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Abstract - The article contains mathematical simulation of the 

aluminum melt mixing in the alloying furnace bath exposed to 

the travelling electromagnetic field of MHD stirrer. Based on 

the designed mathematical model, there has been assessed the 

impact of the normal component of electromagnetic forces in 

the process of MHD-stirring the liquid aluminium. The 

analysis has been completed on the computational simulation 

results at different ratio adopted for the tangential and 

normal components of the electromagnetic force and the have 

been proposed recommendations for effective stirring of 

aluminum melts. 
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I. INTRODUCTION 

the majority of 
metallurgical 

smelters employ magnetohydrodynamic (MHD) stirrers to 

mix aluminum alloys in reverberatory and alloying 

furnaces. The use of such stirrers enables to eliminate the 

mechanical impact on the melt, to increase production 

output of melting furnaces and ensures uniformity of the 

melt in its temperature and chemical composition at the 

expense of heat and mass transfer [1-3]. 

The MHD stirring units are designed on the basis of 

single-sided linear induction machines affecting the bath 

with the melt. One of their features is the presence of 
normal (repulsive) component of electromagnetic forces 

(Fig. 1). The distribution of electromagnetic forces and the 

predominance of one or the other spatial component 

determines the future character of the melt circulation in 

the closed baths of reverberatory and alloying furnaces. Of 

greatest interest is the effect of pulling component in 

relation to the general vector of force.  

Thus, in order to analyze the effectiveness of the impact 

produced by the normal component on melt stirring 

process, there has been completed the computational 

simulation over the hydrodynamic processes with various 

normal components of electromagnetic forces in relation to 
the tangential component. 

 
Fig. 1. Sketch of the system “Furnace - MHD-stirrer”. 

II. PROBLEM STATEMENT 

The description of the mathematical model of the system 

“MHD-stirrer-melt” have been well reviewed in article [4], 
which served as the basis for stirring simulation (Fig. 2). 

During the transfer of the distribution matrix for the 

electromagnetic forces in the hydrodynamic part of the 

task, the normal component was artificially modified. 

 
Fig. 2. General view of the system of “melt-MHD-stirrer”: 1 - melt; 2 - 

MHD stirrer 

LES (Large Eddy Simulation) was chosen as the 

turbulence model for hydrodynamics. In the “furnace-

MHD-stirrer” system the electromagnetic and 

hydrodynamic processes were resolved in the three-

dimensional unsteady setting through the conjugation of 

ANSYS Classic and ANSYS CFX programs. 

III. THEORY 

The computational calculation of the electromagnetic 

task resulted in the spatial distribution of vector 

components of volume electromagnetic forces in the melt: 

, ,x y zf f f 
 

, 

PRESENTLY,  
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where xf  – longitudinal (pulling), yf  – latitudinal, and zf  

– normal (pushing) component. Component-wise vector 
integration allows to identify the cumulative 

electromagnetic force most fit for the analysis. In actual 

furnaces, the longitudinal dimension of the bath is more 

than the latitudinal dimension of the inductor, thus, the 

resulting integral transverse force is balanced: 

0y yF f dv  . 

Therefore, the resulting force vector is as follows: 

,0, ,0,x z nf dv f dv F F
   

   
   

with a relative pulling force 
2 2' nF F F F    . 

The existing analytical methods for the calculation of 

unilateral linear induction machines [5] enable to identify 

the main factors impacting the value 'F : 

1. Quality factor  
2

0
s     , where 2 f   

– circular frequency, f  – frequency, s  – sliding, 

  – electrical conductivity,   – polar pitch. 

2. Relative size of the gap  . 

3. The design of the inductor windings (number of M 

phase zones, winding type, presence of 

compensating elements, etc.) [5]. 

An example of the nature of the impact produced by 

these factors on the value 'F , for some specific cases 

without taking into account the transverse effect is 

presented in Fig. 3. 

 
Fig. 3 - Evaluation of the impact of quality and relative gap for linear 

induction machines with different number of phase zones on the value of 

the pulling force. 

As seen from the presented relations, the nature 

(inclination) of the resulting electromagnetic forces vector, 

and, therefore, its volumetric distribution varies within a 

wide range and is highly dependent on the configuration 

and parameters of the linear induction machine. In its turn, 

there is the question open regards the influence produced 

by the nature of these forces distribution on the emerging 

field of velocities within a confined volume of the melt. 

As a result, the basic distribution of electromagnetic 

forces in the hydrodynamic task is converted as follows: 

 , , , , 1 'x y z x y zf f f f f f F
  
    

  . 

The basic value ' 0,43F   corresponds to the standard 

settings of the MHD-stirrer inductor in the start mode. To 

assess the impact produced by a normal component of 

electromagnetic forces on the melt, a number of values 'F  

from the base unit were taken into account. Fig. 4 shows 
how the resulting vector of electromagnetic force and the 

field of volumetric forces corresponding to its extreme 

positions are changed in the longitudinal section. 

 
а)    b) 

Fig. 4. The electromagnetic forces vector and its projection at different 

'F (a) and corresponding to two extreme positions of the volumetric 

forces field 

Further, the results of the studies completed on the the 

impact of the changes 'F made on the hydrodynamic 

processes on the example of the actual bath in the industrial 

metallurgical furnace with the capacity of 70 tons with 

MHD-stirring (number of phases M = 4, the type of 

winding: intersecting, two-phase). Since the experiments 

under conditions of the existing production and physical 

simulation of MHD processes face considerable 
difficulties, the studies were carried out through the 

application of theoretical methods. The description and 

configuration of the hydrodynamic model and turbulence 

models are given in the previous work [6]. 

VI. ANALYSIS OF THE RESULTS 

Based on the model described, there has been performed 

the calculation and main hydrodynamic characteristics for 

the set task have been obtained. Fig. 5 shows the 

distribution of velocity in longitudinal section and in the 

volume of the bath furnace for the basic calculation point 

and two extreme  ' ; ; 1,00;0,43;0,23F MAX BASE MIN  

. 

As it can be seen from Fig. 5, in the conditions of the 
normal component in the electromagnetic force, the main 

stream of the liquid metal is closed at a more elongated 

trajectory with the maximum value of velocity near the 

bath bottom. As the normal component increases, the 

nature of the flow becomes more local in nature with the 

increase of mass transfer in a vertical direction. 

 



20th INTERNATIONAL CONFERENCE ON MICRO/NANOTECHNOLOGIES AND ELECTRON DEVICES EDM 2019 

 
Fig. 5. Distribution of the velocity vector with the relevant applied 

electromagnetic forces 

To quantitatively assess the patterns of flow parameters 

change and modes for the inductor operation modes, there 

has been analyzed the maximum velocity in the volume of 

a bath and total kinetic energy (Fig. 6). Kinetic energy 

characterizes the intensity of mixing, while the maximum 

velocity in the area of the inductor allows to evaluate the 

inductor’s operation mode (sliding). The relations are 

complex, however, there is noticed the trend to increase 

these parameters while reducing the influence of the 
normal component. Since the kinetic energy is related to 

the average velocity in the melt, its character should have 

been repeating the diagram of the gained velocity. 

However, there is no such relation detected and we can 

assume that for each respective level of melt in the bath 

and bath geometry in general there exist its own optimal 

point of relative component of a pulling force. 

 
Fig. 6. The diagram of a maximum velocity and kinetic energy relation to 

the normal component magnification ratio 

To study the process of stirring the melt the task was 

added with the model of mass concentration with a neutral 

buoyancy (markers). The initial conditions for the markers 

distribution correspond to the characteristic points of 

loading the alloying components of the melt during 

operation of furnaces at the production site. The dynamics 

of dissolving markers in the conditions of MHD-stirring for 

the base calculation point and two extreme ones is 

presented in Fig. 7. 

 
Fig. 7. Dynamics of the markers dissolution in the bath 

For the ease of the analysis, the results of the markers 

concentration levelling (stirring) depending on the time in 

the bath are presented in the form of diagrams (Fig. 8). Y-

axis shows the percentage of marker dissolution in the 

volume of the bath. 

 
Fig. 8. Levelling markers concentration in the volume of the bath at 

different values 'F  

According to the results of concentration task solution 

presented above, although there was a significant change in 

the nature of the melt circulation, if 'F  is changed, no 

significant and regular change in the speed of leveling is 

observed. It is clear, however, that at a certain change in 

geometry of the furnace bath or melt level, the differences 

may become more vivid. 
Below are the results of the calculation under the same 

conditions for the bath increased up to 140 tons at the 

expense of its lengthening. The resulting vector field of 

speeds is shown in Fig. 9. 

 
Fig. 9. Distribution of the velocity vector with the relevant applied 

electromagnetic forces for the lengthened bath. 

The diagrams of the concentration change dynamics (Fig. 

10) express the impact of the normal component. Marker 1 

located in front of the inductor is quicker in levelling in the 

absence of a normal component. The increase in the normal 

component reduces the rate of stirring. The dynamics of 
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stirring the second marker has the opposite effect, since the 

marker is located behind the inductor. The acceleration of 

its stirring at the low pulling force can be explained by the 

increase in the flow turbulent component and generation of 
the travelling whirl. To resolve this problem at the 

production site, the inductors normally operate in the mode 

of periodic reversing. The third marker repeats in its nature 

the previous result as it is located next to the inductor. 

 
Fig. 10. Distribution of markers in the bath volumes at different values 

'F for the increased bath. 

V. FINDINGS AND CONCLUSIONS 

The article assessed the impact of the electromagnetic 

forces field distribution, namely application of a normal 

component in the process of formation of hydrodynamic 

MHD-flows in a bath with liquid metal. The results 

obtained enable to make several major conclusions about 

its impact: 

1. When the relative value of the normal component is 

over 30% in the resulting force vector, there is detected the 

reduction in the number of movements in the furnace bath. 
The electromechanical operation mode of the inductor 

changes slightly. 

2. The reduction of a normal component leads to more 

aimed, orderly and predictable nature of the melt 

circulation. However, when developing the technology of 

alloy preparation it is required to take into account the 

geometry of the melt (working level of melt, furnace 

length, cross-sectional shape of a bath) in the bath in each 

specific case. 

3. The compensation of the longitudinal edge effect 

produced by the single-sided linear induction machine 

when working in a closed melt enables to expand the scope 
of intense currents in the direction of its actions (in this 

example, in the horizontal plane). It is worth noting that in 

this case the inductor must be located at the edge of the 

furnace or there should be applied a periodic reversing 

mode. 

These results are recommendations for the design of 

linear induction machines with a liquid metal working body 

and their control systems to achieve optimal technological 

regimes. 
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