ф=B·S increases, and the current I2 is 
induced when flux decreases. It follows from Faraday’s law of induction for boundary parts of external 
magnetic field vector, which are shown in Fig. 6, part 1 and 3. In these boundary parts of external 
magnetic field the doughnut-shaped internal induced field 
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mechanics. We note that currents I1 and I2 are results of superposition of two currents: I1 = I1,e + I1,i 
I2 = I2,e + I2,i. The index “e” corresponds to current of free electrons and the index “i” corresponds to 
current of positive or negative ions. 

In the central (constant) part of the external magnetic field B


 (Fig. 6, part 2) the direction of currents 
I1  and I2 depends on a direction of rotation of the vector B


, a designation 3 in Fig. 5. The direction of 

currents can be determined by the rule of the right hand. Direction of the magnetic volumetric force 
acting on an element of volume can be defined by the left hand rule. Interaction of the internal induced 
magnetic field vector pB


 with the external magnetic field vector B


 leads to attraction, repulsion or 

cross-sectional (relative to B


) movement of some finite layer of liquid metal. As a result this volume 
of liquid is involved in mechanical motion and there will be mixing of various layers of liquid metal. 
The thickness of layer of liquid involved in motion depends on the cross-sectional size of a winding 1 
in Fig. 5. Hence rotating magnetic field and volume of liquid metal brought to motion by this field has 
finite cross-sectional sizes. 

The proposed method of intensification of intermixing of liquid metal does not only apply for 
interaction of С+О. It is possible to apply the method to improve mixing and to increase the rate of 
chemical reaction of all other impurities in various molten metals and their species.Calculation of 
mixing rateof impurities plays an important role in the manufacture of semiconductor crystals, which 
are widely used in electronic industry.

There are particles composed of several atoms and molecules within liquid metal, for example, 
such as CO, SO, FeC, CaO, NO. There are also large enough particles of slag and structures composed 
of severalatoms of external impurity. All of these particles and even single atoms in liquid metal can 
move like Brownian particles. Analysis of the equations describing motion of Brownian particles is 
vital for the metallurgical branches. In [4, 8, 9] the following equation for calculation of distance 
traveled by a Brownian particle along X axis is received:
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where µ-dynamic viscosity of liquid, a – particle radius, Т – absolute temperature, t-time.
In literature equation for one-dimensional motion of a Brown particle is presented [4, 8]
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where )z,y,x(rr =

r
 – radius-vector of a particle, F (t) = F(t)=(Fx,Fy,Fz)  – force casual in magnitude and 

direction. This force characterizes casual wandering trajectories of particles[4, 8, 9],  
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coefficient in the Stocks' equation for drag resistance force  vBFc

rr
⋅= ,  v - speed of a moving particle. For 

simplification purposed equation (12) is multiplied in scalar way on r
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 and after some transformations the 
scalar equation turns out [9] 
 

                                                           
( ) ( )r),t(Fmvr

dt
dBr

dt

d
2
m 222

2

2 rr
+=⋅+ .                               (13)  

 
Let's average out the given equation on set of particles and then we will receive 
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as 2kT32vm 2 =  - according to the theorem of uniform distribution of thermal energy on degrees of 

freedom and ( ) 0r),t(F =
rr

- force averaged over time is equal to zero.  
The analysis carried out by us has shown that the equation (14) can't be integrated twice ifintegration 

is done from 0t = up to the arbitrary time moment t , and then both parts of the result are dividedby a 
time interval t, as it is done in [9]. In this case after the first integration the equation turns out to be [9] 
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 This equation can't be integrated in time any more as a denominator with t is present - [9].  

We found that the three-dimensional equation (14) can be integrated successfully twice in time if a 
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In the central (constant) part of the external magnetic field B

r
 (figure 6, part 2) the direction of currents 1I  

and 2I depends on a direction of rotation of the vector B
r

, a designation 3 in figure 5. The direction of 
currents can be determined by the rule of the right hand. Direction of the magnetic volumetric force acting 
on an element of volume can be defined by the left hand rule. Interaction of the internal induced magnetic 
field vector pB

r
 with the external magnetic field vector B

r
 leads to attraction, repulsion or cross-sectional 

(relative to B
r

) movement of some finite layer of liquid metal. As a result this volume of liquid is involved 
in mechanical motion and there will be mixing of various layers of liquid metal. The thickness of layer of 
liquid involved in motion depends on the cross-sectional size of a winding 1 in figure 5. Hence rotating 
magnetic field and volume of liquid metal brought to motion by this field has finite cross-sectional sizes.  

The proposed method of intensification of intermixing of liquid metal does not only apply for 
interaction of С+О. It is possible to apply the method to improve mixing and to increase the rate of 
chemical reaction of all other impurities in various molten metals and their species.Calculation of mixing 
rateof impurities plays an important role in the manufacture of semiconductor crystals, which are widely 
used in electronic industry. 

 
 

1,3 – gradient (boundary) part of the magnetic field,  
2 – constant (central) part of the field  

Figure 6 – Cross-sectional distribution of external magnetic field vector B
r

.  
 

There are particles composed of several atoms and molecules within liquid metal, for example, such 
as CO, SO, FeC, CaO, NO. There are also large enough particles of slag and structures composed of 
severalatoms of external impurity. All of these particles and even single atoms in liquid metal can move 
like Brownian particles. Analysis of the equations describing motion of Brownian particles is vital for the 
metallurgical branches. In [4, 8, 9] the following equation for calculation of distance traveled by a 
Brownian particle along X axis is received: 
 

                                                                    
a3

kTtx2
πμ
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where µ-dynamic viscosity of liquid, a – particle radius, Т – absolute temperature, t-time.      

In literature equation for one-dimensional motion of a Brown particle is presented[4, 8]  
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Fig. 6 – Cross-sectional distribution of external magnetic field vector 
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Figure 4 - the source of cylindrical magnetic field 

 
Interaction of an external exciting magnetic field B

r
 with the magnetic fields of currents 1I  and 2I  is 

shown in figure 5. The current 1I  is generated when magnetic flux Ф=B·S increases, and the current 2I is 
induced when flux decreases. It follows from Faraday’s law of induction for boundary parts of external 
magnetic field vector, which are shown in figure 6, part 1 and 3. In these boundary parts of external 
magnetic field the doughnut-shaped internal induced field 1p BB

rr
= + 2B

r
 turns to 90o and "sticks" to a 

wall of a melting bath 2 (Fig. 5). This phenomenon is similar to Helmholtz vortices observed in fluid 
mechanics. We note that currents 1I  and 2I  are results of superposition of two currents: 

i,e, 111 III += i,e 2,22 III += . The index “e” corresponds to current of free electrons and the index “i” 
corresponds to current of positive or negative ions.  
 

 
                      1- windings for generation of an external magnetic field B

r
, 2-wall  

                           of melting bath, 3 - direction of rotation of a vector B
r

,  

                           1B
r

, 2B
r

- induced magnetic fields, OO ′ -the axis of a melting bath                    
 

Figure 5 - Interaction scheme of external and of induced 
          internal magnetic fields in a melting bath 

1,3 – gradient (boundary) part of the magnetic field, 2 – constant (central) part of the field
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Equation (19) is the solution of a given problem and shows an averaged square of radius-vector of 

three-dimensional motion of a Brownian particle.The same result can be obtainedfrom the equation (9) if 
following assumption is made [4,8] 
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in concentration of carbon Nc and oxygen No atoms in time are carried out. The model is constructed 
on an assumption that frequency of interaction of these atoms approximately corresponds to frequency 
of casual collisions under the theory of effective sections. Free atoms of carbon C and oxygen O in 
liquid metal don’t lose kinetic energy as a result of potential interactions. Therefore the given model 
works approximately. Procedure for exact integration of the equation of motion for the Brown particle 
in three-dimensional case is shown.

Let two particles be within the liquid environment and be at initial time tο at distance d from each 
other. It is possible then to assume that particles are distributed evenly over all liquid volume with step 
size of d, Fig. 7. Let each particle after some time t to travel to a new position at distance r = d/2. In 
this case external borders of  two volumes will overlap, Fig. 7. Distance r can be calculated with the 
equation (19) as distance traveled by Brownian particle. From there it is possible to find time t. From 
time it is possible to calculate average frequency of collisionor impact and from there probabilities of 
interaction of Brown particles. Equation (19) can be used for calculation of 
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two volumes will overlap, fig. 7. Distance r can be calculated with the equation (19) as distance traveled 
by Brownian particle. From there it is possible to find time t. From time it is possible to calculate average 
frequency of collisionor impact and from there probabilities of interaction of Brown particles. Equation 
(19)  can be used for calculation of relv , then model (2-3) will improve. 
      We stress distinctive and useful  points of our conclusion. 1) - the detailed solution of the three-
dimensional equation (13, 14) has universal value, unlike when the one-dimensional equation (10) is 
considered only.In three dimensionalcase it is not necessary to do the assumption (20), and this causes 
projections of a displacement vector to be independent and to have any value. It is easy to pass from 
consideration of rr toconsideration of its components x, y, z. In equation (19) numerical coefficients have 
values: 1/3, 2/3; 1.0;2) - In this case it is not necessary to search for (or to select empirically) some partial 
solution of the non-uniform equation - [9] 
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When using a boundary condition 0ro =  it is not necessary to apply a condition that 8

o 10Bm −≤=τ has 
very small size - [8]; 3) - Based on probability (frequency) of collisions and on chemical interaction of 
Brown particles it is possible to solve an inverse problem – to find value of viscosity of the liquid. 
 
Conclusions  
 
     1. The hypothesis that rotating variable magnetic field can be used to intensify mixing of molten metal 
in a melting bath or converter is offered and physically proved.  
     2. The numerical solution of kinetic equations for casual collisions with use of free-path length of 
atoms shows that concentration of impurities can decrease to desired level in time interval ranging from 
about several seconds to units of minutes. This shows necessity for improvement of mixing of molten 
metal with the use of magnetic field, which can also increase efficiency of the technological process.   
     3. Procedure for exact integration of the equation of motion for the Brownian particle in three-
dimensional case is shown. 
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from about several seconds to units of minutes. This shows necessity for improvement of mixing of 
molten metal with the use of magnetic field, which can also increase efficiency of the technological 
process. 

3. Procedure for exact integration of the equation of motion for the Brownian particle in three-
dimensional case is shown.

References

[1] Voskobojnikov V.G., Kudrin V.A., Yakushev A.M. General metallurgy. М.: IКC «Аcаdемbooks», 
2005. 6-ed., edited. 768 p. 

[2] Chelishchev E.V., Arsentyev I.P., Jakovlev V.V., Ryzhonkov D.I. General metallurgy. М.: 
Metallurgy, 1971. 480 p. 

[3] Linchevskij B.V., Sobolevskij A.L., Kalmenev A.A. Metallurgy of black metals.-М.: Metallurgy, 
1986. 360 p.

[4] Matveev А.N. Molecular physics. М.: the Higher school, 1981. 400 p.
[5] Molchanov A.P., Zanadvorov P.N. Course of electro-technology and radio-technology. М.: The 

Science, 1976. 479 p.
[6] Kasatkin A.S., Nemtsov M.V. М. Electrician engineering: The Higher school, 2002. 542 p. 
[7] Evsukov A.A. Electrician engineering. М.: Education, 1979. 248 p.
[8] Anselm A.I. Statistical physics and thermodynamics bases. M.: The Science, 1973. 424 p. 
[9] Sommerfeld A. Thermodynamics and the statistical physics. M.: IL, 1955. 481 p. 
[10] Smirnov V.I. Higher mathematics course.- М: The science, 1967. V.2. 655 p.



Toksan A. Zhakatayev and Klara Sh. Kakimova. About Possibility of Mixing of Liquid Metal with External Rotational…

О возможности перемешивания  
жидкого металла внешним переменным  
круговым магнитным полем
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им. Е.А. Букетова
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б Карагандинский государственный технический университет 

Казахстан 100016, Караганда, Бульвар Мира, 56

Проведено физическое обоснование гипотезы о том, что для интенсификации перемешивания 
расплава металла в плавильной ванне и конвертере можно применить внешнее, переменное, 
вращающееся по кругу магнитное поле. Численное решение кинетических уравнений для 
случайных столкновений с использованием длины свободного пробега и эффективного сечения 
атома показывает, что концентрация примесей может уменьшиться до требуемого уровня 
от минут до нескольких секунд. Это доказывает необходимость улучшения перемешивания 
расплава с использованием магнитного поля для повышения к.п.д. технологического цикла. 
Принято, что свободные атомы углерода C и кислорода O в жидком металле не теряют 
кинетическую энергию в результате потенциальных взаимодействий с атомами Fe. Поэтому 
данная модель работает приблизительно. Показана процедура точного интегрирования для 
перемещения броуновской частицы в трехмерном случае.   

Ключевые слова: расплав, металл, жидкий, перемешивание, магнитное поле, круговое, примеси, 
взаимодействие, скорость, частица броуновская, смещение. 


