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This paper is devoted to the numerical simulation of electromagnetic parameters in electromechanical milling laboratory plant EMZ-LAI. The physical and mathematical descriptions of electromechanical milling laboratory installation are presented. The methods and approaches for modelling the electromagnetic parameters in standard software packages are worked out. The obtained simulation results have shown good agreement with experimental measurements and the differences of the results are around 5 %.

Introduction

In recent years the improvements of mills in numerous industrial applications such as fine milling of organic agents has increased steadily [START_REF] Halbedel | Potenziale des Elektromechanischen Zerkleinerungsprinzips[END_REF][START_REF] Halbedel | Technische Keramische Werkstoffe, John von Freyend GmbH[END_REF]. The milling process is very complicated and has high power consumption so that is why the interest exists to improve the efficiency of this process by using new electromechanical milling process. The electromechanical principle has high potential in many applications but the optimisation of magnetic field distribution in the exciter systems and the magnetic force distribution in the process room with suitable models based on numerical simulation are still needed. The laboratory plant EMZ-LAI has shown very good characteristics of milling process. The power consumption is very low because power supplied direct to the grinding media. The biggest part, around 74 %, of all supplied power in machine going to milling process and only 23 % to Ohmic losses, 3 % to Iron losses in the sheets [START_REF] Halbedel | Potenziale des Elektromechanischen Zerkleinerungsprinzips[END_REF]. The main parameters in such machines for milling are the magnetic field intensity and the electromagnetic force distributions in the working chamber. For future development of this principle and design new machines it is very important to make a suitable model for numerical simulation and optimisation. This model is developed in ANSYS Maxwell and tested by the convergence on the calculation mesh, with different software setup and analysis type, different applied currents. Simulations are carried out in 2D and 3D statements. Verification is made by comparing results provide in ANSYS Maxwell and COMSOL Multiphysics as well as with experimental measurements in the laboratory installation.

Electromechanical milling process

The electromechanical milling principle is based on the movement of hard magnetic milling beads under electromagnetically force F B generated by interaction between the gradient of magnetic field B and the magnetization M of the milling beads as it shown on the fig. 1. The generated force is given by Eq. ( 1):

  BM F p B    (1) 
where

M V dV   pM , B    grad B , ,, , M M r M pp     p .
The milling beads must have a permanent magnetization M. Additionally, if the magnet field gradient is time-and localdependent, than an intensive relative movement of the milling beads is induced which generated different types of mechanical stresses so that the novel electromechanical milling principle can be used for disintegration of biomass, dry or wet grinding of raw materials and autogenously grinding of ferrites [START_REF] Halbedel | Potenziale des Elektromechanischen Zerkleinerungsprinzips[END_REF]. Electromechanical milling laboratory equipment EMZ-LAI utilises a rotating magnetic field in process room between outer and inner exciter systems. The schema of EMZ-LAI is presented on the fig. 2. Their design is analogical to AC motors with big air gap between outer (ESI) and inner (ESII) exciter system. Total input (respectively active) power P W of the electromechanical mill is dissipated in the following parts:  P v1 -Winding and core losses in the exciter systems,  P δ -Air-gap power,  P v2 -Hysteresis losses in the hard magnetic grinding media,  P vZ -Milling losses and  P N -Net power of the milling (released interfacial energy due to surface growth).

Model for numerical simulation of electromagnetic parameters

The numerical simulation of this machine can be carry out in a similar approach as [START_REF] Lindner | Simulation of magnetic suspensions for HGMS using CFD, FEM and DEM modeling[END_REF] by decupling this problem in two parts: simulation of electromagnetic parameters of machine inside air gap in ANSYS Maxwell or COMSOL Multiphysics, then transfer this data as data file to the discrete element method (DEM) based software and carry out simulation of the moving milling beads inside air gap. This approach can be presented as closed loop: 1) Modelling of electromagnetic fields in EMZ machine without milling beads in ANSYS Maxwell or COMSOL Multiphisics (at first step check-up by experimental measurements); 2) Transfer results of electromagnetic fields to DEM based software; 3) Modelling of milling beads movement under magnetic force (at first step check-up by experimental results); 4) Analyse of milling beads movement and optimize parameters of EMZ machine. Optimization of the EMZ machine can be carry out in two steps:

1) Experimental determination of the effective field distribution in the air gap for the milling and 2) determination of the new design which generates the same effective field distribution values in the air gap with the lowest possible losses. Modelling of electromagnetic fields in EMZ machines is described by Maxwell's questions (Eq.( 2)):

B E t      , 0 B   , D HJ t      , D    . ( 2 
)
To build model for simulation of electromagnetic field in ANSYS Maxwell it is necessary to include the design of iron sheets of inner and outer systems of EMZ-LAI machine. Fig. 3 presented iron sheets in 2D. The main geometrical parameters are outer diameter with 322 mm and the air gap distance with 25.5 mm. The number of slots of outer system is 48 and inner is 36. To carry out simulation of the electromagnetic field it is necessary to take into account magnetic parameters of iron sheets. The outer system was made from TKES 800-50A and inner from TKES 400-50A steel with special magnetic properties.

The outer and inner coils system are located in the iron sheets and connected parallel to each other to 3 phase current.

The connection of inner (ESI) and outer (ESII) systems as well as the used electrical measurement system are presented on the fig. 4. Symmetrical time-dependent current distribution according to the phase connection is presented by following equations: cos( )
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The average magnetic field strength in air gap H δ dependents on the root mean square (RMS) of the phase currents in ESI (I A,I ) and ESII (I A;II ) and is given by following equation:
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The ratio of RMS values in inner and outer system is fixed by: 6 the distribution of calculation mesh for the EMZ-LAI and outer space with 9688 elements is shown. The calculation domains split into elements uneven: parts in the exciter systems with large gradient of electromagnetic parameters, here the sizes of the cells are very small and outer space with small gradient of electromagnetic parameters, here the size of elements increases. According to special magnetic properties of iron sheets outer and inner system the outer space diameter is very small and around two diameter of outer magnetic system.

The mesh convergence is presented on the fig. 7 as dependency of error from the finite element number. As can be seen from this dependence with number of elements 13258 the error amounts 1.78 %. This result is suitable for simulation and all further simulations are carried out with this number of elements.

Results of electromagnetic parameters simulation

The simulations of electromagnetic parameters are carry out for following typical magnetic field strengths in air gap H δ = 50, 70 and 100 kA/m with the frequency f = 50 Hz. The main parameter of electromagnetic simulation result ANSYS Maxwell is the magnetic potential A. The distribution of magnetic potential for H δ = 50 kA/m is presented on the fig. 8. From this distribution we can see that the magnetic potential in the air gap between outer (ESI) and inner (ESII) coils systems changes azimuthally and has 2p=4 poles. These 4 poles rotate with constant velocity n which can be estimated from AC motor theory with f n p  .

To verify the obtained simulation results the experimental measurement of magnetic flux density distribution in the middle of EMZ-LAI air gap are carry out with the help of Hall Probe MNT-4E04-VH (Lake Shore) and Gauss meter 421 (Lake Shore). The results of this experimental measurement in comparison with simulation data for the azimuthal and radial components are presented in the Table 1. As can been seen, the relative differences amount maximal up to 7 %. This difference comes from influence of the real magnetic properties and geometry of the iron sheets, also from the discretization of the coil distribution. The differences of the magnetic flux density magnitude B mag obtained in ANSYS Maxwell and COMSOL Multiphisics are approximately 3 %. The differences between results in 2D and 3D statement simulation in all parameters distribution in the middle cross section arise 2-3 %. That is why it is possible to carry out further simulation in 2D statement. The results of all comparison tests obtained with different software packages, in 2D and 3D statement and with experimental measurements prove the numerical model as well as approaches for numerical simulation of electromagnetic parameters of exciter systems for electromechanical mills. 

Conclusions and outlook

Based on this results it is possible to make following conclusions:  the methods and approaches for numerical simulation of magnetic field in the ANSYS Maxwell and COMSOL Multiphysics are worked out,  it is shown possibility to check-up results of simulation with experimental measurements of electromagnetic fields. The next steps are:

 to find out the electromagnetic parameters from experimental data for an efficiently milling process,  carry out simulation for this parameters and determinate the magnetic field gradient for the optimal milling process and  based on known parameters to find out approaches for the design of the new machine . 
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 1 Fig. 1: Force F B on a body with a magnetisation M in the gradient of magnetic field B.
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 2 Fig. 2: EMZ-LAIview with a cut section.
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 3 Fig. 3: Iron sheets of outer (ESI) and inner (ESII) systems of EMZ-LAI
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 4 Fig. 4: Electric connections of ESI and ESII to 3-phase: A, B and C.
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 5 Fig. 5: Coil distributions in the 2D cross section of the exciter systems.
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 6 Fig. 6: Mesh for numerical simulation.
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 7 Fig. 7: Mesh convergence dependent on used number of elements

TABLE 1 .

 1 Comparison of numerical results and experimental measurements of the RMS values of the magnetic flux density in the middle of the air gap at different average magnetic field strengths H δ and fixed frequency f = 50 Hz.

	H	B	B	relative	B	B	relative
	δ	r RMS	r RMS	difference	φ RMS	φ RMS	difference
	kA/m	simulation	experiment	%	simulation	experiment	%
		[mT]	[mT]		[mT]	[mT]	
	50	43.73	43.45	0.64	5.75	5.31	7.65
	70	63.18	59.64	5.60	7.39	7.20	2.57
	100	94.97	89.04	6.24	9.95	9.27	6.83
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