C Blaj 
  
M Greconici 
  
F Barvinschi 
email: floricica.barvinschi@upt.ro
  
The influence of the permanent magnets materials on the restoring force of a bearing using magnetic liquid

Keywords: magnetic bearing, restoring force, numerical methods

   

The influence of the permanent magnets materials on the restoring force of a bearing using magnetic liquid C Blaj, M Greconici, F Barvinschi

To cite this version:

Introduction

The magnetic bearings with alternating magnetic poles might have the source of the field placed in the stator or in the rotor. This paper deals with the calculation of the restoring force acting on the rotor when the source of the field is placed in the stator. Figures 1 and2 show longitudinal sections of such a bearing, with coaxial position of the rotor (Fig. 1) and, respectively, eccentric position of the rotor (Fig. 2). Figure 3 shows how are made the magnetic rings with radial magnetization and alternating polarity, from 6 or 8 ring sectors, with radial permanent magnetization. The nonmagnetic rotor has the diameter D 1 and the toroid shape permanent magnets have D 2 and D 2ext diameters. The magnetic liquid, ML, is considered homogenous, isotropic and linear, with relative permeability μ r > 1, but close to that value. The permanent magnetization is constant, in module, and is orientated in the radial direction

u M = M r p p  or u M - = M r p p  (1)
depending on the magnetic radial orientation S -N or N -S. Because of the eccentricity "e", a non symmetric distribution of the magnetic field at the surface of the rotor results. In the cross section shown in figure 4 we could say that the magnetic field is more intense in the lower part than in the upper one. The effect is that on the rotor results a restoring force, acting in the direction of reducing the eccentricity. This type of force is commonly named as a restoring force. Usually, the radial dimension of the rotor, R 1 = D 1 /2, is imposed. The internal dimension of the stator, D 2 , is correlated with D 1 , according to mechanical, rheological and electromagnetic requirements (minimum quantity of ML). The longitudinal extension of the bearing, the number of pairs of poles and the dimensions l 0 and l p of the pair of poles were established in a previous paper [START_REF] Sabata | [END_REF]. The restoring force was calculated for several radial extensions of the permanent magnets. Depending on the external available size, D 2max >D 2ext , it can be used a permanent magnet ring of suitable value of the radial extension h = (D 2ext -D 2 )/2. 

Principles of modelization and numeric calculation

In order to compare the restoring force produced by different types of permanent magnets it was used, as a reference, an idealized (imaginary) permanent magnet (IPM) with M p = 150kA/m and μ r = 1. The restoring force obtained using several types of magnetic materials for permanent magnets were compared to this one [START_REF] Blaj | Modelization of magnetic levitation applied to the design of alternating poles bearings[END_REF]. The net force exerted on a body, bordered by the closed surface ∑, immersed in a magnetic liquid is given by ( 2):

dS H d M + 2 M - = F H 0 2 n 0 m               (2) 
The calculation of the force reduces to the integration on the side surface of the rotor

     dS B B dS B B = F lat lat S z r r r r S z r r r r m           2 2 2 ' 2 0 2 2 2 0 ' cos 2 1 2 1           (3)
Upper index " " " means that the reference is taken in the stator, as shown in figure 5 [START_REF] Sabata | 8 -th Int. Conference on Magnetic Fluids[END_REF]. The integration on the side surface, S lat , can be done on "z" and then on " " or vice versa. The restoring force acts in the direction corresponding to the reduction of the eccentricity

u F = F e r r  or u F = F e m r  (4)   ) ( 1 cos ) , ( ) , ( 2 
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In order to solve the numeric integration, ) ( z I  , it was used the third order quadrature formula (7), which is valid even if the functions are in table form. After solving the field distribution at the interface rotor-magnetic liquid, the components B r (θ, z) and B z (θ, z) are available in table form.
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The integral (9) is extended on a pair of poles

      1 1 1 , 2 ; 0 ; m m z z , d z z I = I     (10)
The force per unit length results as the ratio of the force calculated for one pair of poles divided to "2d" [START_REF] Sabata | [END_REF].

Comparison of the force obtained for different types of permanent magnets

The magnetic materials investigated are types of permanent magnets, with known B-H curves (Fig. 6). The calculation of the restoring force per unit length of the rotor was made for the magnetic field corresponding to the central pair of poles from a configuration with 5 pair of poles.

For the calculation of the restoring force, as in equations ( 3) and ( 5), the magnetic liquid was considered linear, with constant relative permeability µ r = 1.2. The magnetic bearing functions at low values of the magnetic flux density, about 0.1T, so that it is not so important the difference between the properties of the magnetic materials by the point of view of (BH) max . For the restoring force is more important how is the variation of the B-H curve near the functioning zone. The restoring force was calculated for a relative value of the eccentricity e/D 2 = 0.025 and a variable radial extension of the permanent magnets, h = R 2ext -R 2 =(D 2ext -D 2 ), for a magnetic bearing with 5 pairs of poles. In figure 7 are represented the results of the restoring force obtained for the central pair of poles of the bearing with magnetic liquid. The restoring force is represented in relative values, taking as reference the force obtained for the IPM, with linear variation between points (H c = -150 kA/m; B=0) and (H c =0; B=µ 0 M p = 0.189T), with M p =150 kA/m in radial direction and the relative radial extension h/R 2 = 0.125. For each point were used, both, a suitable geometry and corresponding magnetic properties. Staring with the radial extension h/R 2 = 0.125 and the magnetic properties of the IPM, the magnetic field distribution was computed using QFIELD and from (5) to (10) was calculated F rref . For the same geometry, by changing the magnetic properties, were calculated in the same way the forces for all the other types of magnets.

A new value of the radial extension was introduced in the geometry (h/R 2 = 0.2) and the forces corresponding to this geometry were calculated. Next relative radial extension (h/R 2 = 0.25) was introduced in the geometry and so on.

Conclusion

For all the studied materials, except the ALNICO 15 type material, it can be seen that "saturation" appears in increasing the restoring force when the radial dimension, h, of the magnetic poles is made greater. For ALNICO 15 seams that by making bigger the radial extension it is possible to obtain a gain in the restoring force, even for h/R 2 > 0.375 , but in spite of the important value of the density of energy (BH max = 15kJ/m 3 ) the restoring force is smaller than the force obtained for other types of materials with smaller (BH) max .

From the investigated materials, the best performances can be obtained using ALNICO 1800 type material, the restoring force being significantly greater than for other types of materials Even if this analyze was made with materials that in present time are left behind by new technological results, it can be appreciated that using materials with high coercive and/or high residual magnetic flux density leads to better results for the restoring force. The technical difficulties to obtain very thin permanent magnets characterized by a high value of the magnetization, orientated in radial direction, can be solved by using 6 or 8 angular permanent magnets (as in figure 3) to cover a full circular permanent magnet with the magnetization oriented in radial direction.

The ALNICO type materials, as presented by [START_REF]Permanent Magnets Catalogs[END_REF] and [5], are offered in a very large scale of dimensions and weight, from 1g to 25 kg, in all desired shapes, as well as, with all the requested directions of magnetization.

The permanent magnets on elastomer support [6] could be also a good technical solution, the chosen thickness of the elastomer support being the requested interstitial dimension l 0 when the "sandwich" type poles are assembled. The magnetic performances are lower than those obtained with the ALNICO type.

Best on the list are Samarium-Cobalt (Sm-Co) and Neodimium-Iron-Boron (Nd-Fe-B) magnetic materials: very good performances, but high prices also. In most of the applications the more powerful Nd-Fe-B has replaced the. Sm-Co. But due to the higher resistance to corrosion and better thermal stability Sm-Co can represent a useful solution, depending also on the type of the ML and to the thermal functioning condition of the magnetic bearing.

When the functioning conditions involve high corrosion it is possible to use Nd-Fe-B materials, but in order to protect them it is necessary to be coated with nickel (Ni), zinc (Zn) or gold (Au) [6]. This leads to even higher prices of the magnetic alternating poles bearing.
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 123 Fig. 1: Sketch of the bearing with coaxial position of the rotor Fig. 2: Sketch of the bearing with eccentric position of the rotor
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 4 Fig. 4: Cross section showing the eccentricity Fig. 5: Position of the n points for numeric integration
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 6 Fig. 6: B -H curves of permanent magnets Fig. 7: The rated restoring force Ferroxdure 100 has linear variation on the B-H curve and its, almost constant, relative permeability is µ r =1.26 and the coercive force intensity Hc = -132 kA/m. Ferroxdure 300 has the coercive force intensity equal to that of the IPM (Hc = 151 kA/m), but µ r >>1 only for values of the magnetic flux density B greater than 0.25 T. For low values of B, in fact the real functioning case, this type of material is nonlinear. ALNICO 1800 (1840 Oe) is a nonlinear magnetic material with Hc = -147.22 kA/m and Br = 0.77 T. ALNICO 15 (550 Oe) has Br = 0.816 T, but with much smaller coercive force intensity (Hc = -47.5 kA/m) than ALNICO 1800.The calculation of the restoring force per unit length of the rotor was made for the magnetic field corresponding to the central pair of poles from a configuration with 5 pair of poles.For the calculation of the restoring force, as in equations (3) and (5), the magnetic liquid was considered linear, with constant relative permeability µ r = 1.2. The magnetic bearing functions at low values of the magnetic flux density, about 0.1T, so that it is not so important the difference between the properties of the magnetic materials by the point of view of (BH) max . For the restoring force is more important how is the variation of the B-H curve near the functioning zone. The restoring force was calculated for a relative value of the eccentricity e/D 2 = 0.025 and a variable radial extension of the permanent magnets, h = R 2ext -R 2 =(D 2ext -D 2 ), for a magnetic bearing with 5 pairs of poles. In figure7are represented the results of the restoring force obtained for the central pair of poles of the bearing with magnetic liquid. The restoring force is represented in relative values, taking as reference the force obtained for the IPM, with linear variation between points (H c = -150 kA/m; B=0) and (H c =0; B=µ 0 M p = 0.189T), with M p =150 kA/m in radial direction and the relative radial extension h/R 2 = 0.125. For each point were used, both, a suitable geometry and corresponding magnetic properties. Staring with the radial extension h/R 2 = 0.125 and the magnetic properties of the IPM, the magnetic field distribution was computed using QFIELD and from (5) to (10) was calculated F rref . For the same geometry, by changing the magnetic properties, were calculated in the same way the forces for all the other types of magnets.A new value of the radial extension was introduced in the geometry (h/R 2 = 0.2) and the forces corresponding to this